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Preface 
 
On behalf of the GEOMATE 2017 Organizing Committee, we would like to welcome you in attending the 
International Conference on Geotechnique, Construction Materials and Environment held at the Miyako 
Hotel, Tsu Mie Japan in conjunction with the Japan Geotechnical Society, GEOMATE International Society, 
Mie University Research Center for Environmental Load Reduction, AOI-Engineering, Useful Plant Spread 
Society, HOJUN, Cosmo Winds, and Glorious International, Japan 
 
On Friday 11 March 2011, at 14:46 Japan Standard Time, the north east of Japan was struck and severely 
damaged by a series of powerful earthquakes which also caused a major tsunami. This conference was first 
dedicated to the tragic victims of the Tohoku-Kanto earthquake and tsunami disasters. The Geomate 2017 
conference covers three major themes with 17 specific themes including:  
 
● Advances in Composite Materials 
● Computational Mechanics  
● Foundation and Retaining Walls  
● Slope Stability  
● Soil Dynamics  
● Soil-Structure Interaction  
● Pavement Technology  
● Tunnels and Anchors  
● Site Investigation and Rehabilitation  
● Ecology and Land Development  
● Water Resources Planning  
● Environmental Management 
● Public Health and Rehabilitation  
● Earthquake and Tsunami Issues  
● Safety and Reliability  
● Geo-Hazard Mitigation 
● Case History and Practical Experience 
 
This year we have received many paper submissions from different countries all over the world, including 
Algeria, Australia, Austria, Bangladesh, Brazil, Canada, China, Czech Republic, France, India, Indonesia, 
Iran, Iraq, Japan, Jordan, Kazakhstan, Libya, Malaysia, Mauritius, Nigeria, Oman, Pakistan, Peru, Philippines, 
Russia, South Korea, Taiwan, Tanzania, Thailand, Tunisia, Turkey, United Kingdom, United States, Vietnam. 
The technical papers were selected from the vast number of contributions submitted after a review of the 
abstracts. The final papers in the proceedings have been peer reviewed rigorously and revised as necessary by 
the authors. It relies on the solid cooperation of numerous people to organize a conference of this size. Hence, 
we appreciate everyone who support as well as participate in this joint conferences.   
 
Last but not least, we would like to express our gratitude to all the authors, session chairs, reviewers, 
participants, institutions and companies for their contribution to GEOMATE 2017. We hope you enjoy the 
conference and find this experience inspiring and helpful in your professional field. We look forward to 
seeing you at our upcoming conference next year. 
 
Best regards, 
 
 
Prof. Dr. Md. Zakaria Hossain, Conference Chairman  
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ABSTRACT 

 
This paper presents the results of laboratory evaluation of recycled asphalt pavement (RAP) – fly ash (FA) 

geopolymer as a base material. A mixture of NaOH and Na2SiO3 was prepared as an alkali activator to synthesis 
FA-geopolymer, while RAP-FA with water (RAP-FA blend) prepared as control material. The strength 
development and the strength against wet-dry cycles were determined by unconfined compression strength (UCS) 
test, then the microstructural properties were examined by scanning electron microscopy (SEM) and X-Ray 
Diffraction (XRD) analysis, while the leachability of heavy metal was measured by Toxicity Characteristic 
Leaching Procedure (TCLP) test. The results show both RAP-FA blend and geopolymer can be used as a based 
course as its UCS values meet the minimum strength required specified by Department of Highway, Thailand. The 
durability test results show the UCS of these materials increase with increasing the number of wet-dry cycles, 
reaching its peak at 6 wet-dry cycle. The XRD and SME analyses indicate strength development of RAP-FA blend 
occurs due to a chemical reaction between a high Calcium in RAP with a high Silica and Alumina in FA led to 
produce calcium aluminate (silicate) hydration formation, while geopolymerization reaction is observed in RAP-
FA geopolymer. After 6 wet-dry cycles, the development of the macro- and micro crack propagations caused a 
strength reduction for both RAP-FA blend and geopolymer samples. The TCLP results demonstrate there is no 
environmental risk of these stabilized materials. In addition, FA-geopolymer can reduce the leachability of heavy 
metal in RAP-FA blend. 
 
Keywords: Recycled asphalt pavement, Geopolymer, Durability, Heavy metals, Microstructure.  
 
 
INTRODUCTION 

 
There is increasing global interest to use recycled 

materials as a construction and rehabilitation material 
in infrastructure sectors. Recycled Asphalt Pavement 
(RAP), a waste material is obtained from spent 
asphalt extracted from roads that have reached the 
end of their design life [1]. It was becoming a popular 
material for pavement application due to its low cost 
of construction. Though RAP was successful can be 
reused as pavement material when it mixed with 
cement, its negative impact on environment due to the 
product of Portland cement produce a huge amount of 
carbon dioxide [2], [3]. Exploring alternative green 
binder material is on attempt. Fly ash (FA)- 
geopolymer is an environmentally friendly additive, 
which potentially produce suitable mechanical 
properties for stabilized material [4]. 

The RAP stabilized with FA-geopolymer for 
pavement applications is currently limited due to the 
lack of laboratory and field evaluation. Therefore, this 
research aims to study the possibility of using FA-
geopolymer stabilized RAP as a pavement material. 
The laboratory experimental programs were carried 
out and divided into three main parts. First, the 

strength development of these materials were studied, 
then the durability against wetting-drying (w-d) 
cycles was undertaken. The strength development 
with and without w-d cycles process were determined 
by unconfined compression strength (UCS) test. 
Scanning electron microscopy (SEM) and X-Ray 
Diffraction (XRD) analyses were used as a tool to 
examine those strength changes. Finally, an 
environmental assessment was carried out by the 
leachate test to estimate the heavy metal 
concentration from the RAP-FA blend and 
geopolymer and compared with international 
standard. The outcomes of this research will have a 
positive impact on construction guidelines and 
specification for using RAP-FA blend and 
geopolymer in road construction.    
 
MATERIALS   

 
In this research, RAP samples were collected from 

a mill asphalt pavement stockpile in Nakhon 
Ratchasima province, Thailand. The gradation and 
shown in Figure 1 and Table 1, respectively. The 
chemical and mineral composite of RAP, obtained by 
X-Ray Fluorescence (XRF) and XRD analyses, are 
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presented in Table 2 and Figure 2, respectively.  
FA, obtained from the largest lignite power plant 

in the northern region of Thailand, was used in this 
study. The grain size distribution curve of FA, 
obtained by a laser particle analyzer, is shown in 
Figure 1. Table 2 summarizes the chemical 
composition of FA using XRF analysis. The XRD 
pattern of FA is also shown in Figure 2. 

Liquid alkaline activator (L) is a mixture of 
sodium silicate (Na2SiO3) and sodium hydroxide 
(NaOH) solution with a 10 M concentration.  

 

 
 
Fig. 1 Grain size distribution of RAP and FA. 
 

 
 
Fig. 2 XRD patterns of RAP and FA.  
 
EXPERIMENTAL PROGRAM  

 
Sample preparation  

 
The RAP-FA geopolymer is a combination of 

RAP, FA and L (NaOH+Na2SiO3). The 
NaOH/Na2SiO3 ratios studied were 100:0, 90:10, 

60:40, and 50:50. The RAP-FA blend, which is a 
mixture of RAP, FA, and water, was prepared as a 
control material to investigate the effect of L on 
strength development. FA replacement ratios are 10, 
20, and 30% by weight to RAP. 

 
Compaction and UCS test 
 

The mixtures were compacted in a cylindrical 
mold (101.6 mm in diameter and 116.3 mm in height) 
under the modified Proctor energy [7] to determine 
the optimum water content (OWC) and optimum 
liquid alkaline activator content (OLC). The sample 
at the OWC and OLC were prepared for UCS test 
following the ASTM D1633 [8]. The samples after 7 
and 28 days of curing at room temperature (RT), were 
soaked in water for 2 hours and then were air-dried 
for 1 hour prior to UCS test according to the 
specification of the Department of Highway, 
Thailand [9].  
 
Table 1. Engineering properties of RAP.  
 

Parameter Values ASTM 
UCS classification 
Cu 
Cc 
Specific gravity 
CBR (%)  
Water absorption (%) 
Swelling ratio (%) 
ϒdmax (kN/m3) 
OWC (%) 

SP 
2.44 
1.16 
2.70 
10-15 
6.80 
0.20 
17.50 
4.10 

D2487-11 
- 
- 
D1883-07 
D557-12 
- 
- 
D1557-12 
D1557-12 

 
 
Table 2. Chemical composition of RAP and FA.  
 

Chemical formula RAP FA 
SiO2 
Al2O3 
FeO3 
CaO 
MgO 
SO3 
K2O 
LOI 

3.15 
4.78 
0.10 
41.93 
36.18 
0.89 
0.04 

- 

40.13 
20.51 
5.83 

12.45 
3.11 
0.42 
1.61 
0.40 

 
Durability test  
 

The standard wetting-drying (w-d) method for 
compacted soil-cement mixture [10] was adopted for 
this study. The samples at 28-day of curing were 
submerged in water for 5 hours then dried in an oven 
at 70oC for 42 hours and air-dried for 1 hour. This 
counted for 1 cycle. The UCS of the samples were 
measured at 1 to 20 w-d cycles and compared with 
that of the samples without w-d cycle to investigate 
the effect of w-d cycles on the UCS changes.  
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Microstructure analysis  
  

UCS development of the samples before and after 
w-d cycles test were examined by using XRD and 
SEM analyses, which performed on the small 
fragments taken from the broken portion of the UCS 
samples to investigate the mineralogical and 
microstructural changes, respectively.  
 
Environmental assessment  
 

The Toxicity Characteristic Leaching Procedure 
(TCLP) test is the method prescribed by the U.S. EPA 
guidelines (method 1311) to determine if the solid 
waste is hazardous. The TCLP test were carried out 
on 100% RAP, RAP-FA blend and geopolymers for 
various heavy metal concentrations.  
 
RESULTS AND DISCUSSION  

 
Figure 3 summarizes the UCS results of the RAP-

FA blend and RAP-FA geopolymers for various 
NaOH/Na2SiO3 ratios curing for 7 and 28 days at RT. 
It is noted that the UCS values of both RAP-FA 
blends and geopolymers increase with increasing 
curing time. This result is similar to that reported in 
previous study on the strength development of 
cement-stabilized RAP and FA-treated RAP [3].  

7-day UCS value of both RAP+20%FA blend and 
RAP+30%FA blend are greater than the strength 
requirement specified by the Thailand national road 
authorities in which UCS > 1,723 kPa and UCS > 
2,413 kPa for both low and high volume roads, 
respectively [9, 11]. The UCS of RAP-FA 
geopolymer at NaOH/Na2SiO3 < 10:90 is higher than 
that of RAP-FA blends and the UCS values of RAP-
FA geopolymers increase when NaOH/Na2SiO3 ratio 
is decreased. However, the UCS of RAP-FA blend 
and geopolymer improves insignificantly when the 
FA replacement ratios exceeds 20% indicating this to 
be the optimal ratio. Hence, the RAP+20%FA blend 
and geopolymer samples curing at 28 days were 
selected for durability test.  

The UCS of RAP+20%FA blend and 
RAP+20%FA geopolymer at various number of w-d 
cycles, C is presented in Figure 4. The UCS of 
RAP+20%FA blend and geopolymer increases with 
increasing C, up to C = 6 and then decrease when C > 
6. Previous research on effect of w-d cycles on 
strength development of FA-stabilized with lime and 
gypsum indicated that the strength increase due to the 
development of cementitious compounds during w-d 
process [12]. The UCS of RAP+20% geopolymer at 

L = 100:0 and 50:50 increases sharply after the first 
w-d cycle and is much higher than that of 
RAP+20%FA blend for all C tested. Although the 
RAP+20%FA geopolymer sample at L = 50:50 
possesses higher UCS than the sample with L = 100:0 
within the first 3 w-d cycles, it has lower UCS when 
C > 6. 

The effect of cyclic w-d cycles on the external 
surface of the RAP+20%FA blend and RAP+20%FA 
geopolymer at L = 100:0, and 50:50 is evident in 
Figure 5a, b, and c, respectively at a particular C = 20. 
Large macro-cracks and surface deterioration on the 
RAP+20%FA blend are clearly observed, which 
leads to strength loss. On the other hand, Figure 5b 
obviously shows the minimum cracks on the surface 
of RAP+20%FA geopolymer at L = 100:0, while 
more cracks are observed for the sample at L =50:50 
(Figure 5c).  
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Fig. 3 UCS of RAP-FA blends and RAP-FA 
geopolymers cured for 7 and 28 days.  
 

 
 
Fig. 4 Relationship between strength and number of 
w-d cycles of RAP+20%FA and geopolymers.  
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(a) (b) (c) 
 
Fig. 5 Photos of (a) RAP+20%FA blend, (b) RAP+20%FA geopolymer at L = 100:0, and (c) RAP+20%FA 
geopolymer at L = 50:50 at C = 20. 
 
     This imply that the samples at L = 100:0 has 
stronger bonding structure than the sample at L = 
50:50. From the cyclic w-d results and the photos, it 
is evident that RAP+20%FA blend provides a fairly 
good durability when subjected to w-d cycles. FA-
geopolymer can enhance the durability of RAP-FA 
material, especially for the sample at L = 100:0. 

The XRD patterns of RAP+20%FA blend at 
various C are shown in Figure 6. Without w-d cycle 
(C = 0), the RAP+20%FA blend (Figure 6a) contains 
the amorphous phases of calcium-magnesium as the 
predominant minerals (silica- and alumina- products), 
such as Anorthite, Diopsite, Ladradorite, and 
Ettringite. These new minerals are formed when RAP 
is mixed with FA (RAP-FA blend). In other words, 
the chemical reaction between the high amount of 
calcium of RAP and high amount of silica and 
alumina of FA results in the formation of Calcium 
Silicate Hydrate (C-S-H) and Calcium Aluminate 
Hydrate (C-A-H), or Calcium Aluminate Silicate 
Hydrate (C-A-S-H), similar to the hydration of 
Portland cement [13], that can enhance the strength 
development.  

The increase in peaks corresponded to Anorthite, 
Diopsite, and Ladradorite with increasing C up to 6 is 
observed by comparing Figure 6b (C = 1) with Figure 
6c (C = 6), that indicates the increase of C-A-S-H gel. 
Drying at 70oC for w-d test evidently enhances the 
cementitious products (C-A-S-H gel) [14]; i.e., an 
increase temperature results in a faster moisture 
diffusivity of the cementitious materials and hence 
cement hardening [15]. The same is however not true 
for C > 6. The temperature affects the water physical 
properties (density and surface tension) [16] and 
causes the coarsening of the pre-structure in relation 
to Ettringite dissolution and C-A-S-H alteration [14]. 
Figure 6d indicates the presence of Ettringite and the 
decreased intensity of Anorthite and Diopsite 
minerals when the samples are subjected to 12 w-d 
cycles. Ettringite is a hydrous mineral that exhibits 
expensive behavior upon wetting [17] and makes the 
RAP-FA blend volumetrically unstable [18]. 

Besides the XRD results, SEM images of 

RAP+20%FA blend at various C are illustrated in 
Figure 8. The growth of C-A-S-H gel inner and on the 
spherical surface of FA with increasing C (C = 0 to 6, 
see Figure 7a-c) is observed while reduction in 
cementitious gel at the C = 12 (Figure 7d) is detected, 
which confirms the XRD results. 
 

 
 
Fig. 6 XRD patterns of RAP+20%FA blend samples 
at (a) C = 0, (b) C = 1, (c) C = 6, and (d) C =12. 
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(a)                         (b)                                       (c)                                     (d) 

  
Fig. 7 SEM images of RAP+20%FA blend samples at (a) C = 0, (b) C = 1, (c) C = 6, and (d) C =12. 
 
      Figure 8 and 9 presents the XRD patterns of 
RAP+20%FA geopolymer at L = 100:0 and 50:50 and 
at various w-d cycles, respectively. As a result of the 
alkaline activation, new geopolymerization products 
inclusive of Albite, Nepheline, and Analcime are 
observed at the broad hump between 22-33o2θ in the 
XRD pattern of the sample at L = 100:0 (Figure 8a) 
and at L = 50:50 (Figure 9a) for C = 0. A good 
performance of geopolymer was observed when the 
precursor was in contact with alkali activator at 
curing temperature of around 40 – 75oC [19]. 
Therefore, the C-A-S-H from RAP-FA blend co-exist 
with the geopolymer products and contribute to the 
additional strength development of RAP+20%FA 
geopolymer in the first 6 w-d cycles.  
 

 
 
Fig. 8 XRD patterns of RAP+20%FA geopolymer at 
L = 100:0 samples at (a) C = 0, (b) C = 1, (c) C = 6, 
and (d) C =12. 

      The silica presents in sodium silicate is highly 
soluble and consequently incorporated immediately 
into the N-A-S-H gel, hence more geopolymer 
products are detected in the XRD patterns of the 
geopolymer sample at L = 50:50 (Figure 9b and c) 
compared with those at L = 100:0 (Figure 8b and c). 
consequently, the UCS values of RAP+20%FA 
geopolymer sample at L = 50:50 are higher than those 
of sample at L = 100:0 within the first 6 w-d cycles 
(see Figure 4).  

The SEM images of RAP+20%FA geopolymer at 
L = 100:0 and 50:50 (Figure 10 and 11) were 
examined to support the XRD results.  

 
 
 

 

 
 
Fig. 9 XRD patterns of RAP+20%FA geopolymer at 
L = 50:50 samples at (a) C = 0, (b) C = 1, (c) C = 6, 
and (d) C =12. 
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(a) (b) 
 

(c) (d) 
 

Fig. 10 SEM images of RAP+20%FA geopolymer at 
L = 100:0 samples at (a) C = 0, (b) C = 1, (c) C = 6, 
and (d) C =12. 
 

The geopolymerization products in the sample at 
L = 50:50 are more than those in the sample L = 100:0 
for C < 6. For C > 6, at a particular C = 12, the micro-
cracks are clearly observed in RAP+20%FA 
geopolymer samples (Figure 10d and 11d) due to the 
loss of moisture content result in external surface 
cracks leading to a strength loss. 

It is noted that the sample at L = 50:50 (Figure 
11d) has more micro-cracks than the sample at L = 
100:0 (Figure 10d). Consequently, the rate of strength 
reduction of the sample at L = 50:50 is higher than 
that of the sample at L = 100:0 when C > 6. This 
indicates that the RAP+20%FA geopolymer sample 
at L = 100:0 has higher durability against w-d cycles 
than that sample at L = 50:50. This high durability is 
attributed to the formation of stable cross-linked 
alumino-silicate polymer structure.  

Table 3 shows the leachate analysis of 100% RAP 
and RAP+20%FA blend and geopolymers using 
acetic leachate extraction. According to benchmark 
mandated by the U.S. EPA for storm-water sampling, 
pH values should in the range of 6 to 9 [20].  

Leachate results show that pH level in 100% RAP 
is 5.12 and 5.59 for RAP+20%FA blend, which are 
within allowable limits. Table 4 presents the 
prescribed limits for drinking water and the threshold 
for hazardous waste defined by the U.S. EPA. 
Wartman et al. [21] reported that a material is 
designed as a hazardous waste in according to U.S. 
EPA if any detected metal is present in concentration 
larger than 100 times the drinking water standards. 
Based on this criterion, the comparison of TCLP 
results between Table 3 and 4 indicated that all metal 
contaminates are within acceptable limits.    

From a geotechnical engineering prospectively, 
the research results indicate that RAP is mechanically 
and economically viable for using in pavement base 
application when it stabilized with FA. Besides 
having a high UCS, the RAP-FA blend exhibits good 
durability against w-d cycles, which can be attributed 
to the growth of C-A-S-H.  

(a) (b)  
 

(c) (d) 
 
Fig. 11 SEM images of RAP+20%FA geopolymer at 
L = 50:50 samples at (a) C = 0, (b) C = 1, (c) C = 6, 
and (d) C =12. 
 

FA-geopolymer can significantly improve the 
strength and durability of RAP-FA blend. 
Furthermore, these materials provide a positive 
environmental impact as environmental test results 
show no significant risk to the ground water.  
 
CONCLUSION 
                 

The present study investigated the possibility of 
using RAP-FA blend and geopolymer as a sustainable 
pavement material. The 7-day UCS of the compacted 
RAP-FA blend at OWC for both 20% and 30%FA 
meets the strength requirement for base course 
specified by national road authorities, Thailand. The 
UCS improved insignificantly when the FA 
replacement ratio exceeds 20%, indicating this to be 
the optimal content. FA-geopolymer can significantly 
improves the UCS and durability of RAP-FA blend. 
The XRD and SEM analyses of RAP-FA blends 
indicate the growth of C-A-S-H formation, hence its 
UCS increase over time. The co-exist of C-A-S-H 
from RAP-FA blend with the N-A-S-H from RAP-
FA geopolymer can enhance the durability of RAP-
FA blend remarkably. 

The TCLP results indicate that RAP-FA blends 
and geopolymers can be safely used as a sustainable 
pavement base application as these materials pose no 
significant environmental and leaching hazard into 
soil and ground water sources. In addition, FA-
geopolymer used can reduce the leachability of met 
concentration from RAP-FA blend. This study can 
confirm the utilization of these recycle and waste 
materials in pavement application results in energy 
saving and reduction in greenhouse gas emission. 
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Table 3. Leachate analysis results  
 

Parameter Sample of acid leachate extraction (mg/L) 
100% RAP RAP-FA blend RAP-FA geopolymer 

L=100:0 L=50:50 

pH 
Arsenic 
Cadmium 
Chromium 
Copper 
Lead 
Mercury 
Nickel 
Zinc 

5.12 
<0.01 
BDL 
<0.05 
BDL 
BDL 
BDL 
<0.05 
1.348 

5.59 
<0.01 
BDL 
<0.05 
BDL 
BDL 
BDL 

<0.051 
0.657 

7.59 
BDL 
BDL 
<0.05 
BDL 
BDL 
BDL 
<0.05 
BDL 

7.44 
BDL 
BDL 
<0.05 
BDL 
BDL 
BDL 
<0.05 
BDL 

Note: BDL = Below Detection Limit. 
 
Table 4. Comparison of TCLP data analysis with U.S. EPA requirements. 
  

Contaminant Drinking water standard 
(EPA, 1999) (mg/L) 

Threshold for solid waste (EPA, 
2009) (mg/L 

Arsenic  
Barium 
Cadmium 
Chromium 
Lead 
Mercury 
Selenium 
Silver 

0.05 
2.0 
0.005 
0.1 
0.015 
0.002 
0.05 
0.05 

0.35 
35.0 
0.1 
2.5 
0.5 
0.05 
0.5 
5.0 
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ABSTRACT 

 
Ground anchors are constructed every year as a way to stabilize cutting slopes and prevent landslides. After 

construction, maintenance of ground anchors on a slope is generally conducted on only a portion of anchors. 
Since anchors are arranged in groups on the slope, it is necessary to evaluate the distribution of tensile loads on 
the slope. Methods used to determine the tensile loads on anchors are lift-off testing and monitoring using load-
cells. In the present study, we propose a new method for evaluating slope stability based on monitoring of tensile 
loads using the SAAM system. The SAAM system is compact and has high test accuracy. This system can be 
used to easily evaluate the residual load distribution on the slope and makes it easy to attach or detach load-cells 
to working anchors. Based on the results, tensile loads on anchors do not converge to a constant level affected by 
the geological features of the ground. However, the correlation between the measured tensile load obtained by 
load-cell and temperature is high in stable slopes and low in unstable slopes. It is possible to evaluate slope 
stability based on monitoring of the correlation between the tensile loads on load-cells and temperature. 
 
Keywords: Ground anchor, Tensile load, Temperature, Correlation, Slope stability 
 
 
INTRODUCTION 

 
 

The ground anchoring system was introduced in 
1957 in Japan. A number of anchors are constructed 
every year as a way to stabilize cutting slopes and 
prevent landslides. Anchors are constructed in 
natural ground and have complicated structures. 
Anchor maintenance following construction is 
important. The tensile loads on an anchor are not 
constant after introducing the initial tension to the 
anchor at fixation. The tensile loads on the anchor 
are reduced due to the effects of soil creep or 
relaxation of the anchor tendon in a stable slope. On 
the other hand, when a slope becomes unstable, 
during a landslide, for example, the tensile loads on 
the anchor may increase. The anchor has a sensor 
function, similar to that of a borehole inclination 
tester or a pipe strain meter.  

 Anchor inspection is important in order to 
maintain the stability of the slope. One anchor 
inspection method involves measuring the tensile 
load on the anchor. Tensile loads on anchors are 
measured by lift-off tests or using load-cells. A lift-
off test is conducted by pulling the tendon with a 
hydraulic jack, and conventional hydraulic jacks are 
large and heavy. Since load-cells must be installed 
during construction, they are difficult to replace or 
newly attach to working anchors. For the above 
reasons, lift-off testing or monitoring using load-
cells are typically conducted on approximately 5% 

or 10% anchors in a slope1),2). As shown in Figure 1, 
a slope may contain numerous anchors, which 
means that a large number of anchors must be 
evaluated during maintenance.  

 We developed a small, lightweight hydraulic 
jack (SAAM jack) for use in the SAAM system3). 
The SAAM system enables evaluation of the 
distribution of tensile loads on an anchor in a slope4) 
and to attach or detach the load-cells to working 
anchors. In the present study, we propose a new 
method for evaluating slope stability using the 
SAAM system. 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1  Ground anchors in a retaining wall. 

 
 

THE SAAM SYSTEM 
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The SAAM system was developed in order to 
properly maintain ground anchors using a SAAM 
jack, which is comprised of a small, lightweight 
hydraulic jack, a tension bar, a chair, and a fix-nut.  
Figure 2 shows the components of the SAAM jack. 
The SAAM jack is lightweight and compact and has 
high test accuracy.  

There are many anchoring methods. Fixed 
anchor heads are classified as wedge-fixed, 
combination wedge-nut-fixed, and nut-fixed anchor. 
The SAAM system supports all of the anchoring 
methods and fixation types shown in Fig. 3. The lift-
off test is performed by attaching a hydraulic jack to 
the extra tendon (tension-bar) length of the anchor 
head.  

 
 
 
 
 

 
 
 
 
 

 
 

Figure 2 Components and installation of the SAAM 
jack. 

 
 
 
 
 
 
 
       (a) Nut type            (b) Combination wedge-   
                                           nut type 
 
 
 
 
 
 
   (c) Wedge type            (d) Old anchoring  type  
 

Figure 3 Anchoring methods. 
 
 Figure 4 shows the procedure used to attach a 

load-cell to a nut-fixed anchor5). When a load-cell is 
attached to a working anchor using the conventional 
procedure, the tension load on the anchor must be 

completely released. If the working anchor is in a 
hypertonic state, the tendon may be drawn into the 
ground as the tension released, and the original 
condition may be difficult to recover. As such, the 
method used to attach a load-cell may depend on the 
conditions of the study site. In contrast, the SAAM 
system makes it easy to attach or detach load-cells to 
working anchors.  

 
 
 
 
 

 
 
(a) Attach the tension-bar   (b) Attach the load-cell 

 
 
 
 
 

 
 (c) Attach the nut         (d) Completed installation 
 

Figure 4 Procedure for load-cell installation in the 
SAAM system. 

 
 
 
 
 
 
 
 
 
 

Figure 5 Results of the lift-off test. 
 
Figure 5 shows the typical load-displacement 

curve obtained by the lift-off test. The initial 
displacement of the anchor head is small. The slope 
of the load-displacement curve then increases 
sharply. When the load increases and becomes equal 
to the tensile load on the anchor, the anchor head 
starts to lift away from the bearing plate. This 
phenomenon is called lift-off. The slope of the load-
displacement curve decreases after lift-off because 
the load is transferred to the long free anchor length. 
The residual load is defined as the load at 
intersection of the linear gradients of the load-
displacement curve before and after lift-off (point 
C)6). After the residual load is determined, the 

 

Tension-bar 

Fix-nat Chair 

Hydraulic jack 
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unloading process is performed. Residual 
displacement sometimes occurs during the first 
loading. The residual displacement of the first cycle 
is greater than in subsequent cycles. When the lift-
off test is performed, preloading should be 
performed during the first cycle. Actual loading 
should be performed after confirming the 
convergence of the small residual displacement in 
subsequent cycles. 

The SAAM system has high test accuracy and 
can be used to investigate residual loads on anchors 
in slopes. Figure 6 shows the distribution of residual 
tensile loads on anchors in a slope obtained by the 
SAAM system7). The distribution in this figure was 
obtained by determining the residual tensile loads on 
of the anchors in the slope. Although numerous 
anchors are usually installed in a slope, it is difficult 
to investigate the residual loads on all of the anchors 
in the slope. Figure 7 shows the distributions of 
residual tensile loads obtained by determining the 
residual tensile loads on fewer anchors, specifically 
1/20, 1/10, 1/4, and 1/2 the total number of anchors. 
The distributions obtained using 1/4 and 1/2 the total 
number of anchors were similar to that obtained 
using all of the anchors. 

 
 
 
 
 
 
 
 
 
 

Figure 6 Distribution of residual loads. 
 
 
 
 
              (a) 1/2                            (b) 1/4 
 
 
 
              (c) 1/10                          (d) 1/20  
 

Figure 7 Distributions of residual loads obtained 
using fewer anchors. 

 
The SAAM system can be used to check the 

function of load-cells attached to working anchors5). 
Figures 8(a) and 8(b) shows the load-displacement 

curves obtained by load-cell and SAAM jack. In Fig. 
8(a), the values obtained by both load-cell and the 
SAAM jack were almost identical after lift-off, 
which indicates that the load-cell is functioning 
properly. The results in Fig. 8(b) indicate that the 
load-cell was not operating properly. In Fig. 8(c), the 
values obtained using the SAAM jack are slightly 
higher than those obtained using the load-cell, but 
the results have similar tendencies. Figure 9 shows 
the relationship between the loads obtained using the 
SAAM jack and the load-cell. The primary 
regression  equation  after  lift-off  can  be  obtained.  

 
 
 
 
 
 
 
 

(a) Taking the identical path 
 
 
 
 
 
 
 

(b)  Taking the differences path 
 
 
 
 
 
 
 

(c)  Taking the same path 
 

Figure 8 Load-displacement curves obtained by the 
load-cell and the SAAM jack. 

 
 
 
 
 
 
 
 
 
 

Figure 9 Relationship between the load on the jack 
and the load on the load-cell. 

抑止杭 抑止杭
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The values obtained using the load-cell are 1.06 
times those obtained using the SAAM jack. Figure 
10 shows the results of multiplying the load cell 
values by 1/1.06. These are referred to as the revised 
results. The revised results are almost identical to the 
results measured after lift-off. 

 
 
 
 
 
 
 
 
 

Figure 10 Revised results. 
 

 
CORRELATION BETWEEN TEMPERATURE 
AND TENSILE LOAD 

 
 
 The correlation between temperature and tensile 

load is high in a stable slope. Figure 11 shows 
anchors in a stable slope. A total of 77 anchors were 
installed in this slope. The load-cell was attached to 
a working anchor using the SAAM system, as shown 
in Fig. 12. A temperature sensor was attached to the 
surface of the load-cell, as shown in Fig. 13. 

 
 
 
 
 
 
 
 
 
 

 
Figure 11 Study site. 

 
 
 
 
 
 

 
 

     Figure 12 Load-cell          Figure 13 Temperature  
    attached to a working           sensor attached to a 
               anchor.                              load-cell 
 

Figure 14 shows the variations in tensile load and 
temperature8). The variations reveal that the tensile 
load changes with the temperature. A difference in 
temperature of 22ºC and a difference in tensile load 
of 13 kN are observed over the course of a day. 
Figure 15 shows the relationship between 
temperature and tensile load throughout the entire 
measurement period. A very high correlation was 
observed between temperature and tensile load. 
Since the measured tensile load is affected by 
temperature, temperature correction of the tensile 
load may be performed based on the correlational 
relationship between the temperature and the tensile 
load. The corrected load is obtained using the 
following equation: 

 
ܮ ൌ ܮ െ ሼܽሺ ܶ െ ܶሻሽ           (1) 
 
where 
 : Temperature corrected load at time iܮ
 : Load measured at the start timeܮ
ܶ: Temperature measured at time i 
ܶ: Temperature measured at the start time 
ܽ: Slope of the temperature-tensile load curve 
 
 
 
 
 
 
 
 
 

 
Figure 14 Variations in tensile load and temperature. 

 
 
 
 
 
 
 
 
 
 

 
Figure 15 Relationship between temperature and 

tensile load. 
 
Figure 16 shows the variations in the measured 

and corrected tensile loads. The measured values are 
affected by temperature and are not constant. A 
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difference in tensile load of 25 kN was observed 
throughout the entire measurement period. The 
corrected results are approximately constant, and a 
difference in tensile load of 3 kN is observed 
throughout the entire measurement period.  

 
 
 
 
 
 
 
 
 

 
Figure 16 Variations in the measured and corrected 

tensile loads. 
 
 

EXPERIMENTAL RESULTS 
 

Study site 

Figure 17 shows the study site. A landslide 
occurred over a wide area at this site, and anchors 
were installed at the edge of the landside site9). The 
geological feature is formed from mudstone. A total 
of 88 anchors were installed in three regions: 33 in 
the upper region (A3), 30 in the middle region (A2), 
and 23 in the lower region (A1). The anchor was of 
the SFL type, and the design load was Td = 414.5 kN. 
The lock-off load was equal to approximately half 
the design load (Pt = 161 kN to 220 kN). Typhoon 
12 struck Japan in September 2011 and caused 
significant damage. Figure 18 shows the damage to 
the site and the anchor system. A number of slope 
deformations appeared on the south side of the slope. 
The anchor cap of the anchor at A1-13 was broken, 
and the bearing plate was deformed. At this site, the 
deformation of the ground was observed using a 
pipe strain meter at GL -8.5 m, and precipitation for 
a period of one hour was measured using a rain 
gauge, and the results are shown in Fig. 19. A 
landslide occurred at this site after over 400 mm of 
total precipitation. 

 
 
 
 
 
 
 
 
 
 

Figure 17 Study site. 

 
 
 
 
 
 
 
 
 
 

 
Figure 18 Damage at the site. 

 
 
 
 
 
 
 
 
 
 

 
Figure 19 Variations in strain and precipitation. 

 

Distribution of residual load 

Figure 20 shows the distribution of residual load 
obtained by the SAAM system. The number of 
anchors investigated was 31, which is over to 1/4 
(35%) of the total number of anchors installed in the 
slope. The tensile load was found to exceed 90% of 
the yield load (0.9Tys) at the south side of the site, 
and the lift-off condition could not be confirmed to 
have occurred in this region. Lift-off was found to 
occur on the north side of the site, and the residual 
loads fell below the design loads. In a stable state, 
the tensile load on the anchor decreases due to the 
effects  of  creep,  relaxation,  and weathering of  the  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 20 Distribution of residual load. 



GEOMATE - Mie, Japan, Nov. 21-24, 2017 

15 
 

ground. Based on these results, the landslide appears 
to have occurred at the south side of the site, where 
measured tensile loads exceeded 0.9Tys. 

 

Monitoring of tensile load 

The SAAM system can be used to easily attach 
load-cells to working anchors. Four load-cells were 
attached to anchors, as shown in Fig. 2110). The 
relationship between landslide deformation and 
tensile loads on anchors obtained by load-cells was 
evaluated. Figure 22 shows the load-cell attached to 
the anchor at A3-14. Figure 23 shows the variations 
in tensile load as determined by load-cell and pipe 
strain meter. A  large  change  was  measured  by the  

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 21 Observation locations. 

 
 
 
 
 
 
 
 
 

 
Figure 22 Load-cell attached to the anchor at A3-14. 

 
 
 
 
 
 
 
 
 

 
Figure 23 Variations in tensile load as determined by 

load-cell and pipe strain meter. 
 

pipe strain meter at GL -8.5 m. Changes in the load 
and strain occur at the same time. Based on these 
results, the anchor functions as a sensor, in the same 
manner as the pipe strain meter.  

Figure 24 shows the variations in tensile loads on 
load-cells and precipitation for one-hour periods.  

 
 
 
 
 
 
 
 
 
 
 

 
 

 
Figure 24 Variations in tensile loads on load-cells 

and precipitation. 
 
 

Table 1 List of broken anchors 
 
 
 
 
 
 
 
 
 
 
 

 
 

  

 

 

 

 

 
 

 

 
Figure 25 Photograph of a jumped out anchor 

 
Landslide deformation was caused by the 

accumulation of 667 mm of precipitation on 16-17 
July 2015, during which time the tensile loads on the  
anchors increased. Table 1 lists the results of a 

A1 

A2 

A3 

Rain gauge 

pipe strain mater 

Load-cell 
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survey of the anchor conditions. The number of 
broken anchors increased after the heavy rain of 16-
17 July 2015. Anchors were confirmed to have 
“jumped out” for a distance of more than 50 m, as 
shown in Figure 25. Figure 26 shows the locations 
of broken anchors. All of the broken anchors are 
located on the south side, where the measured tensile 
loads exceeded 0.9 Tys.  

 

 

 

 

 
 
 
 
 

 
 
 
 
 
 
 

 
 

 

 
 

Figure 26 Locations of broken anchors. 
 

Relationship between tensile load and temperature 

Figure 27 shows the variations in tensile load and 
temperature in the anchor at A3-14. The tendency 
reveals that the tensile load changes with 
temperature during stable periods. Figure 28 shows 
the relationship between temperature and tensile 
load  during  the  stable  period  of  September  2015. 

 
 
 
 
 
 
 
 
 
 
 

Figure 27 Variations in tensile load and temperature.  

 
 
 
 
 
 
 
 
 
 
 

Figure 28 Relationship between temperature and 
tensile load (during the stable period of November 

2015). 
 
 
 
 
 
 
 
 
 
 
 

Figure 29 Relationship between temperature and 
tensile load (during the unstable period of July 2015). 
 
A very high correlational relationship was observed 
between temperature and tensile load, and R2 was 
determined to be 0.98. Figure 29 shows the 
relationship between temperature and tensile load 
during the unstable period of July 2015. There was 
no correlation for this period, during which the 
landslide occurred.  

Figure 30 shows the relationship between tensile 
load and temperature for one-month periods from 
October 2014 to October 2015. No correlation 
appeared for A1-11, A2-12, and A3-14 in 16-17 July. 
A landslide occurred during this period. The 
landslide could be evaluated based on the correlation 
between tensile load and temperature. The 
correlation between temperature and tensile load is 
not clear for the anchor at A1-23 during all periods. 
Figure 31 shows a plan view of the anchors along 
line A1. Figure 32 shows a cross-sectional view of 
L22 line shown in Figure 21. The anchor at A1-23 
was located at the edge of south side of the site. The 
landslide clearly spread over this area. A slope 
failure line appears along anchors of fixed length. 
Based  on  these  results,  the  correlation is not clear  
 

A1 

A2 

A3 
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(a) A1-11 anchor 
 

 
 
 
 
 
 
 
 
 

(c) A2-12 anchor 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 31 Plan view of anchor locations along line 
A1. 

 
and the tensile load variation in the anchor is 
unstable at A1-23. 
 
 
CONCLUSION 
 
 

We proposed a new method for evaluating slope 
stability based on monitoring of residual loads using 
the SAAM system. In the present paper, we obtained 
the following results. 
 1) The SAAM system has high test accuracy and 
can be used to easily investigate the residual loads 
on numerous anchors and the residual load 
distribution of a slope. 

 
 
 
 
 
 
 
 
 

(b) A1-23 anchor 
 
 
 
 
 
 
 
 
 
 

(d) A3-14 anchor 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 32 Cross-sectional view of L22 line. 
 
2) The SAAM system can be used to easily attach or 
detach load-cells to working anchors. 
3) The SAAM system can be used to confirm the 
functionality of load-cells attached to working 
anchors. 
4) There is very high correlational relationship 
between temperature and tensile load for a stable 
slope. However, there is no correlation for an 
unstable slope. A landslide can be evaluated based 
on the correlation between temperature and tensile 
load.  
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ABSTRACT 

 
Permeable interlocking concrete pavements (PICPs) are being increasingly utilised in urban developments 

globally to promote stormwater infiltration, reduce catchment runoff volumes and to improve the quality of 
downstream receiving waters. Increased interest in permeable pavements from planners, designers and stormwater 
managers has led to an increase in permeable pavement research to try to address some of the common 
misconceptions and to investigate new research areas. This paper summarises the results of an international 
literature review that was undertaken to identify and examine the current state of permeable pavement research 
worldwide. The study found that the stormwater management and environmental benefits of permeable pavements 
are irrefutable and they clearly reflect the principals of low impact development. However, there are also 
misconceptions and barriers to their more widespread implementation which need to be addressed to ensure their 
future as an effective LID solution. More targeted research is required to address some of the outstanding issues 
with permeable pavements. 
 
Keywords: Low impact development, Permeable pavements, Stormwater pollution, Urban runoff 
 
 
INTRODUCTION 

 
Low Impact Development 

 
Altering the natural characteristics of a drainage 

basin through urbanisation can impose dramatic 
changes on the movement and storage of water within 
the catchment. Impervious surfaces such as roofs and 
pavements can prevent precipitation from reaching 
the soil and this can reduce infiltration and 
groundwater recharge, while increasing stormwater 
runoff volumes and flowrates from the catchment. 
Increasing impervious areas in urban catchments can 
also cause flooding during periods of heavy rainfall 
when stormwater drainage systems are operating at 
capacity. Increased stormwater runoff can also cause 
significant reductions in downstream water quality [1, 
2]. With approximately 50% of the world’s 
population now living in urban environments 
impervious surface areas and their associated 
environmental problems are set to increase [3]. 

Low impact development (LID) in the USA and 
Japan is similar to water sensitive urban design 
(WSUD) in Australia and sustainable urban drainage 
systems (SUDS) in Europe [4]. All of these initiatives 
embrace the concept of integrated land and water 
management and in particular, integrated urban water 
management [5]. The principles of LID focus on 
mitigating the adverse effects of urban stormwater 

runoff and finding solutions to integrated water cycle 
management. Pezzaniti et al. [5] defined these 
principles as being: 

• Reducing portable water demand through 
water efficient appliance, rainwater and grey 
water reuse; 

• Minimising wastewater generated and 
treatment of wastewater to a standard 
suitable for efficient reuse opportunities 
and/or release to receiving waters; 

• Treating urban stormwater to meet water 
quality objectives for reuse and/or discharge 
to surface waters; and 

• Using stormwater in the urban landscape to 
maximise the visual and recreational 
amenity of developments. 

LID is a relatively recent concept that brings 
together new technologies, with an increasing interest 
in urban regeneration, to rethink urban water 
management and apply solutions to make towns and 
cities more sustainable. 

As part of the LID stormwater management 
principle, a number of stormwater treatment devices 
have been developed to improve water quality, such 
as swales, bioretention basins, settlement ponds and 
wetlands. However, these treatment devices can 
require significant land uptake. Highly urbanised 
areas are often restricted in space, and potential 
stormwater treatment measures should ideally fit into 
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the urban area without further land uptake.  
Permeable pavements are one type of LID 

treatment device that is becoming increasingly 
popular globally due to the many stormwater 
management and environmental benefits they provide. 
These will be discussed in the next section. 

 
Permeable Pavements 

 
Pavements are an everyday part of the urban 

landscape and are rarely thought about yet they have 
a significant environmental impact. However, for 
developers and local authorities who have to address 
stormwater flooding and water quality issues, they are 
very much at the forefront of the planning process [6]. 
This is because impervious surfaces such as 
pavements have such a major impact on downstream 
flooding, receiving water quality and on the health of 
natural ecosystems.  

Pavements are the most ubiquitous structures built 
by man and they generally occupy twice the area of 
buildings. Pavements currently account for 
approximately 25% of impervious areas within urban 
environments [7]. Two-thirds of all the rain that falls 
on potentially impervious surfaces in urban 
catchments is falling on pavements (Ferguson, 2005) 
[6]. Pavements are responsible for the generation of 
excess runoff which is often contaminated with heavy 
metals and hydrocarbons [8, 9]. They also prevent 
groundwater recharge and this can result in local 
water shortages.  

The increase in impervious surface accompanying 
urban development over recent decades has increased 
both the volume of stormwater runoff, and the amount 
of pollution flowing downstream to receiving waters 
[1, 2]. However, the problems associated with 
pavements are not restricted to water-related issues. 
They reduce biodiversity by displacing flora and 
faunal habitats and they cause localised and 
regionalised temperature increases, known 
commonly as the “urban heat island" effect [10]. 
Impermeable pavements also cause street trees to 
extend their roots in search of water to relieve 
moisture stress which can result in significant damage 
to infrastructure. Consequently, the management of 
stormwater in urban areas has become a priority issue 
for those responsible for planning and construction of 
new developments, and maintenance of existing 
stormwater infrastructure [11]. 

Conventional pavements designed for use by 
vehicular traffic typically consist of a sub-grade, one 
or more overlying basecourses of compacted 
pavement material and an impervious surface seal. 

An integral aspect of conventional pavement design 
involves preventing the entry of water into the 
pavement, via the seal or the paving joints, to protect 
the integrity of the underlying basecourse and sub-
grade [12]. 

Permeable pavements are a relatively new 
technology and have quite different objectives and 
design requirements to conventional pavements. 
They can be used as an alternative to conventional 
impervious hard surfaces, such as roads, carparks, 
footpaths and pedestrian areas [13]. Permeable 
pavements are specifically designed to promote the 
infiltration of stormwater through the paving and 
structure where it is filtered through the various 
pavement layers. The filtered stormwater is then 
either harvested for later reuse or released slowly into 
the underlying soil or stormwater drainage system 
[13]. This results in many stormwater management 
and environmental benefits. The most common type 
of permeable pavement is the permeable interlocking 
concrete paving (PICP) system shown in Fig. 1 [2]. 
 

 
 
Fig. 1 – Typical PICP Schematic  

 
Even for PICP systems not designed for 

harvesting and reuse, the storage capacity in the 
basecourse layers (Fig. 1) can be designed to intercept 
significant rainfall events. PICPs can therefore reduce 
runoff volumes and discharge rates from paved 
surfaces [14-17]. These reductions result in a 
significantly reduced risk of downstream flooding. 
PICPs also provide considerable water quality 
improvements by treating and trapping stormwater 
pollutants [18 20]. 

PICPs are one LID treatment option that do not 
require any increase in land area. They help increase 
infiltration in urbanised areas and help reduce 
pressure on existing stormwater infrastructure. They 
are commonly used as part of a treatment train or as a 
source control measure [5]. Permeable pavements in 
good working order have infiltration rates, from 130 
mm/h up to several thousand mm/h [2, 21, 27] and 
can manage the runoff of rainfall events in excess of 
a 1 in 100-year storm event [22]. However, the 
performance of a PICP system also depends on the 
local site conditions. For example, if underlying soils 

Permeable Pavers
(Typical Thickness: 50 - 80 mm)

2-5 mm Bedding Aggregate
(Typical Depth: 30 - 50 mm)

20-63 mm Sub-base Aggregate
(Depth Dependent on Structural

and/or Storage Requirements)

Geofabric or Impermeable Liner
(If Required)

Sub-grade

Infiltration through Paving Joints
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have low permeability a collection pipe is often 
needed in the base of the system to divert infiltrated 
water to the underground drainage network.  

Permeable paving provides multiple benefits for 
managing stormwater runoff at source [2]. They help 
to reinstate the infiltration capabilities and restore the 
natural hydrological cycle of urban areas which 
reduces runoff volumes and the risk of flooding. They 
filter and treat the infiltrating runoff by trapping 
pollutants that might otherwise contaminate 
groundwater and stormwater [7, 23]. It is also thought 
that permeable pavements can reduce the urban heat 
island effect and can contribute to a wider range of 
sustainable water management objectives through 
rainwater harvesting [13, 24]. Recent research [25, 
26] has also shown that the ability of permeable 
pavements to allow water and air to infiltrate through 
to the root zone can significantly improve street tree 
health and minimize pavement damage. 

However, there are some common 
misconceptions associated with the use of permeable 
pavements systems. These include the belief that they 
cannot be used in clay soils, that they clog easily 
which hinders infiltration, and that they do not work 
well in cold climates due to damage caused by freeze 
and/or frosting [22]. There are also numerous 
permeable pavement design guidelines in use 
worldwide and that the information contained in these 
design guidelines is often unclear and occasionally 
conflicting. These issues may have hampered the 
more widespread implementation of permeable 
pavement systems.   

Increased interest in permeable pavements from 
planners, designers and stormwater managers has led 
to an increase in permeable pavement research to try 
to address some of the common misconceptions [2, 4, 
5, 27, 28]. It has also initiated new research areas such 
as using permeable pavement for stormwater 
harvesting and reuse and to promote street tree health 
[13, 25, 26, 29, 30].  

This paper summarises the results of an 
international literature review that was undertaken to 
identify and examine the current state of permeable 
pavement research worldwide. It is intended as a 
practical resource for designers and researchers of 
permeable pavement systems. 

 
INTERNATIONAL PERMEABLE PAVEMENT 
RESEARCH 
 
Clogging 
 
Porous Pavements 

Research has shown that urban stormwater runoff 

contains significant concentrations of suspended 
sediments and gross pollutants [2, 9, 14, 27, 31]. 
There is a perception that permeable pavements that 
are used as source control devices, and designed to 
infiltrate runoff, will tend to clog quickly and result 
in high maintenance and replacement costs. This 
perception has led to a steady increase in the number 
of research studies into the clogging processes that 
take place in permeable pavements [4, 5, 9, 28, 31, 32, 
33, 34]. 

Much of the earlier clogging research was 
conducted on porous concrete materials which have 
different clogging processes to PICPs [35-38]. The 
research tended to show that porous pavement 
materials were more susceptible to clogging, and 
more difficult to maintain than other systems and 
their popularity has declined over the last decade.   

However, new pavement designs presented by 
Dierkes et al. [39] demonstrated success with a 
double layer concrete paver with an impermeable top 
layer and a porous base layer. The study found that 
the new pavers could temporarily store water close to 
the surface which helped promote evaporation of the 
water back into the atmosphere. This process could 
help reduce heat island effects. The new paver design 
was found to be less prone to clogging and the 
impermeable top layer was also found to be more 
resistant to damage than typical porous layers. 
Further research is currently underway to evaluate the 
new paving design under operational conditions. 

 
PICPs  

A significant amount of research has now have 
been published on the clogging processes that take 
place in PICPs and the subsequent effects these have 
on hydraulic performance and how these processes 
change over time [2, 4, 5, 27, 28, 33]. The key 
mechanisms that govern clogging in different systems 
are also now better understood than they were a 
decade ago.  

Pratt [40] undertook a laboratory investigation on 
small scale, full-size pavement models to investigate 
pollutant retention within the permeable pavement 
structure. This study appears to be the first to use an 
accelerated stormwater sediment dosing program to 
simulate the long-term performance of PICPs due to 
clogging. Pratt [40] found that most of the sediment 
and organic materials tends to get trapped in the upper 
layers of the bedding aggregate and on the geofabric 
filter and this prevents them migrating through to the 
basecourse materials. Pratt predicted that this will 
lead to eventual total clogging of the system but he 
conceded that it is difficult to accurately predict the 
time to failure. Pratt did, however, suggest an 
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effective life span of between 15 and 20 years in 
service [40].  

Borgwardt [31] reported on the long-term, in-situ 
infiltration performance of PICPs and presented 
infiltration test results for over 80 test locations. 
Borgwardt [31] maintained that the infiltration 
performance of PICPs decreases significantly within 
a few years of service due to the entrainment of 
mineral and organic sediment material retained in the 
upper 20 mm of the pavement joint material. 
Comparisons of PSD analyses showed that there were 
26% (by mass) more fine particles (less than 63 µm 
in diameter) trapped in the upper 20 mm of the joint 
material than in the lower 20 mm. Borgwardt [31] 
predicted that in practice, the permeability of PICP 
systems reduces to approximately 18% of the original 
infiltration value after approximately 10 years’ 
service.  

Research to improve understanding of the long-
term hydraulic conductivity and the clogging 
processes in permeable pavements was undertaken by 
Pezzaniti et al. [5]. The focus of the study, which 
included both laboratory and field work components, 
was to quantify the degree of sediment trapping and 
associated pollutant retention in order to assess the 
effective life of PICPs. For their laboratory 
experiments, Pezzaniti et al. [5] applied locally 
sourced stormwater sediment to PICP testbeds, 
similar in construction to those used by Pratt [40], in 
order to simulate 35 years of sediment loading. The 
study [5] concluded that there are two types of 
sediment accumulation involved in the clogging 
process of PICPs, namely coarse and fine sediments. 
They explained that coarse sediment is retained in a 
relatively small upper horizon of the pavement joints 
and this can reduce fine sediment migration to the 
lower layers. This generally supported by previous 
research studies [19, 31, 40].   

Fassman and Blackbourne [41] investigated 
infiltration rates and clogging of a 200 m2 PICP site 
that was constructed to form part of a main arterial 
road in Auckland, New Zealand. The structure was 
made from PICP blocks (with wide gaps) on a 2 to 5 
mm aggregate bedding layer. A geofabric layer was 
included between the bedding layer and the 
basecourse. Sub-surface investigations beneath the 
pavers revealed that a crust had formed above the 
geofabric and that some of the bedding layer had 
formed into agglomerated chunks. This in an 
important finding [41] and demonstrates the 
significant role that dry periods of no rainfall play in 
the sediment retention and clogging processes that 

potentially occur in PICPs. This finding suggests that 
results from simulated long-term sediment loading 
studies that do not include drying cycles, may not be 
applicable to prototype PICP field installations. 

Lucke and Beecham [2] undertook a forensic 
investigation on a clogged eight-year-old PICP 
system to determine how sediment had accumulated 
within the pavement structure. They found that most 
of the sediment was trapped in the gaps between the 
paving blocks and on top of the bedding aggregate 
directly below the gaps. The sediment accumulation 
pattern that took place on the bedding aggregate 
beneath pavers is shown Fig. 2. This clearly 
demonstrates the effectiveness of the bedding 
aggregate as a filter medium to remove sediment from 
stormwater runoff.  

 
 
 

   
 
 
 
 

Fig. 2. Sediment Accumulation Pattern on Bedding 
Aggregate [2] 

 
It is also clear from Fig. 2 that sediment is only 

deposited on the bedding aggregate directly below the 
paving joints. The rest of the bedding aggregate is 
effectively "as new" and has performed no sediment 
removal function at all. This suggests that the PICP 
design is not fully utilising the filter medium 
properties of the bedding aggregate. Therefore, it was 
hypothesised [2] that there may be a more effective 
PICP design which makes greater use of the bedding 
aggregate area to filter more sediment from 
stormwater runoff. This was investigated and 
described in the following sections [28]. 

The studies outlined above demonstrate the 
variability of findings from previous research into the 
clogging processes that occur in permeable 
pavements and the effects that these processes have 
on the long-term viability of these systems. While a 
number of the studies have examined the sediments 
accumulated in the paving layers in some detail, most 
of this research did not examine the clogging 
processes experienced by sediment particle sizes less 
than 63 µm in diameter. Those studies that did look at 
particle sizes of less than 63 µm in diameter were 
conducted on laboratory models and these results may 
not be applicable to prototype PICP field installations. 
Further research is required to better understand this 
process. 
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Infiltration 

Adequate infiltration through PICPs is critical to 
their hydraulic and stormwater treatment 
performance. Infiltration is affected by clogging 
caused by the trapping of fines in the PICP surface, 
which, over time, reduces treatment performance. It 
has been shown that clogging can be reduced by 
periodic maintenance such as vacuum sweeping 
and/or pressure washing. It has also been suggested 
that a PICP’s maintenance requirements can be 
identified by measuring reduced infiltration rates. 
This section examines some of the previous research 
on PICP infiltration.  

Bean et al. [16] evaluated the surface infiltration 
rates of 40 permeable pavement sites in North 
Carolina, USA. They measured the surface 
infiltration rates of different permeable pavement 
types and tried to relate the infiltration performance 
to paver type. They used both the Single-ring 
infiltrometer test method [42] and the Standard test 
method for infiltration rate of soils in field using 
double-ring infiltrometer [43] in their study (Fig. 3). 

 
 
 
 
 

 
 
  

Fig. 3. Modified Ring Infiltrometers for Permeable 
Pavement Testing with Waterproof Sealant 
(a) Single Ring; (b) Double Ring [34]  

 
The study [16] measured infiltration rates 

between 1,000 mm/h and 40,000 mm/h for PICPs that 
were not blocked with fine particles. However, the 
infiltration rate of PICPs that were partially filled by 
fine soil particles reduced to between 16 mm/h and 
2,000 mm/h. They concluded that PICP sites installed 
for infiltration purposes should not be located 
adjacent to areas with disturbed soils as 
accumulations of fine particles can dramatically 
decrease surface infiltration rates. They also found 
that higher surface infiltration rates could be 
sustained by using a vacuum sweeper at regular 
intervals for maintenance [16].  

Lucke and Beecham [2] investigated the 
infiltration performance of a PICP system that has 
been in service for over eight years. They developed 
a new type of double ring infiltration testing 
apparatus that measured the surface infiltration rate 

over one full square metre (1 m2) of paving (Fig. 4). 
They also found that different areas of the PICP were 
affected by blockage by fine soli particle and they 
classified the different areas as either, Fully Blocked 
(FB), Medium Blocked (MB) or Unblocked (UB).  

 
 
 
 

 
 
 
 
 
 
 
 

  
Fig. 4 Double-ring Infiltration Testing Apparatus 

Developed by [2] 
 
They [2] found the average infiltration rates for 

the pavement to be 11 mm/h for the FB areas, 165 
mm/h for the MB areas, and 8,530 mm/h for the UB 
areas. They found that although there was only a 
maximum difference of 56% in the mass of sediments 
retained in the paving layers, the infiltration rates 
varied by five orders of magnitude. These results 
reinforced previous research findings on how 
important it is to maintain PICPs to ensure surface 
infiltration rate performance remains effective.  

Due to the difficulty and inconsistencies 
experienced with PICP infiltration testing using 
traditional methods, two new experimental test 
procedures were developed and evaluated [34] to 
more accurately determine the surface infiltration rate 
of PICPs. The two new methods were the falling head 
full-scale (FHFS) method and the constant head full-
scale (CHFS) method. Both of the new methods 
involved inundating a large area of the pavement in 
order to determine the infiltration rate through the 
pavement surface (Fig. 5). Double ring infiltrometer 
tests were also performed to enable a comparison of 
the results to traditional methods. 

While the new infiltration testing methods [34] 
were found to be more reliable and consistent than 
traditional methods, there was still a large variation in 
the results during the testing. It was found that 
moisture levels in the soil underneath the PICP 
installation significantly affected test results. This 
was particularly apparent when multiple tests were 
performed at the same site as infiltration rates 
decreased as more tests were performed. Overall, the 
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study [34] found that the new falling head full-scale 
testing method produced the most accurate results. 
This study is continuing the new method has been 
applied to numerous sites across Europe. It is 
anticipated that the full results of this study will be 
published in the near future.  
 
 

 
 
 
 
 
 
 
 
 
  

Fig. 5 - Full-scale Infiltration Testing in the 
Netherlands [34] 

 
Lucke et al. [44] compared infiltration results 

using the standard test (C1781M-14a – Fig. 3a) with 
the results of a new stormwater infiltration field test 
(SWIFT – Fig. 6) developed in Australia to evaluate 
the maintenance requirements of PICPs. A strong 
correlation was found between results using the two 
methods. The study found that the SWIFT was a 
reliable method for estimating the degree of clogging 
of PICPs while successfully overcoming some of the 
problems with the more technical existing test 
methodology such as horizontal water leakage (use of 
sealant), unrealistic pressure heads, speed of test, and 
portability. The SWIFT test [44] is a simple, fast and 
inexpensive way for asset managers and local 
government employees to quickly assess the 
maintenance requirements of PICP installations in the 
field. 
 
 
 
 
 
 
 
 
Fig. 6. Stormwater infiltration field test (SWIFT) 

Infiltrometer used in this study. (a) SWIFT 
in use; (b) SWIFT dimensions [44]. 

 
Sediment Slots 
 

Previous PICP clogging research [2] 

demonstrated that sediment is only deposited on the 
bedding aggregate directly below the paving joints. 
The rest of the bedding aggregate is effectively "as 
new" and has performed no sediment removal 
function at all. This suggested that current PICP 
designs were not fully utilising the filter medium 
properties of the bedding aggregate. It was therefore 
hypothesised that there may be a more effective PICP 
design which makes greater use of the bedding 
aggregate area to filter more sediment from 
stormwater runoff.  
 
 
 
 
 
 
 
 
 
Fig. 7 – Sediment Slots Being Cut into Underside of 

PICP blocks [28] 
 
A proof of concept study [28] was performed to 

investigate more efficient use of the bedding 
aggregate used in PICP systems. Lateral drainage 
channels (sediment slots) were cut into the underside 
of PICP blocks (Fig. 7) to allow sediment-laden 
stormwater to access, and be treated by, a greater 
surface area of bedding aggregate. Eight different slot 
designs (Fig. 8) were trialled in the study [28]. 
Specially fabricated PICP models were tested in the 
laboratory using semi-synthetic stormwater to 
determine which of the slot designs made the most 
efficient use of the bedding aggregate to filter the 
sediment from the stormwater. 
 
 
 
 
 
 
 
 
Fig. 8 - Eight Different Drainage Slot Designs 

Trialled in Study [28] 
 
The study [28] results (Fig. 9) clearly 

demonstrated that the eight drainage slot designs 
deposited between 25% and 366% more sediment 
beneath the pavers than the control pavement (Design 
9). The results of the study [28] strongly suggest that 
PICP systems with drainage slots cast into their bases 
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would take much longer to clog than unmodified 
pavers, thereby proving the initial concept of this 
study. However, more research would be required to 
verify this fully. More research is also required to 
optimise the drainage slot designs for use on different 
paver bedding materials. Finally, a better method of 
quantifying the amount of sediment that is deposited 
on the bedding aggregate needs to be developed. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9.  Study Sediment Distribution Patterns 

 
Summary 

 
Altering the natural characteristics of a drainage 

basin through urbanisation can impose dramatic 
changes on the movement and storage of water within 
the catchment. As permeable pavements are 
specifically designed to promote the infiltration of 
stormwater through the paving and structure they can 
be used to promote infiltration and groundwater 
recharge, while decreasing stormwater runoff 
volumes and flowrates from the catchment. The use 
of permeable pavements can result in many 
stormwater management and environmental benefits. 

The preceding sections have outlined some of the 
latest international permeable pavement research 
studies. While there have been other quality studies 
undertaken, the majority of the research tends to focus 
on issues to do with surface infiltration and clogging. 
The stormwater management and environmental 
benefits of permeable pavements are undeniable and 
they clearly reflect the principals of low impact 
development. Uncertainties surrounding surface 
infiltration and clogging are clearly the main barrier 
to the more widespread implementation of permeable 
pavements. If these issues can be satisfactorily 
addressed, the future of permeable pavements will be 
assured. 

 

 
 
CONCLUSION 

   
This review of permeable pavement research has 

identified a number of potential solutions to the issues 
surrounding clogging and reduced surface infiltration 
capacities. These include:  

• A new PICP design using a double layer concrete 
paver construction with an impermeable top layer 
and a porous base layer. The new paver design was 
found to be less prone to clogging, better at 
evaporating water back into the atmosphere, and 
more resistant to damage than typical porous 
layers. 

• PICP sites installed for infiltration purposes should 
not be located adjacent to areas with disturbed soils 
as accumulations of fine particles can dramatically 
decrease surface infiltration rates.  

• Higher surface infiltration rates can be sustained 
by using a vacuum sweeper at regular intervals for 
maintenance. 

• Research suggests that PICP’s maintenance 
requirements can be identified by measuring 
reduced infiltration rates. A number of new 
methods for measuring surface infiltration 
capacity were examined. 

• New infiltration rate testing methods involving 
inundating large areas of the pavement were found 
to be more reliable and consistent than traditional 
methods, although they were more difficult to 
implement.  

• The SWIFT test is a simple, fast and inexpensive 
way for asset managers and local government 
employees to quickly assess the maintenance 
requirements of PICP installations in the field. 

• A proof of concept study to investigate more 
efficient use of the bedding aggregate used in PICP 
systems was examined. The study results strongly 
suggest that PICP systems with drainage slots cast 
into their bases would take much longer to clog 
than unmodified pavers. 
 
While all of the potential solutions listed above 

may be able to resolve some of the issues surrounding 
surface infiltration and clogging to some extent, more 
targeted research is required to explicitly address the 
uncertainties surrounding permeable pavement 
performance. More positive research results that 
demonstrate the potential benefits of permeable 
pavements will secure their future in the LID 
integrated land and water management philosophy.   
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ABSTRACT 
 

There is a burgeoning interest in the development, characterization and implementation of alternatives to cement 
and other cementitious binders in ground improvement. This interest is in part because of the technical advantages 
and related environmental and energy issues, particularly in CO2 gas emission. The current paper presents a brief 
history and a review of alkaline activation and carbonation as a greener alternative to cement stabilization. Some 
recent investigations have been presented in this paper. Alkali-activated binders can constitute interesting materials 
to fully eliminate traditional cementitious binder (i.e. cement and lime) usage in soil stabilization projects since 
calcium is not essential in any part of alkali-activated structure. In simple words, alkaline activation binder is 
generally a synthetic alkali aluminosilicate material that is produced from the reaction of a solid aluminosilicate 
with a pre-designed concentrated aqueous alkaline hydroxide or silicate solution. 
 
Keywords: Soil improvement, Alkaline activation, Geopolymerisation, Carbonation 
 
 
INTRODUCTION 

 
Due to robustness and easy adoptability, cement 

and lime are often employed as stabilizing agents in 
civil engineering applications (i.e. ground 
improvement). However, these traditional 
cementitious binders are not only for their negative 
environmental effects during manufacture but also for 
their cost [1]. 

In the case of cement, it generates around 7% of 
artificial CO2 emissions, because of carbonate 
decomposition. It is estimated that every ton of 
cement, it produces around one ton of CO2, a major 
greenhouse gas implicated in global warming. Beside 
the emission of CO2, another by-product of cement 
production is NOx. Most of these nitrogen oxides are 
produced in cement kilns, which can contribute to the 
greenhouse effect and acid rain [1]-[2]-[3]-[4]. 

Alkali-activated binder may constitute an 
interesting option to fully eliminate traditional 
cementitous binders usage in civil engineering 
projects since calcium is not essential in any part of 
alkali-activated structure. Essentially, the synthesis of 
alkali-activated binders, which are formed by the 
reaction of any amorphous aluminosilicate source 
with alkali (usually Na or K) or alkali earth (Ca) 
metals, involves the dissolution of mineral 
aluminosilicates, followed by the hydrolysis and 
condensation of the Al and Si components, resulting 
in the formation of a three-dimensional, essentially 
amorphous, aluminosilicate gel . The final product is 
very much dependent on the calcium availability. 
Alkaline activation of low-calcium precursors results 
in a N–A– S–H type gel, while as alkaline activation 
of high-calcium raw materials forms essentially C–
A–S–H gel [1]-[5] . 

An abundance of papers on alkaline activation 

technology can be found in the literature. In this 
regard, a number of studies were conducted to 
evaluate the environmental benefits of alkali-
activated binder. Moreover, a large and growing body 
of literature has investigated the mechanism of the 
alkaline activation (AA) from wide variety of 
aluminosilicate source materials, and the potentiality 
of utilizing various alkaline activators for the 
dissolution of Si and Al oxides through alkaline 
activation process. A significant body of these studies 
validate the proposition that alkaline activation 
provides a promising and sustainable alternative to 
the use of cement and lime because of (i) the abundant 
raw material sources and (ii) its lower energy 
consumption and CO2 emission [1]. 

This current paper presents a brief history and a 
review of alkali-activated materials (new generation 
of binders) and recent investigation done at Universiti 
Putra Malaysia. 

 
BACKGROUND 
 

The alkaline activation (also referred as to 
‘geopolymerisation’) can be described as a 
polycondensation (a reaction that chemically 
integrates minerals), consisting of aluminum and 
silica alternately tetrahedrally interlinked by sharing 
all the oxygen atoms. The process starts when the 
high hydroxyl concentration of the alkaline medium 
favors the breaking of the covalent bonds Si–O–Si, 
Al–O–Al, and Al–O–Si from the vitreous phase of the 
source material, transforming the silica (SiO2) and 
alumina (Al2O3) ions in colloids and releasing them 
into the solution. Under this condition, alumino-
silicates are transformed into extremely reactive 
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materials to form a well-structured alumino-silicate 
polymerized framework [1]-[2]. 

In recent years, a large and growing body of 
literature has investigated the mechanism of alkaline 
activation using a wide variety of alumino-silicate 
source materials [2], the role of alkaline activators, 
which are normally made by mixing a highly alkaline 
solution (such as sodium hydroxide) [2]-[4]-[9], and 
the environmental benefits of the alkaline activation 
method [2]. 

A significant body of these studies validate the 
proposition that alkali-activated binders have 
superior performance in comparison with 
cementitious binders, such as lower energy 
consumption, approximately 80% lower carbon 
dioxide emissions, higher strength and with the 
principles of sustainable development. Therefore, in 
a political climate where governments around the 
world are taxing carbon dioxide emissions and 
promoting sustainable and environmentally friendly 
materials, alkali-activated binder can emerge as an 
important material of the future [2]. 

In the light of these advantages, research on the 
synthesis of alkali-activated binder and identification 
of reaction mechanisms in civil engineering 
frameworks has intensified over recent years [2]-[4]-
[9]. However, using this technology in ground 
improvement applications is still at the early stage of 
development. 

In very limited attempts, some geotechnical 
researchers have investigated the effectiveness of 
alkali-activated fly ash as silica and alumina 
amorphous sources for soil stabilization [9]. 
 
RECENT INVESTIGATIONS AT UPM 

 
Alkaline activation with POFA 

 
One of the well-known agro-wastes, palm oil fuel 

ash (POFA), was used as a source binder. 
 

 
 

Fig. 1 Stress-strain behavior of treated soil samples 
using alkali activated POFA (N-KSP) after 
7, 28, 90, and 180 days curing. 

 
Fig. 1 shows the stress-strain behavior of the AA-

treated soil after curing times of 7, 28, 90, and 180 
days. As can be seen, the AA stabilization induced a 
drastic increase in strength, either using sodium 
hydroxide (NaOH) or potassium hydroxide (KOH) as 
the base element of the activator. For the sodium-soil-
POFA (NSP) and potassium-soil-POFA (KSP) 
mixtures and after 180 days of curing, values of 3,360 
and 6,000 kPa were observed, respectively. 
Nonetheless, a brittle behavior was registered in the 
case of the 90- and 180-day curing specimens, which 
was indicated by the sudden drop in strength after a 
clear peak value was reached. Such behavior was 
even more accentuated in the K+ mixtures (KSP) 
[10]. 

The loading procedure was conducted using a 
hydraulic jack under the stress control condition with 
an increment of 5 kPa per minute, and the procedure 
continued until it reached a normalized vertical 
displacement of nearly 20%, at which small 
increments in the applied load result in relatively big 
increase in the settlement, which indicates that the 
soil has reached the failure condition (Fig. 2) [10].. 
 

 
 
Fig. 2 Loading procedure. 
 

It can be seen in Fig. 3 that the vertical load in 
untreated ground (S) increases rapidly with the 
increase of settlement at first and reaches a plateau at 
about 0.09 of displacement/footing width. Also, as 
shown in this figure, the vertical stress–displacement/ 
footing width curve of untreated soil possessed the 
ductile behavior. 
 

 
 
Fig. 3 The relationship between vertical stress and 

displacement in KSP1–3 group. 
 

It can be clearly seen in Fig. 3 that increasing the 
replacement area ratio, a, results in more 
improvement in the qult of treated columns KSP1 
(N=10, α=9.9), KSP2 (N=12, α=11.9) and KSP3 
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(N=16, α=15.82) (N and α designate number of 
columns and replacement area ratio). Other than that, 
as shown in this figure, compared to untreated soil 
(S), the qult increased sharply in treated cases (KSP1–
3). This behavior is believed to have been due to the 
use of alkaline activation process in treated cases 
(KSP1–3). In this respect, compared to untreated soil 
(S), higher enhancement was achieved in the case of 
the KSP3, for which higher increased values of 
bearing capacities up to 192% was observed at 
replacement area ratio of 15.82% [5]. 

From Fig. 3, in treated cases (KSP1–3), the 
vertical stress increased rapidly at first, and then the 
model ground exhibited progressive softening since 
the bearing pressure decrease steadily after the peak. 
 

 
 
Fig. 4 SEM micrographs of (a) natural soil; (b) 

KOH-POFA-soil (KSP). 
 

Scanning electron microscopy (SEM) 
micrographs of the untreated soil (S) and KSP, after 
curing for 90 days, are shown in Figs. 4(a–b). The 
more open texture of the untreated soil is clear in Fig. 
4(a), whereas the discrete soil particles appear more 
closely bounded in the stabilized material Fig. 4(b), 
with the voids seemingly filled. 

Wollastonite microfibers were chosen as additive 
from a pool of several possibilities, based not only on 
the fact that they fulfil the mentioned requirements 
but also on their unique chemical composition and 
microstructure (40.0–50.0% of CaO and 40.0–55.0% 
of SiO2), having been formed in nature by the 
interaction of silica (SiO2) with calcite (CaCO3) under 
high pressure and temperature [5]. 

Fig. 5 show selected SEM image of the reinforced 
AA specimens which shows the interaction between 
the fiber surface and the geopolymeric matrix, 
contributing to the enhanced behavior of the 
reinforced mixtures [10]. 
 

 
 
Fig. 5 SEM images of the microfibers inclusion in 

the stabilized soil mixture. 

 
Alkaline activation with Olivine 

 
Olivine is widely distributed around the world. It 

has been found everywhere all over the Earth [8]. 
Fig. 6 shows the stress-strain behavior of soil (S), 

alkali-activated soil (AS), and alkali-activated soil 
with different percentages of olivine (A5, A10, A15, 
and A20) after 7, 14, 28, and 90 days of curing. 
Untreated soil specimens (S) showed a ductile 
behavior with the strength of 103.4 kPa at a failure 
strain of approximately 1.8%. Alkali activation 
increased the strength of soil to 240.9, 263.0, 370.3, 
and 521.7 kPa at 7, 14, 28, and 90 days, respectively. 
The slight increase in the strength of soil specimens 
observed in the presence of NaOH was attributed to 
the role of NaOH in promoting the dissolution of Si 
and Al within soil. The increase in the strength of AS 
was not significant due to the low reactivity of Si and 
Al. A progressive increase in strength was observed 
when different amounts of olivine were used. The 
strength of samples increased with olivine content (0–
20%) and curing time (7–90 days). A20 achieved the 
highest strength within all alkali-treated soil samples, 
resulting in 850.3, 1,016.9, 1,210.5, and 3,964.8 kPa 
at 7, 14, 28, and 90 days, respectively [11]. 
 

 
 
Fig. 6 UCS of alkaline-activated olivine-treated 

soil at curing times of (a) 7; (b) 14; (c) 28; 
(d) 90 days. 

 

 
 
Fig. 7 Cell setup for carbonating olivine treated 

soil. 
A triaxial reactor was used to carbonate Mix 

CPTA20 (P=pressure, T=carbonation time) by 
allowing pressurized gaseous CO2 (100 and 200 kPa) 
to permeate through the olivine-treated soil for 12, 24, 
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48, and 168 h. Immediately after molding, samples 
were subjected to carbonation under a confining 
pressure of 400 kPa, during which CO2 permeated 
upward. The CO2 saturation level was detected by the 
outflow tube placed underwater (Fig. 7) [11]. 

Fig. 8 shows the stress-strain behavior of alkali-
activated soil with 20% olivine (A20) after 90 days of 
curing and soil treated with 20% olivine in the 
presence of 10-M NaOH subjected to carbonation at 
100 and 200 kPa for up to 168 h. An increase in the 
UCS was observed with an increase in the 
carbonation pressure and duration. Strength rapidly 
increased when the CO2 pressure and duration 
increased from 100 to 200 kPa and 12 to 168 h, 
respectively. When compared with uncarbonated 
alkali-activated 20% olivine-treated soils at 90 days, 
the corresponding samples subjected to carbonation 
(C(200;168)A20) achieved higher strengths. The results 
show that olivine is a promising candidate for soil 
stabilization because alkali-activated olivine treated 
soils were sufficiently carbonated within a few days 
to achieve strengths required for ground improvement 
[11]. 
 

 
 
Fig. 8 UCS of carbonated alkaline-activated 

olivine-treated soil subjected to carbonation 
for 12, 24, 48, and 168 h at pressures of 100 
and 200 kPa. 

 

 
 
Fig. 9 SEM images of (a) soil; (b) olivine; (c) 

olivine-treated soil; (d) alkaline-activated 
olivine-treated soil after 90 days curing. 

 
Fig. 9(a) shows that the microstructure of soil 

consists of clusters of particles, whereas the irregular 
shape of olivine particles are seen in Fig. 9(b). Fig. 
9(c) illustrates the olivine-treated soil after 90 days of 
curing. A comparison of Figs. 9 (a & c) reveals how 
the olivine fills the pores of the soil as a result of its 

delayed hydration and pozzolanic reaction within the 
soil. Fig. 9(d) shows the microstructure of 20% 
olivine-treated soil in the presence of 10 M of NaOH 
after 90 days of curing. SEM images demonstrate a 
compact morphology without any major 
discontinuities, which is consistent with the 
mechanical properties observed. The presence of a 
new amorphous phase is evident in Fig. 9(d), which 
reveal the formation of a gelatinous structure and 
crystals on the surface of the samples and around the 
particles of the starting material. SEM images of 
samples subjected to carbonation at a CO2 pressure 
of 200 kPa for 12, 24, 48, and 168 h shown in Fig. 10 
(a & d) demonstrate a denser and more homogenous 
microstructure with an increase in carbonation 
duration [6]-[11]. 
 

 
 
Fig. 10 SEM images of (a) C(200;12)A20; (b) 

C(200;24)A20; (c) C(200;48)A20; (d) 
C(200;168)A20. 

 
Alkaline activation with Fly Ash 

 
Fly ash is a finely divided mineral residue 

resulting from the combustion of coal in electric 
generating plants. Fly ash was used as a stabilizer 
agent to improve gypseous soil. Gypseous soil 
demonstrates sudden volumetric changes in wetting 
state due to dissolution of gypsum which causes 
uneven settlement or collapsing [9]. 

Fig. 11 illustrates the collapse potentials of 
gypseous soil samples stabilized with geopolymer fly 
ash at 7, 28, 90 days of curing. As observed from Fig. 
1-a, the gypsum content had a significant influence on 
the collapse potential of the untreated gypseous soil 
samples at early ages of curing. The collapse potential 
increased when the gypsum content was elevated to 
45%. In samples with 13% gypsum (G13: natural soil 
contained 13% gypsum), the collapse potential was 
2.86 which can be considered as moderate collapse 
while for 25% of gypsum content (G25) the collapse 
potential was 7.95 (moderately severe) and finally for 
the high gypsum content of 45% (G45), the collapse 
potential increased to 10.75 and rated as severe. On 
the other hand, stabilization of soil with geopolymer 
fly ash decreased the collapsibility in all samples. The 
increase in the fly ash content from 10 to 30% 
declined the collapse potential at different rates. As 
can be seen, the collapse potential for the G45 
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samples was 10.75 and it reduced to 8.96, 5.88, and 
3.7 in KOH activated samples with 10%, 20% and 
30% fly ash, respectively. The reduction was to 9.09, 
6.64, and 4.48 in samples activated with NaOH at 7 
days when 10, 20, and 30% fly ash was used to 
stabilize the gypseous soil. The mechanism of 
improvement can be explained as follows: As the 
content of binder increased the enveloping effect of 
the crust escalated and consequently the collapsibility 
potentials declined further [12]. 

Fig. 12 shows collapsibility potentials of 
stabilized soil samples soaked in water for 7, 28 and 
90 days. It should be noted that the soaking process 
in water was carried out on samples cured for duration 
of 28 days. Furthermore, it was observed that within 
the initial 7 days of soaking, untreated samples were 
fully dissolved so no data is available. However, the 
recorded collapse potentials were 4.93, 9.71 and 
12.46 for G13, G25, and G45 at 3 days, respectively. 
In general, the collapse potential for the stabilized 
gypseous soil with 10, 20, 30% geopolymerized fly 
ash increased as soaking duration prolonged 
indicating the vulnerability of soil to wetting. 

 

 
 

Fig. 11 Collapsibility potentials of soil samples at a) 
7 days b) 28 days, c) 90 days. 

 
As can be seen from Fig. 12-a, minimum levels of 

collapsible potentials were recorded when the 
gypseous soil samples were stabilized with the fly ash 
dosage of 30% at 7 days of soaking. However, 
activation of fly ash with KOH resulted in more 
resistant samples in terms of collapsibility in short 
time. The results showed that the collapsibility 
potentials of samples with 45% gypsum content were 
lower by 11.6%, 5.5%, and 1.8% when 10%, 20%, 
and 30% Fly ash activated with KOH was used 
comparing to its counterparts activated with NaOH. 
However, it was observed that samples with high 
content of gypsum (45%) stabilized with 10% fly 
ash/NaOH disintegrated at 7 days of saturation. 

As soaking duration prolonged to 28 days (Fig. 
12-b), more series of samples disintegrated namely, 
samples stabilized with 10% and 20% fly ash /NaOH 
(12 M) and 10% of activated fly ash with KOH (12 

M). For the rest of samples, the collapsibility 
potential increased by up to 5.7% and 9% in samples 
activated with KOH and NaOH, respectively. Based 
on the results, it can be concluded that in gypseous 
soil samples with low gypsum content the 
collapsibility potential maintained at a low level 
especially when activated with KOH. However, when 
the gypsum content increased to 25% and 45%, 
higher content of geopolymer fly ash was needed to 
maintain the collapsibility potential at a controlled 
range. For example, the collapsibility potential of 
gypseous soil samples with 25%, 45% of gypsum 
content stabilized with 30% fly ash / KOH (12 M) 
increased only by 0.06% and 0.11% as soaking 
duration increased from 7 to 28 days. 

The collapsibility potentials of stabilized soil 
samples after 90 days of soaking are shown in Fig. 
12-c. As can be seen, only samples with lower 
gypsum content and high percentage of geopolymer 
fly ash maintained their integrity and the rest 
dissolved due to gypsum leach out. However, the 
recorded results showed that the collapse potentials 
for the G13 and G25 stabilized with 30% fly 
ash/KOH (12 M) were less affected. The G45 treated 
with 30% KOH activated fly ash showed slight 
increase in collapse potential from 1.88 at 28 days to 
1.97 at 90 days [9]-[12]. 

Fig. 13 shows the changes in morphology and 
microstructure of the gypseous soil samples stabilized 
with 30% fly ash/KOH (12 M) and 30% fly 
ash/NaOH (12 M) after 28 days soaking in water. As 
can be seen, samples activated with KOH (12 M) 
showed denser matrix and more intact bonds. 
Increasing the content of gypsum in samples, 
intensified disintegration of the binder as can be seen 
from Fig. 13-c, d. Besides, soil grains are easily 
traceable, though, the presence of the alumina-
silicate-hydrate crust cover on the soil particles is 
observed. As for samples activated with NaOH (12 
M), the gaps between the soil grains were greater and 
the soil particles were more isolated [9]-[12]. 

 

 
 
Fig. 12 Collapsibility potentials of the soaked soil 

samples at a) 7 days b) 28 days c) 90 days. 
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The microstructure and morphology of the 
stabilized gypseous soil, G45 with 30% of fly ash 
activated with KOH (12 M) and NaOH (12 M) are 
also illustrated in Figs. 14. As can be seen from Fig. 
14-a, the SEM image shows the formation of the A-
S-H gel binder with a dense texture and highly strong 
matrix in G45 samples stabilized with KOH activated 
fly ash. No presence of borders was observed in the 
gel portion because of the ability of KOH to dissolve 
the fly ash and soil components. On the other hand, 
this gel surrounded the insoluble soil grains, which 
can limit the reactivity of sulfate ions, and their leach 
out in the gypseous soil. Fig. 14-b shows the SEM 
image of the G45 treated with 30% fly ash activated 
with NaOH (12 M). The image is illustrative of a less 
dense matrix comparing with the gel formed in the 
KOH (12 M) samples. As can be seen, the soil grains 
are rather more visible. A denser matrix was also 
observed in the paste samples with intensive gel when 
fly ash was activated with KOH (12 M) [12]. 
 

 
 
Fig. 13 SEM images of stabilized soil with 30% fly 

ash after soaking for 28 days a) G13/KOH 
(12 M) b) G13/NaOH (12 M) c) G45/KOH 
(12 M) d) G45/NaOH (12 M). 

 

 
 
Fig. 14 SEM images of G45 stabilized with 30% fly 

ash activated with a) KOH (12 M) b) NaOH 
(12 M). 

 
CONCLUSION 
 

Alkali-activated binders can constitute 
interesting materials to fully eliminate traditional 
cementitious binder (i.e. cement and lime) usage in 
soil stabilization projects since calcium is not 
essential in any part of alkali-activated structure. In 
simple words, alkaline activation binder is generally 
a synthetic alkali aluminosilicate material that is 
produced from the reaction of a solid aluminosilicate 

with a pre-designed concentrated aqueous alkaline 
hydroxide or silicate solution. 
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CHARACTERIZATION OF ENVIRONMENT FRIENDLY 
GEOTEXTILES EMBEDED IN SOIL UNDER PULLOUT TEST 
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ABSTRACT 
 

 Characterizing of a geosynthetic is very essential for its effective use in various field application of reinforced 
soil structures. The success of reinforced soil structures depends not only on the types of backfill materials but 
also on the types of the reinforcements used in the structures. In view of this objective, a new type of 
geosynthetic has been evaluated for its interaction properties for different backfill soils using direct pullout test. 
The test results are compared based on the type of soils and interface mechanical properties of the 
reinforcements. Three backfills soils (sandy, clayey, and pure sand) in combination with four different 
geosynthetics were tested at various loading conditions in direct pullout. Based on the analyses of the 
experimental data, the pullout strength and the pullout displacement of reinforcements due to the variation of the 
backfill soils are examined. Test results reveal that the stress-deformation behaviour of the geotextile interfaces 
with all the backfills can be defined as hyperbolic. GT4 also shows the linear curve with hyperbolic 
characteristics. Both softening and hardening behavior is found with the pure sand. But with the sandy and 
clayey soil, no softening behavior is observed. On the contrary; GT1 shows the lowest value of pullout stress 
with all the backfill soils. For GT2 and GT3, almost the same interface behavior is observed with clayey and 
sandy soil. It is found that GT4 produces the maximum of 140 kPa pullout stress with the toyoura sand and 
sandy soil. 

 
Keywords: Geosynthetic; Toyoura sand; Direct pullout test; Interface pullout strength 
 
 INTRODUCTION 

 
The fashion of reinforcing the soil with various 

tensile inclusions has been widely practiced in 
geotechnical engineering for the last few decades. 
For the design and performance of reinforced soil 
structures, the interaction between soil and 
reinforcement is very important, and this interaction 
can be very complex depending on the nature and 
properties of the reinforcement [9]. Various types of 
geosynthetic materials have been used for soil 
reinforcement including geotextiles (woven and 
nonwoven), geogrids and geocells [6,7,8]. Whatever 
the reinforcement and backfill materials are used for 
the design of a reinforced soil structure, the 
interaction properties of soil- reinforcement interface 
play an important role [1]. The interaction 
mechanism between the reinforcement and the soil 
can be classified into two types; sliding of soil over 
the reinforcement and pullout of reinforcement from 
the soil [4,5]. The pullout tests and the direct shear 
are widely used methods to study quantitatively 
these interaction mechanisms.  

To study the interaction between soil and 
reinforcement, the direct pullout test is a suitable 
method because it can simulate the pullout 
mechanism along a potential failure plane in 
reinforced earth structure [2,3]. The pullout strength 
of soil-geosynthetic interfaces has been investigated 
using direct pullout tests by a number of researchers. 
They used various types of geosynthetic materials 
like High density polyethylene (HDPE), poly 

propylene (PP), Polyester (PET) yarns coated with 
PVC, etc. The present study dealt with a new type of 
geosynthetic which is made from basalt fiber. A 
series of direct pullout tests on the geosynthetic 
interfaces with different type of backfill soils have 
been conducted in the laboratory. Based on the test 
results, the stress-displacement behaviour of the 
interfaces along with different mechanical 
characteristics has been evaluated and discussed 
shortly. 

 
PURPOSE OF THE STUDY 

 
1. To investigate the pullout behavior of a new 

type of geosynthetic, made of fiber basalt, with 
different backfill soils, through a series of direct 
pullout test. 

2. Evaluating Soil-Geotextiles interfaces, pullout 
stress pullout displacement, vertical displacement, 
cohesion & internal friction 
       3. Characterizing of Geotextiles 

 
MATERIALS AND METHODS 

 
Backfill Materials 

 
Three types of soils were used as backfill 

material in this study. Air-dry pure silica sand 
named as Toyoura sand, one sandy and one clayey 
soil have been used to evaluate the interface 
behaviour with the same geosynthetic materials. 

Seventh International Conference on Geotechnique, Construction Materials and 
Environment, Mie, Japan, Nov. 21-24, 2017, ISBN: 978-4-9905958-8-3 C3051 
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Fig.1 Particle size of the backfill soils 
 

The optimum water content of sandy and clayey 
soils was 13% and 14%, respectively. Figure 1 
represents the gradation curves of the experimental 
soils. According to JGS engineering classification 
system, the sandy and clayey soils are classified as 
SF and CL, respectively. The major physical 
properties of the soils are listed in Table 1.  
 
Table1. Physical properties of the backfil soils 

 
Properties Clayey Sandy 
Particle density, ρs 2.7 g/cm3 2.59 g/cm3 
Water content, Wopt 14% 13% 

Cohesion (c) 5.0  1.5 

Angle of internal 
friction (φ) 

18.5  23.23 

Liquid limit, LL 39% ---- 
Plastic limit, PL 26.8% ----- 
Plasticity index, PI 12.2% ----- 
Sand (75 µm - 2 mm) 45% 85% 
Silt (5 µm - 75 µm 30% 11% 
Clay < 5 µm 25% 4% 
Geosynthetic Specimens 

The woven geotextiles used in this study are made 
of Basalt fiber. These materials possess good 
property of elasticity and stretch tension with good 
resistance to acid, alkali, heat and vibration. It has 
also nonconductive and non-magnetic resistance. 
The physical characteristics of these geosynthetics 
are listed in Table 2. For the purpose of discussion, 
the geotextile is noted as GT1, GT2, GT3 and GT4 
as shown in fig. 2. 
 
 
 
 
 
 
 
 
 
Fig.2 Types of geotextiles used in the direct pullout 
test 

 
Pullout Apparatus 
 
   The pullout box is a rectangular shape of size 150 
mm in length, 100 mm in width and 100 mm in 
height. The box is divided into two parts namely 
lower box and upper box both are 50 mm in depth. 
For convenience of the readers, the important 
components of the testing equipment (Figure 4) are 
numbered numerically starting from top-left to right-
down in the increasing way such as, the number 
from [1] to [12], where the number [1] is the pullout 
stress monitoring display, [2] is the supporting plate 
of reaction of the applied normal stress, [3] is the 
upper part of the pullout box, [4] is the electrically 
operated pullout jack, [5] is the pullout stress 
measuring device, [6] is the reinforcement clamping 
jack, [7] is the test reinforcement, [8] is the 
clearance adjusting screw and fixing system of the 
upper box, [9] is the lower part of the pullout box, 
[10] is the horizontal displacement measuring dial 
gauge, [11] is the vertical displacement measuring 
dial gauge and [12] is the applied normal stress 
measuring dial gauge.  

 
Fig.3 Typical schematic diagram of the pull-out 
boxes 
 
Setup and procedure 
 

At first, the required amount of soil with desired 
water content were poured into the lower part of the 
pullout box (No.9, Figure 4) and compacted 
uniformly by means of a compactor made of same 
width as of the pullout box. The lower box was filled 
completely and the surface of the soil was leveled 
precisely. The geosynthetic of same width was laid 
on the soil of lower box and fastened with clamping 
jack as shown in No. 6 of Figure 4. The upper part 
of the pullout box (No.3) was placed on the 
geosynthetic (No.7), and required clearance between 
the geosynthetic and upper box was set by means of 
adjusting screw by No.8. In the second stage, the 
soil was gradually spread over the geosynthetic 
inside the upper box and compacted uniformly to 
pour the soil into the geosynthetic. The tests were 
carried out in the way of pulling out the geosynthetic 
from the soil with constant speed of 1.0 mm/min by 
means of screw jack (No.4) under electrically 
operated constant pressure. The pullout force was 

GT1 GT2 GT3 GT4 
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measured using a tension load cell (No.5) with a 
least count of 5.0 N. The load cell was set between 
the geosynthetic and the jack to facilitate direct load 
measurement on the cell avoiding any frictional 
discrepancy of the machine components. The 
displacements were measured at the front of the by 
means of a dial gauge (No.10) with least count of 
0.001 mm. The vertical displacement and applied 
normal loads were measured by the dial gages as 
shown in figure by Nos. 11 and 12, respectively.The 
direct pullout tests were conducted using four 
different normal stresses of 40, 60, 80 and 100 kPa. 

 

 
 
Fig.4. Pullout testing equipment and its components 
 
RESULTS AND DISCUSSION 

 
Pullout Stress-Displacement Relationship 

 
A series of direct pullout tests were performed to 

obtain the stress-deformation characteristics of the 
geosynthetic interfaces for different backfill soils. 
The test results reveal that the relationship between 
pullout stress and relative displacement depends on 
both the type of backfill and geosynthetics. It is seen 
that the stress-displacement relationship of 
geotextile (GT) interfaces is same for all the backfill 
soils. The relationship for GT interfaces can be 
defined as hyperbolic in nature. Before and after the 
peak pullout stress, displacement hardening and 
softening behaviour is clearly observed. Maximum 
pullout resistance mobilizes within 4-7 mm of 
pullout displacement for geotextiles interfaces with 
pure sand backfill.  

 
 

 
                                    ( GT1 ) 
 

 
                                    (GT2 ) 
 

 
                                      (GT3) 
 

 
                                      (GT4) 
Fig.5  Pullout stress-displacement curve for  
Toyoura sand
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                                    ( GT1 ) 

 
                                    (GT2 ) 

 
                                      (GT3) 

 
                                       (GT4) 
 
Fig.6 Pullout stress-displacement curve for Clayey 
soil 

 
                                    ( GT1 ) 
 

 
                                   (GT2 ) 
 

 
                                      (GT3) 
 

 
 
                                       (GT4) 
 
Fig.7 Pullout stress-displacement curve for Sandy 
soil 

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8 9 10

Pu
llo

ut
 st
re
ss
, k
Pa

Pullout displacement,mm

40 kPa
60 kPa
80 kPa
100 kPa

0
20
40
60
80

100
120

0 1 2 3 4 5 6 7 8 9 10

Pu
llo

ut
 st
re
ss
, k
Pa

Pullout displacement,mm

40 kPa

60 kPa

80 kPa

100 kPa

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8 9 10

Pu
llo

ut
 st
re
ss
, k
Pa

Pullout displacement,mm

40 kPa

60 kPa

80 kPa

100 kPa

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8 9 10

Pu
llo

ut
 st
re
ss
, k
Pa

Pullout diaplacement,mm

40 kPa

60 kPa

80 kPa

100 kPa

0
20
40
60
80

100
120

0 1 2 3 4 5 6 7 8 9 10

Pu
llo

ut
 st
re
ss
,k
Pa

Pullout displacement,mm

40 kPa
60 kPa

80 kPa
100 kPa

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8 9 10

Pu
llo

ut
 st
re
ss
,k
Pa

Pullout displacement,mm

40 kPa
60 kPa
80 kPa
100 kPa

0
20
40
60
80

100
120

0 1 2 3 4 5 6 7 8 9 10

Pu
llo

ut
 st
re
ss
,k
Pa

Pullout displacement,mm

40 kPa
60 kPa
80 kPa
100 kPa

0
20
40
60
80

100
120

0 1 2 3 4 5 6 7 8 9 10

Pu
llo

ut
 st
re
ss
,k
Pa

Pullout displacement,mm

40kPa
60kPa
80 kPa
100 kPa



GEOMATE - Mie, Japan, Nov. 21-24, 2017 

40 
 

The pullout strength is found increasing with the 
increase of normal stress which is a common 
phenomenon for all soil-geosynthetic interfaces 
tested in this study.  

The relationships between the pulling stress and 
the displacement of geotextiles under normal stress 
of 40, 60, 80 and 100 kPa are given in Fig. 5, 6 & 7. 
It is observed that the difference of the pullout 
stresses under different normal loading conditions 
were comparatively smaller at the initial loading till 
attaining the peak value as compared to the 
difference of the pullout stresses obtained at the final 
loading condition after peak value. It is evident that 
the pullout stresses decreased after attaining the peak 
value for all the cases. 
The Fig.5 shows that GT4 produces the maximum 

of pullout stress with The Toyoura sand and Sandy 
soil. On the contrary, GT1 shows the lowest value of 
Pullout stress with all the backfill soils.  For GT2 
and GT3, almost the same interface behavior is 
observed with clayey and sandy soil. But with the 
Toyoura sand, GT2 produces the higher pullout 
stress than GT3. The pullout stress mobilizes within 
36 kPa to 140 kPa for the applied normal load 40, 60, 
80 and 100 kPa.  GT1 always shows the straight line 
curve for every normal load with all the backfill 
soils. For all the applied normal load, no softening 
behavior is observed. GT2 shows the fluctuating 
characteristics with the Toyoura sand and Sandy soil. 
But with the Clayey soil, it shows the linear 
behavior. In contrast with GT1, before and after the 
peak normal stress, both hardening and softening 
behavior is observed. GT3 shows S stripe curve with 
the Toyoura sand and linear behavior with the 
Clayey and Sandy soil. It shows the hardening 
behavior with all the backfills.GT3 shows the 
maximum pullout stress with all the backfill soils. 
GT4 also shows the linear curve with hyperbolic 
characteristics. Both softening and hardening 
behavior is found with the pure sand. But with the 
sandy and clayey soil, no softening behavior is 
observed 
 

Relationships of Maximum Pullout stress and 
Normal stress for Soil-Geotextiles 
 

Relationships of maximum pullout stress and 
normal stress for four types of geotextiles and three 
types of soils are shown in Figs. 8 to 10. The graphs 
are drawn with the maximum pullout stress obtained 
from the applied normal load of 40, 60, 80 and 100 
kPa. The angle of the straight line to the X axis 
indicating the Phai value and its intersection to the Y 
axis indicating the C value. 

It is evident that the maximum pullout stress 
increases with the increase of normal load in every 

cases. But the increasing trend is not the same for all 
the geotextiles with the clayey and sandy soils. It is 
observed that GT1 produces the lowest rate of 
maximum pullout stress with all the soils. In case of 
Toyoura sand, it is found in Fig. 8 that the GT2 
showed the higher rate while GT3 showed the lower 
rate. Among all the four types of geotextiles, GT4 
exhibited the highest rate of maximum pullout stress. 
On the other hand, in case of clayey and sandy soils, 
all the geotextiles maintained the similar trend of 
increasing rate with the increase in normal stress. 
Figs. 9 and 10 clearly showed that the increasing 
rate of maximum pullout stress for GT2, GT3 and 
GT4 is very close to one another. 

 

 
Fig.8 Relationships of maximum pullout stress and 
normal stress for Clayey-Geotextiles 
 

 
Fig.9 Relationships of maximum pullout stress and 
normal stress for Clayey-Geotextiles 
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 Fig.10 Relationships of maximum pullout stress and 
normal stress for Toyoura-Geotextiles 
 
 
Cohesion  
 

Cohesion and internal friction obtained from the 
relationship of maximum pullout and normal 
stresses for four types of geotextiles and three types 
of backfill soils are drawn in Figs. 20 and 21. 
 

 
 
Fig.20 Cohesion of the three types backfills and four 
type of geosynthetics 
 

Soil-geosynthetic interface friction is an 
important parameter for designing a reinforced slope 
(Shukla and Yin, 2006). It is observed in Fig. 4.31 
that clayey-GT2 interface obtained the maximum 
cohesion of 30.5 kPa with the clayey backfill 
whereas the minimum cohesion of 12 kPa is 
observed for pure sand-GT4. The maximum 
cohesion of Clayey- GT1, Clayey- GT2, Clayey- 

GT3 and Clayey- GT4 are 26.8 kPa, 30.5 kPa, 23.5 
Kpa and 23.6 kPa respectively 
 
Internal Friction 

 
 
Fig.21 Internal friction   of the three types backfills 
and four types of geosynthetics 
 
    The pure sand-GT4 interface obtained maximum 
friction angle of 52.4⁰ whereas the minimum friction 
angle of 15.7⁰ is found for Clayey –GT1 interface. 
The maximum internal friction angles of Toyoura 
sand-GT1, sand-GT2, sand-GT3 and sand-GT4 
interfaces are obtained as 26.4⁰, 48.3⁰, 42.1⁰ and 
52.4⁰, respectively. It is observed that among all 
sand geosynthetic interfaces, the sand-GT4 interface 
develops the highest frictional resistance whereas 
sand-GT1 interface develops the lowest frictional 
resistance. The frictional resistance of sand-GT2 
interface is 6⁰ higher than that of sand-GT3 and 
lower than GT4 interface. 
 
CONCLUSIONS 
 

Finally, it can be concluded that the pullout stress 
showed its increasing trend with the increase in 
applied normal stress irrespective of variety of 
geosythetics and the different category of backfill 
soils. The relationship for GT interfaces is defined as 
hyperbolic. Before and after the peak pullout stress, 
displacement hardening and softening behaviour is. 

It is found that GT4 produces the maximum of 
140 kPa pullout stress with the toyoura sand and 
sandy soil. GT4   also shows the linear curve with 
hyperbolic characteristics. Both softening and 
hardening behavior is found with the pure sand. But 
with the sandy and clayey soil, no softening 
behavior is observed. On the contrary; GT1 shows 
the lowest value of pullout stress with all the backfill 
soils. GT1 always shows the straight line curve for 
every normal load with all the backfill soils. For 
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GT2 and GT3, almost the same interface behavior is 
observed with clayey and sandy soil. pure sand.  

It is observed that clayey-GT2 interface 
obtained the maximum cohesion of 30.5 kPa with 
the clayey backfill whereas the minimum cohesion 
of 12 kPa is observed for pure sand-GT4. The 
maximum cohesion of Clayey- GT1, Clayey- GT2, 
Clayey- GT3 and Clayey- GT4 are 26.8 kPa, 30.5 
kPa, 23.5 Kpa and 23.6 kPa 

It is also noticed that the pure sand-GT4 
interface obtained maximum friction angle of 52.4⁰ 
whereas the minimum friction angle of 15.7⁰ is 
found for Clayey –GT1 interface. The maximum 
internal friction angles of Toyoura sand-GT1, sand-
GT2, sand-GT3 and sand-GT4 interfaces are 
obtained as 26.4⁰, 48.3⁰, 42.1⁰ and 52.4⁰, 
respectively. It is observed that among all sand 
geosynthetic interfaces, the sand-GT4 interface 
develops the highest frictional resistance whereas 
sand-GT1 interface develops the lowest frictional 
resistance. The frictional resistance of sand-GT2 
interface is 6⁰ higher than that of sand-GT3 and 
lower than GT4 interface. 

Based on the obtained results of the important 
parameters for reinforced slope stability like the 
pullout stress-displacement, vertical-horizontal 
displacement, cohesion and frictional resistance of 
the four categories of geotextiles, GT4 can be 
recommended for the field application. 
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ABSTRACT 

 
Copper mine tailing (CMT) has the potential to be used as embankment material but this waste material 

contains plasticity.  Soils containing plasticity are highly reactive to any form of liquid and considered to have 
greater compressibility when exposed to water.    As an embankment material, CMT is susceptible to different 
environmental condition which can cause significant settlement.  One possible cause of volume loss is the 
compression due to wetting or hydrocompression.   This study aims to determine the consolidation properties 
and hydrocompression settlement of waste materials with plasticity like copper mine tailing when used as 
embankment material.  One-dimensional consolidation tests were performed on reconstituted specimens. The 
obtained consolidation properties indicate that CMT is very slightly compressible under over-consolidated 
condition to moderately compressible under normally consolidated condition.  The hydrocompression settlement 
of CMT in relation to initial void ratio, moisture content and preloaded vertical pressure was investigated. The 
hydrocompression settlement increases with increasing pressure until the preconsolidation pressure is reached, 
then decreases with pressure beyond the preconsolidation pressure.  Samples with lower density and water 
content less than its optimum exhibit greater hydrocompression settlement.  The determined hydrocompression 
strain in every condition is less than 5% which means that CMT has a degree of collapsibility classified as low to 
negligible despite of having plasticity. CMT when used as embankment materials should be prepared with initial 
moisture content slightly more than its optimum, it should be in its very dense condition and preloaded with 
vertical stress more than its preconsolidation pressure to make hydrocompression strain negligible.  
 
Keywords: Copper Mine Tailings, Embankment Material, Hydrocompression Settlement, Consolidation 
Properties 
 
 
INTRODUCTION 

 
The disposal of the enormous amount of wastes 

regularly produced from mining processes is one of 
the most common environmental issues associated in 
the operation. One possible option to address 
disposal problem is to utilize these waste materials 
that do not contain deleterious components as 
embankment materials.  To evaluate the suitability 
of solid wastes as embankment materials, its 
geotechnical characteristics have to be established. 
The determination of the consolidation properties 
that describe the compressibility and the one-
dimensional settlement of mining wastes when 
subjected to vertical stresses had been covered in the 
study of some researchers [1]–[3].  However, 
compressibility and settlement of embankment 
materials are not only caused by vertical stresses 
imposed to the earth structure.  During service life of 
embankment or fill materials, environmental 
changes can lead to an increase in its moisture 
content which can affect the compressibility and 
settlement behavior.  Waste materials, when use as 
embankment materials, are susceptible to this kind 

of condition where significant settlement can rapidly 
occur.  One possible cause of volume loss is the 
compression due to wetting or termed as 
“hydrocompression” or “hydrocollapse”.  Some soils 
can swell, collapse, shrink or experienced extreme 
settlement if exposed to water or any fluid. 
Investigation about the hydrocompression of gold 
mine tailings and wastes from aggregate quarry in 
the Philippines with non-plastic fines was discussed 
in previous study [1]. Findings of the study showed 
that these wastes materials which are non-plastic are 
less susceptible to hydrocompression. 

Copper mine tailing has the potential to be used 
as embankment material [4] but this waste material 
contains plasticity, a property prevalent in clay 
minerals.  Soils containing clay minerals are highly 
reactive to any form of liquid and considered to have 
greater compressibility when exposed to water. 
Several studies proved that compressibility and 
collapsibility of embankment materials are 
dependent on several factors like amount of moisture, 
clay mineralogy, density and applied pressure. 
Increasing the moisture content affects the 
compaction behavior and compressibility of 



GEOMATE - Mie, Japan, Nov. 21-24, 2017 

44 
 

municipal solid wastes used as embankment.  Its 
compaction period shortens while compressibility 
increases when water was added [5]. Clay 
mineralogy affects the coefficient of consolidation 
(Cv). The increase or decrease of Cv which describes 
the compressibility in clays is governed by the 
mechanical and physicochemical factors [6]. The 
study of Langroudi and Jefferson [7] investigates the 
contribution of hydraulic and stress history in 
collapsibility of excavated calcareous clayey loess 
re-used as embankment materials. The findings 
showed that controlled stress-hydraulic paths can 
guarantee the long-term response of embankments 
made of excavated calcareous clayey loess. 

This research study aims to determine the 
consolidation properties and hydrocompression 
settlement of waste materials with plasticity like 
copper mine tailings through one-dimensional 
consolidation test.  This study verifies if the 
plasticity of the material is one factor that will lead 
to greater hydrocompression settlement.  It is also 
the objective of this study to investigate the effect of 
initial moisture content, initial void ratio in terms of 
relative density and pre-loaded vertical pressures to 
the hydrocompression settlement of copper mine 
tailings. The determination of consolidation 
properties and hydrocompression settlement are 
essential steps to completely evaluate the suitability 
of copper mine tailings for geotechnical application. 
 
EXPERIMENTAL PROGRAM  

 
Preliminary investigation was done to determine 

the physical properties of copper mine tailing 
(CMT).  The main experimental program consisted 
of determination of consolidation properties and 
hydrocompression settlement of CMT.  
Reconstituted specimen, 50 mm in diameter and 17 
mm in height was prepared by moist tamping 
method to achieve the desired density.  An amount 
of the dry CMT sample that provided the desired 
density for the specimen was mixed with the small 
amount of water to produce water content closed to 
optimum water content.  The sample was then stored 
overnight before being tamped into the 
consolidometer mold to obtain the desired density.  
 
The Copper Mine Tailing 

 
The  waste material used in this study is copper 

mine tailing (CMT) obtained from Barrio Maglinao, 
Municipality of Basay, Negros Oriental, Central 
Visayas in the Philippines.  Mine tailing is produced 
after separating the important ore, which is copper, 
in open pit mining where blasting and crushing are 
performed.  The copper tailings obtained from 
tailing dam were somewhat dry.  Through visual 
inspection, dry CMT is grayish brown in color and 
resemble that of fine sand; when moist, CMT has 

soft consistency.   
 

 Determination of Consolidation Properties  
 
The consolidation properties of the tailing 

samples were determined through one-dimensional 
consolidation test using the procedure described in 
ASTM D2435. Reconstituted specimen was 
prepared with a target relative density slightly closed 
to 90% to simulate the very dense condition of the 
embankment.  Load increments that applied stresses 
of 12.5, 25, 50, 100 and 200 kPa were used.  The 
tests were conducted with specimen fully submerged 
in water for the entire duration of the tests. This is to 
simulate the condition where embankment materials 
are expected to be at its most compressible state. 
Consolidation properties such as compression index 
(Cc), recompression index (Cr) and preconsolidation 
pressure (σ’p) were determined using the Modified 
Strain Energy method [8]. The coefficient of 
consolidation (Cv) was determined using Taylor’s 
square root of time method [9].  
 
Determination of Hydrocompression Settlement 

 
Variations in initial relative density, initial 

moisture content, and predetermined vertical stress 
were incorporated in the experimentation to verify 
the effect of these factors on the hydrocompression 
settlement of CMT.  Reconstituted specimens were 
prepared at initial relative density of 60%, 80% and 
100% to simulate the medium dense, dense, and 
very dense conditions of embankment, respectively. 
Three variations in water content at start of test were 
used; the dry phase where water content is slightly 
less than the optimum moisture content (wopt), the 
optimum phase where water content is equal to wopt , 
and the wet phase where water content is slightly 
more than the wopt.  Four (4) preloaded vertical 
stresses (25, 50, 100 and 200 kPa) were used.  The 
preloaded stress simulates the overburden pressure 
imposed to embankment.  A total of thirty six (36) 
test runs was performed.  To evaluate the 
hydrocompression settlement, the introduction of 
water to the specimen was delayed until the 
preloaded stress was reached.  At the desired 
preloaded stress, the specimen was flooded by filling 
the consolidometer reservoir with distilled water. 
Hydrocompression strain was observed and recorded 
for 24 hours, after which, specimen was unloaded 
and reloaded to complete the consolidation process. 
Observation was being prolonged when the 
deformation was still significant.  The values of 
vertical strain of each test samples were plotted in a 
strain vs. elapsed time graph.  Then, the intersection 
of tangent lines to the curve where flatter slope is 
observed and to the curve at early stages of plot is 
determined.  The amount of hydrocompression strain 
(εh) is then graphically measured [1]. 
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RESULTS AND DISCUSSION 
 
Physical Properties 
 

The values of soil constants of CMT determined 
from the tests are presented in Table 1.  The value of 
specific gravity showed that CMT has heavier grains 
as compared to conventional soil. This is because the 
sample is waste material and found to contain some 
traces of chemical elements like copper and titanium 
which are not usually found in conventional soil. 
Copper mine tailing from this study is considered to 
have low plasticity based on qualitative manner of 
plasticity index  [10].   

 
Table 1 Soil Constants of CMT [4] 

 
 Soil Constants 

Specific Gravity, Gs 2.82 
Liquid Limit, LL (%) 32 
Plasticity Index, PI (%) 6 
Minimum dry density, ρdmin 
(kg/m3) 

1,155.42 

Maximum dry density, ρdmax 
(kg/m3) 

1,436.15 

Maximum void ratio, emax 1.441 
Minimum void ratio, emin 0.964 
D10 (mm) 0.003 
D50 (mm) 0.15 
Maximum dry unit weight 
(kN/m3)  

15.70 

Optimum moisture content, 
wopt (%) 

19.47 

 
Consolidation Properties 

 
The relationship between vertical effective stress 

and vertical strain as expressed by the change in 
void ratio for the copper mine tailing samples was 
obtained to determine the consolidation behavior 
and to measure the eventual magnitude of settlement 
that sample will experience when they are subjected 
to one-dimensional compression.  Soil exhibiting 
excessive settlement is not suitable as fill or 
embankment material because this can be 
detrimental to the integrity of the supported structure.  
Consolidation parameters which indicate the 
compressibility and the amount of settlement that 
copper mine tailing will experience are presented in 
Table 2. The preconsolidation stress (σp’) of fine-
grained materials is related to its stress history and 
significantly affects settlement calculations.  The 
compression index, Cc, and recompression index, Cr, 
are index values required for primary consolidation 
settlement predictions.  The compression index, Cc is 
used to classify the compressibility of soils which 
are normally consolidated. Likewise, the 

recompression index, Cr, is used to classify the 
compressibility of soils which are over-consolidated. 

The stress at σp’ delineates the region of semi-
elastic behavior corresponding to over-consolidated 
states from the region of primarily plastic behavior 
which is associated with normal consolidation.  
Hence, if overburden stresses are below σp’, the soil 
is considered as over-consolidated and the 
irrecoverable deformation is considered to be 
negligible. If the overburden pressure is quite near of 
σp’, it is classified as normally consolidated and the 
strain-deformation in this region is somehow 
tolerable, while far beyond σp’, the irrecoverable 
deformation is expected to be more significant.    
The compression ratio and recompression ratio were 
also computed to classify the compressibility of 
CMT. Copper mine tailing is classified as 
moderately compressible when it is normally 
consolidated and very slightly compressible when 
over-consolidated.   
 
Table 2 Consolidation parameters of CMT 
 

Compression Index, Cc 0.3416 
Recompression Index, Cr 0.0263 
Preconsolidation Pressure, σp’ (kPa) 58.3 
 

To predict the time rate of settlement, the 
consolidation characteristics as described by 
coefficient of consolidation (Cv) was evaluated.  It is 
apparent from test results that values of Cv depend 
on whether the preconsolidation pressure ( σp’) has 
been exceeded or not.  Values of Cv for each vertical 
stresses are summarized in Table 3. The typical 
trend exhibited by the sample is that Cv values are 
higher in the early stages of over consolidated range 
specifically at stress near the preconsolidation 
pressure (σp’) and showed a relatively rapid decrease 
for stresses beyond σp’. Lower values of Cv are 
observed at vertical stresses that exceed σp’. 

 
Table 3 Values of Coefficient of consolidation, Cv 
 

Vertical Effective 
Stress, σ  (KPa) 

Cv (cm2/sec) x 10-3  
Copper Mine Tailings (CMT) 

5 3.9465 
12.5 7.8671 
25               12.4034  
50 15.7816 
100 11.2129 
150 6.7777 
200 5.7404 
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Hydrocompression Settlement  
 

Copper mine tailings like soil have unique 
geotechnical characteristics including its behavior 
when saturated.  Consolidation tests were performed 
on reconstituted specimens to determine the 
collapsibility of copper mine tailings due to intrusion 
of water or termed as hydrocompression settlement. 
This study presents the influence of relative density 
in terms of void ratio, moisture content and 
preloaded vertical stress on the hydrocompression 
settlement behavior of CMT.  The influence of 
initial moisture content, wi (dry phase: wi < wopt; 
optimum phase: wi ≈ wopt; and wet phase: wi > wopt), 
and  the degree of denseness in terms of relative 
density, Dr (medium dense, Dr ≈ 60%; dense, Dr ≈ 
80%; and very dense, Dr ≈ 100%) together with the 
preloaded vertical stress (Low = 25 kPa, 50 kPa; and 
High = 100 kPa, 200 kPa) to vertical strain upon 
saturation were investigated by using varying 
amount of these factors in the experimentation. The 
collapsibility behavior of CMT was evaluated 
according to the amount of hydrocompression strain 
attained during inundation.   Figure 1 shows the 
influence of these factors to hydrocompression strain. 

 

 
 

a.) Dry Phase 
 

 
 

b.) Optimum Phase 
 

 
c.) Wet Phase 

 
Fig. 1 Effect of preloaded vertical pressure and 

relative density to hydrocompression strain 
when moisture content is at dry phase, 
optimum phase and wet phase 

    
Effect of Preloaded Vertical Stress Prior to 
Inundation 

The typical soil response when subjected to 
stresses lower than the preconsolidation pressure is 
to exhibit minimal deformation.  Preloading the 
sample with lower stresses before inundation 
resulted to minimal deformation.   However, after 
the preloading stage and when the sample was 
inundated with water, it resulted to greater vertical 
compressive strain.    Rearrangement of particles 
was easily achieved with pressures lower than σp’. 
When the sample experienced sudden flow of water, 
the dry particles became very responsive due to its 
plasticity. The inter-assemblage pore spaces allow 
water to pass through easily that softens the bonds 
between particles, thus resulted to vertical 
compressive strain.   The water serves as lubricant 
for the particles to easily rearrange into a denser 
configuration as manifested by greater 
hydrocompression strain.  When the sample was 
preloaded with vertical stresses beyond the 
preconsolidation pressure, the hydrocompression 
strain decreased even for samples with Dr near 60%.  
The sample has already achieved its denser and 
stable condition before the intrusion of water.  When 
the sample was inundated with water, the 
collapsibility potential was reduced and the 
hydrocompression strain became negligible.     
 
Effect of Initial Relative Density 

 The arrangement of the soil skeleton influenced 
the deformation of CMT due to sudden intrusion of 
water.   During inundation, specimens with greater 
void ratio (Dr near 60%, medium dense condition) 
caused the water to easily penetrate the void spaces 
and increased the collapse potential.  At lower 
relative density, the hydrocompression strain is more 
significant.  As the void ratio decreases (Dr near 
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100%, very dense condition), the rate of flow of 
water into the sample also decreases, thus causing 
minimal disturbance on the particles and the 
hydrocompression strain became almost negligible.   

   
Effect of Initial Moisture Content        

 When specimen was prepared with initial 
moisture content slightly more than its optimum 
value (wet phase), the collapse potential of the 
specimen was reduced to negligible value even when 
the predetermined vertical stresses were below the 
preconsolidation pressure and at medium dense 
condition.  The hydrocompression strains at wet 
phase were less than the hydrocompression strains at 
optimum and dry phase.     The presence of water in 
the void spaces reduces the sudden intrusion of 
water.  Moreover, the pore water pressure aided in 
supporting the applied vertical load, thus the stress 
carried by the soil skeleton was reduced.                                                                                                                                                

From test results, the amount of 
hydrocompression strain experienced by CMT is 
affected by the applied vertical stress prior to 
inundation, initial relative density and initial 
moisture content.  To reduce the magnitude of 
hydrocompression strain to a negligible value, CMT 
when used as embankment materials should be 
prepared with initial moisture content slightly more 
than its optimum value. If the initial moisture 
content is less than or equal to its optimum value, 
CMT should be in its very dense condition and it 
should be preloaded with vertical stress more than 
its preconsolidation pressure to make 
hydrocompression strain negligible.  The determined 
hydrocompression strains in every condition is less 
than 5% which means that CMT has a degree of 
collapsibility  classified as low to negligible despite 
of having plasticity. The amount of 
hydrocompression strain obtained is higher than the 
values obtained for non-plastic mine tailings [1] and 
within the range of values for mine spoils with low 
plasticity [12]. 

 
Formulation of Empirical Model to Predict 
Hydrocompression Strain  
 

Using the response surface method (RSM), the 
relationship of the hydrocompression strain with 
initial void ratio, eo, initial water content, wi, and the 
preloaded vertical stress, σ¸ was formulated.   The 
hydrocompression strain, εh can be expressed by the 
equation: 

 
ࢎࢿ ൌ .ሺܘܠ܍ ૡࢋ െ . ૠૢ࢝ െ

. ૠ࣌ െ ૠ. ૡሻ      
   (1) 

 
where:   
eo = initial void ratio 

wi = initial moisture content (e.g. wi = 0.10 for 10%  
moisture content) 
 = vertical stress before inundation  in KPa 

 
To verify the predictive capability of the 

proposed model, the hydrocompression strain (εh) 
calculated using the proposed model was compared 
with the measured values from experimentation.  
Statistical analysis using T-test for paired samples 
was performed to determine if there is a significant 
difference between the measured values and the 
predicted values. The null hypothesis for the T-test 
states that there is no significant difference between 
the measured and predicted hydrocompression 
strain.  The results for 36 number of observations 
with a level of significance equals to 0.05 ( = 0.05) 
showed a tstat value (1.211) is less than tcritical (1.689)  
and the p-value is greater than 0.05. This means that 
the null hypothesis should be accepted.  It can be 
stated at 95% confidence level that that there is no 
significant difference between the measured εh and 
the predicted εh.  The strength of association 
between measured εh and the predicted εh was 
verified using the Pearson’s correlation coefficient 
and the data are presented in a scatter plot  as shown 
in Fig. 2.  The scatter of data points is nearer to a 
straight line which means that there is a linear 
positive correlation  between the measured and 
predicted  εh.  The statistical analysis yielded a 
Pearson correlation value of 0.82 indicating a very 
strong association between the two variables 
(measured and predicted εh). It can be concluded that 
the proposed model (Eq. 1) can be used to predict 
the amount of hydrocompression strain as a function 
of initial void ratio, initial moisture content and the 
vertical stress prior to inundation. 

 

 
 
Fig. 2  Correlation of Measured εh with Predicted εh 

 
CONCLUSIONS 
 

The consolidation behavior and 
hydrocompression settlement of copper mine tailing 
were investigated to determine its suitability as 
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embankment material.  Based from laboratory test 
results, the following conclusions were drawn: 

Copper mine tailing is considered to have low 
plasticity with heavier grains as compared to 
conventional soil. Based on values of consolidation 
parameters CMT is classified as moderately 
compressible when it is normally consolidated and 
very slightly compressible when over-consolidated.  

Coefficient of consolidation (Cv) values are 
higher in the early stages of overconsolidated range 
specifically at stress near the preconsolidation 
pressure (σp’) and showed a relatively rapid decrease 
for stresses beyond σp’. 

The hydrocompression settlement of CMT 
increases with increasing pressure until the 
preconsolidation pressure is reached, and then 
decreases with pressure beyond the preconsolidation 
pressure. Samples with lower density and water 
content less than its optimum value exhibit greater 
hydrocompression settlement.  The determined 
hydrocompression strains in every condition is less 
than 5% which means that CMT has a degree of 
collapsibility  classified as low to negligible in spite 
of having plasticity. 

 To reduce the magnitude of hydrocompression 
strain to a negligible value, CMT when used as 
embankment materials should be prepared with 
initial moisture content slightly more than its 
optimum value.  For cases where the initial moisture 
content is less than or equal to its optimum value, 
CMT should be in its very dense condition and it 
should be preloaded with vertical stress more than 
its preconsolidation pressure to make 
hydrocompression strain negligible. 

Having good compaction behavior, reasonably 
stable when dense, with low compressibility and low 
collapsibility are indications that copper mine tailing 
despite of having plasticity has consolidation and 
hydrocompression characteristics suitable as  
embankment material.    
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ABSTRACT 

 
The use of mining wastes as component of cemented paste backfill provides an environmentally acceptable 

method of waste disposal at lesser cost as the method does not require tailing dams for storing the large volume 
of wastes.  This study determines the applicability of cemented-paste backfill materials mixed with aggregate 
quarry wastes as ground support to concrete structures. Aggregate quarry waste with varying fine contents was 
used as substitute for sand in cemented-paste backfill and the mixture was referred to as cemented-paste tailing 
backfill (CPTB).  Its micro fabric structure was determined though SEM-EDX tests.   Test results showed that 
CPTB with 20% and 40% fine contents has acceptable values of strength properties in terms of its unconfined 
compressive strength and interface friction angle.  The unconfined compressive strength in relation to its curing 
period is in the range of 120 kPa to 150 kPa which can be described as having stiff consistency.  The stress-strain 
interface behavior between CPTB and concrete structure was evaluated through direct shear test using strain 
rates that simulate the rapid and slow rates of loading.  In both conditions, the stress-strain behavior exhibits 
strain softening. The average interface friction angle is 38o which can be associated to its dense condition. 
Modified hyperbolic model was applied to evaluate the soil-structure interface behavior of CPTB.  Hyperbolic 
parameters were formulated to predict the interface shear stress – shear strain behavior of the CPTB when in 
contact with concretes structure at any value of shear strain and normal effective stress.   
 
Keywords: Cemented-paste Backfill, Unconfined Compressive Strength, Interface Friction Angle, Modified 
Hyperbolic Model  
 
 
INTRODUCTION 

 
Cemented paste backfill is a cementitious 

composite normally made of coarse and fine 
aggregates mixed with hydraulic binder which is 
typically Portland cement.  It is a means of ground 
stabilization and for strengthening and solidification 
of underground foundation of a building which is 
done at early parts of construction activities.  It also 
provides stable platform and ground support to the 
structure sitting on it.   In mining industry, the 
extraction of valuable ore creates very large voids 
which need to be backfilled.  The backfill material 
makes use of waste rocks or tailings mixed with a 
binder, usually cement, to form a cemented-paste 
backfill. The use of cemented paste backfill is an 
increasingly important component of underground 
mining operations and is becoming a standard 
practice for use in many cut-and-fill mines around 
the world [1]. This is an effective means of tailing 
disposal because it negates the need for constructing 
large tailing dams at the surface [2].  

In the Philippines, sustainable solution to 
manage wastes being produced by mining industries 
is essential. Moreover, an effective open-pit mine 
rehabilitation method is strongly required.  
Backfilling, which requires large volume of soil 

mass, is one of the major activities of open-pit mine 
rehabilitation to bring back the mined area into 
beneficial use. The use of mining wastes specifically 
wastes from aggregate quarry, as component of 
cemented paste backfill provides an environmentally 
acceptable method of waste disposal and 
rehabilitation process at lesser cost. Waste from 
aggregate quarry is proven to be stable when used as 
embankment material [3].  It is also a feasible 
component in concrete mix as substitute for fine 
aggregates [4].  However, its strength properties 
when used as component of cemented-paste backfill 
have yet to be determined.  Its interface behavior 
when in contact with concrete structure has to be 
evaluated.   

Understanding the soil-structure interface 
behavior is an important tool for use in analyzing, 
designing, and monitoring geotechnical structures.  
Several constitutive modeling have been used to 
obtain accurate solution to many soil-structure 
interaction problems.  The hyperbolic interface 
model developed by Clough and Duncan [5] 
presented a systematic approach to model the 
behavior of the retaining wall-to-soil interfaces in 
the primary loading stage.   An extended hyperbolic 
model for interfaces was developed that can capture 
important aspects of interface response under the 
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type of loading expected to occur in a wall-backfill 
interface at different stages of construction and 
operation of a lock wall [6].  In this study, the 
modified hyperbolic model which was formulated to 
characterize the stress-strain and volume-change 
behavior of tailings determined from direct shear 
tests [3] was applied to evaluate the soil-structure 
interface behavior of cemented-paste tailing backfill. 

This study determines the applicability of 
cemented-paste backfill materials mixed with 
aggregate quarry wastes as ground support to 
concrete structures like footings or retaining walls. 
The mixture is called cemented-paste tailing backfill 
(CPTB). Strength properties such as unconfined 
compressive strength at various curing time and 
interface friction angle were determined. Hyperbolic 
parameters were formulated to predict the interface 
shear stress – shear strain behavior of the CPTB 
when in contact with concretes structure.   

 
MATERIALS AND TEST METHODS  

 
The material composition of cemented-paste 

tailing backfill (CPTB) is waste from aggregate 
quarry (WAQ) as sand substitute with Portland 
cement as hydraulic binder.  WAQ was collected 
from quarry site in Ternate, Cavite.  These quarry 
wastes are residues of mountain rocks which went 
through crushing processes to produce fine 
aggregates. The residues, considered as solid wastes, 
are produced during the washing of crushed rocks in 
the siltation pond through the natural process of 
sedimentation.   WAQ has specific gravity of 2.57 
and classified as fine-grained soil with no plasticity 
[4]. 

The aggregate quarry wastes in the CPTB 
mixture had varying fine contents ranging from 20%, 
40% and 60% by weight.  This is done to investigate 
the effect of fineness of grains on the strength 
properties of CPTB.  The fine content for this 
experimentation is defined as percent grain particles   
passing the #200 sieves. Cement consists of 5.5 
percent by dry mass of WAQ which is equivalent to 
3.8 weight percentage of the entire mixture.  The 
water-cement ratio of 7:1 was used in the mixture.  
Table 1 shows a typical mix proportion of CPTB.   

To determine the strength properties of CPTB, 
unconfined compression strength (UCS) test in 
accordance with ASTM D2166 was performed.  The 
cylindrical sample has 63.5 mm diameter with 158.8 
mm height.  The samples were tested after the 7th, 
14th, 28th and 42nd day curing period to determine the 
effect of curing time on its strength development. 
The 42nd day curing time was intended to observe 
the long-term strength of CPTB. 

Direct shear test in accordance to ASTM D3080 
was performed to determine the interface friction 
angle and to describe the soil-structure interface 
behavior of CPTB. The mixture that produced the 

maximum unconfined compressive strength was 
used for the direct shear test. The experimental set-
up simulates a concrete structure resting on CPTB 
material.  The lower part of the shear box contains 
the CPTB mixture while the upper part of the shear 
box contains the concrete mortar mix to represent a 
rigid concrete structure. The schematic of 
experimental set-up is shown in Fig. 1.  Samples 
were subjected to normal stresses of 13.625 kPa, 
20.4375 kPa, and 27.25 kPa. Direct shear test was 
done using the fast strain rate of 1.25mm/min. to 
simulate the rapid loading condition and slow strain 
rate of 0.12mm/min to simulate the long term 
loading condition.  From the plot of shear stress vs. 
shear strain behavior obtained from direct shear test, 
hyperbolic parameters using the modified hyperbolic 
model technique were determined to predict the soil-
structure interface behavior of CPTB at any value of 
shear strain and normal effective stress. 

 
Table 1 Typical mix proportion of CPTB for each 

cylindrical sample for UCS test 
 

% of 
Fine 

Contents 
of WAQ 

Cement 
(g) 

Water 
(g) 

WAQ (g) 

Passing 
#200 
Sieve 

Passing 
#4 sieve, 
retained 
on #200 

Sieve 
20% 15.9 111.5 58.3 233.4 
40% 15.9 111.5 116.7 175.0 
60% 15.9 111.5 175.0 116.7 
 
 

 
 
 
 
 
 
 
 
 
Fig. 1 Schematic of experimental set-up for direct 

shear test 
 
RESULTS AND DISCUSSION 
 
Unconfined Compressive Strength, qu 

 
Figure 2 shows the unconfined compressive 

strength development of CPTB with varying fine 
contents; the average values are tabulated in Table 2.  
For CPTB with 20% and 40% fines, the samples 
exhibited greater qu at early curing days; however, 
there is an appreciable decrease in strength beyond 
the 7th day curing period followed by an almost 

CPTB 

Concrete 

Normal stress, σ’ 

Shear stress, τ 

 τ 
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constant value of qu as curing age increases.  The 
observed higher value of qu at 7th day curing can be 
explained from the SEM results as shown in Figs. 3 
and 4. The microstructure of samples at 7th day 
curing time showed a more flocculated state with 
minimum void spaces. This results to a decrease in 
the total pore volume and a concurrent increase in 
strength. At 42nd curing day, the micrograph showed 
a honeycomb structure with intra-assemblage voids 
depicting an increase in porosity and thus leads to 
lower compressive strength.  The final amount of 
porosity after the hydration of Portland cement paste 
depends strongly on the initial water-cement ratio of 
the paste [7]. The almost constant value of qu 
ranging from 120 KPa to 140 KPa for CPTB with 
20% fines and 140 KPa to 150 KPa for CPTB with 
40% fines can be considered as the suitable value of 
compressive strength of CPTB that depicts its long-
term behavior. The compressive strength is 
comparable to clay with stiff consistency.  The mode 
of failure exhibited by the samples is diagonal shear 
as seen in Figures 5a and 5b.  Meanwhile, CPTB 
with 60% fines showed an unpredictable trend in its 
strength development with respect to curing period.  
The bonding between Portland cement and WAQ 
did not work well when the mixture contains more 
fines. This is further attested from its mode of failure 
classified as failure by axial splitting (Fig. 5c).  It is 
expected that samples which failed by axial splitting 
give a lower value of qu than those that failed by 
diagonal shear [8]. 

 

 
 

Fig. 2 Unconfined compressive strength of CPTB  
 
Table 2 Average unconfined compressive strength of 

CPTB 
 

  

      
     a.) at 7th day curing            b.) at 42nd day  curing   

 
Fig. 3 Micrographs of CPTB with 20% fines 

 

     a.) at 7th day curing            b.) at 42nd day curing 
 

Fig. 4 Micrographs of CPTB with 40% fines 
 

  a.) 20% fines         b.)  40% fines         c.) 60% fines 
       
Fig. 5 Modes of failure of CPTB subjected to 

compressive test a.) and b.) diagonal shear 
failure c.) axial split 

 
Stress-strain Interface Behavior 
 

The stress-strain interface behavior between 
CPTB and concrete structure was evaluated through 
direct shear test using strain rates that simulate the 
rapid and slow rates of loading.  Specimens with 
20% and 40% fines were subjected to shear force 
and normal stress after the 28th day curing period 
following the experimental set-up described in Fig. 1.  
CPTB with 60% fines was no longer included in the 
experimentation since the compressive strength test 
did not show acceptable results. The typical stress-
strain graphs are shown in Figs. 6 to 9.  In both 
conditions, the stress-strain behavior of CPTB 

Curing 
Days 

CPTB 
with 20% 

Fine 

CPTB 
with 40% 

Fine 

CPTB 
with 60% 

Fine 
7 229.81 299.26 88.32 

14 200.44 148.03 222.15 
28 121.02 149.74 189.38 
42 139.07 150.48 56.40 
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Normal stress, σ’ 

Normal stress, σ

Normal stress, σ

exhibits strain softening.  The specimen showed a 
rapid increase in shear stress reaching a peak value 
at low shear strains and then decreases with 
increasing shear strains indicating strain softening 
until the shear stress at failure is attained. This 
indicates that specimen failed in brittle manner.  The 
shear stress at failure is described as the shear stress 
at which continued shearing occurs without change 
in shear stress for a given normal stress.   

The stress-strain curve defines the typical 
response of dense sample.  In this experimentation, 
the CPTB after 28th days of curing time is 
comparable to compacted, dense soil.    CPTB with 
20% and 40% fines, whether subjected to slow or 
fast strain rates, achieved an almost the same shear 
stress at failure. The shear stress at failure is greater 
for specimens subjected to greater normal stress (σ’). 

 
 

 
Fig. 6 Shear stress vs. shear strain of CPTB with 

20% fines using fast strain rate 
 

 
Fig. 7 Shear stress vs. shear strain of CPTB with 

20% fines using slow strain rate 
 
 
 
 

 
Fig. 8 Shear stress vs. shear strain of CPTB with 

40% fines using fast strain rate 
 
 

 
 
Fig. 9 Shear stress vs. shear strain of CPTB with 

40% fines using slow strain rate 
 
The shear stress at failure (τf) is plotted against 

the normal stress (σ’) on a graph of τ against σ’.  
The best fit line joining the τ and σ’ can be described 
by equation τ=σ'tanϕ.  This line represents the 
failure envelope with slope tan ϕ.  The angle ϕ is 
referred to as the interface friction angle and is 
tabulated in Table 3.   This friction angle describes 
the frictional resistance of CPTB when in contact 
with concrete structure. 
 

Table 3 Interface Friction Angle of CPTB 
 

CPTB with 
Interface Friction Angle,   

(deg.) 
20% Fines -   
Fast Strain Rate 38.8 

20% Fines -   
Slow Strain Rate 38.5 

40% Fines -   
Fast Strain Rate 37.6 

40% Fines -   
Slow Strain Rate 38.7 

Normal stress, σ’ 
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Hyperbolic Parameters 
 

Shear stress vs. shear strain behavior of CPTB as 
presented in Figs. 6 to 9 was used to determine the 
hyperbolic parameters using the modified hyperbolic 
model.   The modified hyperbolic model uses the 
shear stress against shear strain and volumetric strain 
against shear strain relations to describe the 
hyperbolic stress-strain behavior from the direct 
shear test.  The hyperbolic relation between the 
changes in stress and strains is defined in terms of an 
initial shear modulus, Gi   and the shear strength at 
failure, τf .  The modified hyperbolic model concepts 
and procedure for the determination of hyperbolic 
parameters are discussed in the study of Adajar and 
Zarco [3].  Using the modified hyperbolic model, the 
parameters K (shear modulus number) and n (shear 
modulus exponent) describing initial shear modulus 
(Gi), based on hyperbolic fit to the stress-strain 
curve are obtained.    The failure ratio Rf   that 
relates the asymptotic shear stress with shear stress 
at failure is also determined. Rf  is defined as the 
ratio of τf (Eq. 1) and the shear stress at failure.  The 
variation of ϕ’ with respect to σ’ is described in 
terms of hyperbolic parameters ϕo and Δϕ.  The 
summary of hyperbolic parameters is presented in 
Table 4.   Applying these hyperbolic parameters in 
equations (1) to (3) allows the prediction of the 
interface shear stress – shear strain behavior of the 
CPTB when in contact with concretes structure at 
any value of shear strain and normal effective stress.   
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Where:  
τ = shear stress, KPa 
γ = shear strain 
σ’ = normal effective stress, KPa 
Pa = atmospheric pressure = 101.325 KPa 
 
Using the determined hyperbolic parameters, the 

model’s response to the test data was compared with 
experimental data. The comparison of the test data 
and the calculated hyperbolic response are shown in 
Figs. 10 to 12.  The modified hyperbolic model 
provides a good approximation of the interface shear 
stress – shear strain behavior of the CPTB. The 

limitation of the model is that it cannot capture the 
peak shear stress [3], but it can provide a good 
prediction of shear stress at failure.  

 
Table 4 Hyperbolic parameters of CPTB  
 

Hyperbolic 
Parameter 

Description Value 

K Shear modulus 
number 170.99 

n Shear modulus 
exponent 0.9809 

Rf Failure ratio  0.9971 
 Friction angle ∅

parameter 31.021° 

∆∅ Friction angle 
parameter 5.126° 

 
 
 

 
 

Fig. 10 Comparison of stress-strain curve using 
modified hyperbolic model and from test 
data of CPTB with 40% Fines and normal 
stress of 27.25 KPa 

 

 
Fig. 11 Comparison of stress-strain curve using 

modified hyperbolic model and from test 
data of CPTB with 40% Fines and normal 
stress of 20.438 KPa 
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Fig. 12 Comparison of stress-strain curve using 
modified hyperbolic model and from test 
data of CPTB with 40% Fines and normal 
stress of 13.625 KPa 

 
CONCLUSION 
 

Strength properties of cemented-paste tailing 
backfill with waste from aggregate quarry as sand 
substitute were determined through unconfined 
compressive strength test and direct shear test.  Its 
soil-structure interface behavior was evaluated.  The 
following are the conclusions drawn from test 
results: 

Cemented-paste tailing backfill with fine 
contents up to 40% showed acceptable values of 
unconfined compressive strength and interface 
friction angle suitable as ground support to 
structures.  The unconfined compressive strength 
depicting its long-term behavior is in the range of 
120 kPa to 150 kPa comparable to clay with stiff 
consistency. The mode of failure exhibited by the 
samples is diagonal shear. Its microstructure showed 
an increase in porosity as curing age increases.  This 
can be due to the initial water-cement ratio of the 
paste mixture. 

The stress-strain interface behavior between 
CPTB and concrete structure exhibits strain-
softening.  The average interface friction angle is 38o 
which can be associated to its dense condition. 

Modified hyperbolic model was applied and 
hyperbolic parameters were formulated to predict 
the interface shear stress – shear strain behavior of 
the CPTB when in contact with concretes structure 
at any value of shear strain and normal effective 
stress.  The modified hyperbolic model provides a 
good approximation of the interface shear stress – 
shear strain behavior of the CPTB. The model 
cannot capture the peak shear stress, but it provides 
a good prediction of shear stress at failure. 

The CPTB used in this study can be a good 
alternative to the conventional cemented-paste 
backfill when used as a free-standing fill if the 

design criteria are not requiring a high compressive 
strength value.   
 
RECOMMENDATION 
 

It is recommended that paste mixture with lower 
water-cement ratio and using binder other than 
Portland cement be considered in future test design 
to verify if the unconfined compressive strength can 
be improved.   
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ABSTRACT 

For understanding a mechanical behavior of soils during tunnel excavation, various experiments have been 

conducted, e.g. trap door test. However, the influence of rectangular shape excavation was not sufficiently 

investigated by previous studies. In this study, in order to evaluate ground relaxation during underpass tunnel 

construction by non-open cut method, which include rectangular shape excavation for temporally construction of 

square pipes to prevent ground relaxation, a new testing apparatus to excavate rectangular section is developed. 

The testing apparatus is configurated by metal lining scaled down by approximately 1 / 5, drilling and its 

operating devices, and it can be movable corresponding to rectangular tunnel face by three-degree of freedom. 

For investigate the deformation properties of soils during excavation, jacking and excavation test is conducted by 

a small sand box using Toyoura soil compacted with water content ratio w = 10%. The results demonstrated that 

the excavation can be stably conducted using the cutter rotated by a motor and the tunnel face observation can be 

also stably conducted by a miniature camera. Furthermore, for soil removal amount, the difference between plan 

and measured values finally become less than 2 %. 

Keywords: Underpass, Tunnel, Rectangular shape, Excavating test, Surface displacement 

INTRODUCTION 

For understanding a mechanical behavior of soils 

during tunnel excavation, various experiments were 

developed [1]. For example an earth pressure during 

tunnel excavation has been investigated by trap door 

tests using aluminum bars [2, 3], soil relaxation 

between tunnel face to ground surface were 

investigated by pull-out test of duplex tube in soil 

box [4] and an interaction of tunnel construction 

with piles were studied by centrifuge model testing 

using the equipment of decreasing tunnel diameter 

[5]. These studies were mainly conducted for tunnel 

construction with circular section combining with 

some numerical analysis, [e.g. 6, 7]. Furthermore, 

although there were some studies focused on 

modeling excavation process [8, 9], the influences of 

excavating square section were not well studied yet. 

In recent years, underpass tunnel, which intersect 

road or railroad, is increasingly constructed by non-

Fig. 1 A new testing apparatus of excavating rectangular section: (a) appearance, (b) cross section 

b 

a 
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open cut method mainly using jacking method [e.g. 

10, 11] and it is strongly important to investigate 

mechanical behavior of soils during rectangular 

shape excavation for temporally construction of 

square pipes to prevent ground relaxation. Although 

Takahashi et al. [12] conducted FE analysis with 

modeling of excavating rectangular section in 

accordance with tunneling process, there were few 

experimental studies to investigate a mechanical 

behavior of soils due to rectangular excavation. 

In this study, to evaluate mechanical behaviors of 

soils during underpass tunnel construction, we 

developed a new laboratory testing apparatus to 

excavate rectangular section. The structure of the 

equipment and excavating test using acryl soil box 

for modeling underpass tunnel construction is 

reported as following chapter. 

STRUCTURE OF TESTING APPARATUS 

Fig. 1 shows a new testing apparatus of 

excavating rectangular section. The apparatus is 

configurated by metal lining scaled down by 

approximately 1 / 5, drilling and its operating 

devices as shown in Fig. 1 (b). The cutter can be 

movable corresponding to rectangular tunnel face by 

three-degree of freedom, which can be operated by 

handle via wire connected by knuckle joints to 

control roll, pitch, and yaw angles separately as 

shown in Fig. 2. The allowable length of excavation 

is 20 cm and the maximum inclination angle of 

cutter is 30 ° as shown in Fig. 3. 

By using this apparatus, tunnel excavation with 

rectangular section is simulated by a laboratory test. 

In next chapter, excavating and jacking test using 

soil box is shown. 

EXCAVATING AND JACKING TEST 

Test condition 

For underpass tunnel construction using non-

open cut method, steel pipes are propelled by a 

hydraulic jack after excavating soils. To model the 

condition of construction, we conducted excavating 

and jacking test as shown in Fig. 4. The excavating 

apparatus was fixed on the pedestal, and the soil box 

was movable to lateral orientation. The soil box is 

partially opened in the lateral side by 20cm square, 

and it can be installed the excavating apparatus. The 

opening is covered before excavation to prevent a 

collapse of tunnel face and drying soil. 

For the testing procedure, the box is first moved 

to the excavating apparatus and the tunnel face is 

opened. Soil box is excavated by 20mm and metal 

lining is installed by lateral movement of acryl soil 

box by 20mm. The ground surface condition is 

visually observed and the vertical displacement of 

the center of the surface is measured by laser 

displacement meter on each process. Excavated soils 

were removed by a vacuum cleaner in each test step, 

and the weight of soil removal was measured in each 

step. Tunnel face is also observed by a miniature 

camera in each excavation phase. 

The soil layer in the box is made by Toyoura 

sand, which properties are shown in Table. 1. Water 

content w is adjusted by mixing dry sand with water 

as shown in Fig. 5, and then the layer is compacted  

Fig. 2 Movement of cutter due to handle 

operation: (a) movement to tunnel axis, 

(b) rotation around tunnel axis, (c) 

inclination from tunnel axis. 

b 

a 

c 

Fig. 3 Structure of the apparatus near tunnel 

face. 
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by its ratio Dc = 90 % in every 50 mm to 600 mm 

height as shown in Fig. 6. As the water content, w = 

10%, is a little smaller than optimum water content 

ratio, it can be expected the stiffest condition of 

Toyoura sand. 

Test results 

Fig. 7 shows the relationship between jacking 

length and testing steps. In the test, the soil box was 

finally moved laterally by 200 mm. Fig. 8 shows 

tunnel face changes due to testing step. Tunnel face 

and its changes can be clearly observed by miniature 

camera. It demonstrates that a collapse of tunnel face 

and its mechanical behavior are possibly recorded by 

the apparatus.  

Fig. 9 shows the relationship between soil 

removal amounts, surface displacements and testing 

steps. As the planned removal amounts got nearly 

same values as the excavation test, excavation was 

appropriately conducted in accordance with the plan. 

The difference between plan and actual test finally 

become less than 2% in step 10. The surface 

displacement got very small values, because the soil 

condition is very stiffer. Settlements were observed 

until step 5, and upheaval were then observed after 

the step. It can be demonstrated that, whereas 

settlement is occurred in smaller jacking amount due 

to ground relaxation, the steel lining was approached 

to measurement points in greater jacking amount, 

and then positive dilatancy may occurred due to 

stiffer sand. 

As stated above, the applicability of the testing 

Table 1 Physical properties of Toyoura sand. 

Fig. 4 Excavating and jacking test: (a) settings of equipment, (b) over view. 

a b 

Maximum dry

density

r dmax (g / cm
3
)

Minimum dry

density

r dmin (g / cm
3
)

Optimum water

content ratio

w opt (%)

Water content ratio

w  (%)

Degree of

compaction

D c (%)

1.65 1.337 14.3 10 90

Metal lining
200mm

200mm

200mm

Hand
truck

600mm

Acryl

soil tank

Laser displacement

meter

Pedestal

Miniature
camera

Jacking
length LED light

Pipe to

vacuum
cleaner

600mm

Fig. 5 Mixing of sand with water. 

Fig. 6 Compacting sand layer in each 50 mm 

height. 
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apparatus was confirmed. The test using lower water 

content ratio and using bigger soil box will be 

conducted and a collapse of tunnel face or relaxation  

of soils will also be concretely investigated in future. 

CONCLUSION 

For understanding a mechanical behavior of 

soils during tunnel excavation, various experiments 

were developed. However, the influences of 

excavating square section especially for underpass 

tunnel construction were not well studied yet. 

In this study, to evaluate mechanical behaviors 

of soils during underpass tunnel construction, a new 

laboratory testing apparatus to excavate rectangular 

section was developed. To confirm the applicability 

of the testing apparatus, jacking and excavation test 

is conducted. The results of the test using highly 

compacted Toyoura sand demonstrated that, tunnel 

face changes due to excavation can be clearly 

observed by miniature camera and the mechanical 

behavior of soils during rectangular excavation can 

be observed by the tests. Furthermore, for soil 

removal amount, the difference between plan and 

measured values finally become less than 2 %. 

The test using lower water content ratio and 

using bigger soil box will be conducted to evaluate 

mechanical properties of soils during rectangular 

excavation for grasping a mechanism of underpass 

tunneling. 
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Fig. 7 Relationship between jacking length and 

testing steps. 
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ABSTRACT 

 
Rainfall has been recognized as one of the main causes of natural or manmade slope failure in many tropical 

areas of the world. In order to reduce and mitigate rainfall-induced slope failures, there is a need to develop an 
understanding of reduction in shear strength of soil due to water infiltration. This research aimed at understanding 
the influence of matric suction on water infiltration and transformation of shear strength in unsaturated soil in 
unconfined condition. In the present study, two types of test series have been performed using modern triaxial test 
apparatus: (1) shear-infiltration test, and (2) pre-wetting shear test. From test results, it was concluded that water 
infiltration causes the excessive deformations and softening which decreases the cohesion and hence reduces the 
shear strength of the soil. The more decrease in shear strength was witnessed in case of pre-wetting shear tests and 
maximum reduction observed was 85% against 36cm3 of infiltrated water.   
 
Keywords: Slope failure, Water infiltration, Suction, Shear strength, Unconfined 
 
 
INTRODUCTION 

 
A number of shallow depth slope failures have 

taken place during or just after heavy rainfall. Most 
of these slope failures are characterized by the fact 
that they take place in silty and sandy soils. Some of 
them seem to be caused not only by an increase of 
pore water pressure in soils resulting from a rise in the 
groundwater table, but also by the degradation of the 
strength of soil forming the slopes. In view of these 
conditions, Yoshida et al. estimated that the cause of 
the rain-induced slope failure is largely due to a 
reduction in strength of the slope-forming soil 
materials caused by the infiltration of water [11]. The 
amount of rainwater that infiltrates the slope is an 
important factor. Infiltration of rainwater into a soil 
slope may impair slope stability by changing the pore 
water pressure in the soil which in turn controls the 
water content of the soil. It is important to understand 
the pore-water pressure changes due to water 
infiltration in order to calculate the extent of 
reduction of shear strength under certain rainfall 
condition. It has implicated that during rainfall, 
increased water content in the soil decreases the soil 
suction above the ground water table and, thus, the 
shear strength of the soil [7].  

The stress state in natural slope or the surface 
layer of an embankment is under very low confining 
pressure conditions. A triaxial test performed in 
unconfined conditions can simulate this type of 
situations. From a practical standpoint, the test 
performed in unconfined conditions can also play an 
important role to get a thorough understanding of the 
mechanical behavior of unsaturated soils and to 
predict the stability and deformation of the surface 
layer in natural slopes or embankments. Since no 

confining pressure is applied to soil specimen in 
unconfined conditions, it is primarily the matric 
suction that controls the measured shear strength. 
There have been very few studies on unsaturated soils 
performed in triaxial test apparatus in unconfined 
conditions. Kato et al. (2002), Pineda et al. (2005), 
Chae et al. (2010), Kwon et al. (2011) have examined 
the behavior of unsaturated soil in unconfined 
conditions and tried to interpret the effects of matric 
suction and suction stress on shear strength of the soil. 

The detailed and fundamental studies on the 
instability of unsaturated soils due to matric suction 
have seldom been performed in a laboratory using 
element test. In the present study, a series of shear 
infiltration and the pre-wetting shear test has been 
conducted with the main objective of investigating 
the mechanical behavior and failure mechanism of 
silty soil gradually infiltrated by water. The effects of 
decrease in matric suction on water absorption, 
volume deformation and shear strength are discussed, 
and finally, the results of two series are compared.  
 
TESTING PROGRAMME 
 

DL Clay is the commercial name of the soil used 
in this study, it is a fine material without plasticity. 
The appearance of freshly and freely deposited DL 
clay looks yellowish brown. Dried and powdered DL 
clay consists of Kaolinite and silica. Kaolinite and 
silica stones are used as agricultural chemicals. 
According to the Japanese Geotechnical Society 
(JGS), it is classified as having Medium-Low 
compressibility (ML) and is composed of 90% silt 
and 10% clay which show that it is larger in grain size 
than average clay. Table 1 shows the physical 
properties of this soil. 
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Table 1 Physical properties of DL clay 
 

Properties Unit Value 
Density of soil particle, s g/cm3 2.654 
Consistency - NP 
Maximum dry density, dmax  g/cm3 1.538 
Optimum water content  % 20 

 
The specimens used in the present study were 

prepared using the static compaction method. Prior to 
performing the compaction, dry DL clay, with a soil 
particle density of 2.654g/cm3, was mixed well with 
water to make up 20% of the water content. Then, the 
mixed wet DL clay was compacted statically in a 
cylindrical mold, 5cm in diameter, to obtain a 
uniform density throughout the length of the 
specimens. The specimens were compacted in 5 
layers, each 2cm thick [10]. The low energy from the 
static compaction can produce a uniform density that 
prevents the development of a weaker region in the 
specimen [8]. The pre-consolidation pressure on a 
specimen during preparation was approximately 
300kPa. The void ratio of the specimens was around 
1.1 and the initial degree of saturation was 47.5%. 
The measured initial matric suction was 1920kPa for 
all specimens, which means that the preparation 
procedure was always followed carefully in order to 
maintain a suction state of approximately 20kPa. All 
the specimens had a dry density of 1.3g/cm3 and a 
degree of compaction 80%. 

Two series of experiments with twelve shearing 
tests on unsaturated soil specimens were conducted 
under stress states as shown in Table 2 to observe the 
shear strength of soil due to the decrease of matric 
suction. The first series involved the infiltration of 
water during the shearing process in drainage 
conditions, whereas, in the second series, wetting of 
specimens was performed before the shearing process.  

 
Table 2 Stress state of specimens 

 
Net normal stress 
(σa - ua) kPa 

Matric suction (ua - uw) kPa 
0 5 10 15 20 

 Shear infiltration (SI) test 
0 ✔ ✔ ✔ ✔ - 
 Pre-wetting (PW) test 
0 ✔ ✔ ✔ ✔ ✔ 

20 ✔ ✔  - - 
30 - - ✔ - - 

 
The relationship between matric suction and 

water content is generally termed as the soil-water 
characteristic curve (SWCC). Such curves are usually 
measured in laboratory through pressure plate tests or 
pF tests, though the current experimental setup was 
used to establish the SWCC relation. Several soil 
specimens with varying water content were prepared 
and placed on top of a membrane filter and values of 
initial suction were measured, the same technique to 
draw SWCC was also used by Farooq et al. (2004). 
Fig. 1 shows the expected results i.e. the suction 
decreases as the saturation ratio increases. 

 
 

Fig. 1 Variation of suction with degree of saturation 
 

The test apparatus used in this study consists of a 
double-walled triaxial cell, an axial loading device, 
pore-air, pore water and cell pressure transducers as 
shown in Fig. 1(a). The salient feature of this triaxial 
apparatus is that both pore air and water pressures can 
be measured separately. The Pore air pressure 
transducer is installed in the top cap and is connected 
to the air regulator in order to give a continuous 
supply of air throughout the test. The change in 
volume of the specimen during the triaxial tests was 
measured as the change in the water level in the inner 
cell through a Low Capacity Differential Pressure 
Transducer (LCDPT). In order to separate the routes 
for measurement and control of the pore air pressure 
and the pore water pressure, a membrane and a PTFE 
sheet were used. The PTFE sheet was placed in the 
top cap (Fig. 2(c)) to cut off the flow of water, and the 
membrane filter was installed in the lower pedestal 
(Fig. 2(d)) to cut off the flow of air. The thin 
membrane filter with pores of 0.45mm has an air 
entry value of 420kPa. In addition, a solenoid 
controlled valve to control the exhaust air was also 
installed in the air drainage line inside the top cap to 
minimize the air volume (in the air drainage line).  
 

 

 
Fig. 2 (a) Schematic figure of triaxial cell: (b) 

external load cell; (c) top cap; (d) bottom pedestal 
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Since this study focuses more on shallow slope 
failure, it was assumed that the pore air pressure 
remained atmospheric throughout the test and water 
infiltration increased only the pore water pressure [2]. 
Water in an unsaturated soil specimen was injected 
from the bottom pedestal which was connected to a 
beaker and the pore water pressure transducer through 
the water line. The beaker was placed on an external 
load cell and encased in a pressure chamber as shown 
in Fig. 2(b). The rate of infiltration was controlled by 
regulating the pressure applied on top of the water 
surface in the beaker [2], [8]. 
 
SHEAR INFILTRATION (SI) TEST 

 
A shear infiltration test simulates the condition 

and failure mechanisms of slop failures induced by 
water infiltration. The schematic representation of the 
test procedure is shown in Fig. 3. After measurement 
of the initial matric suction, pore air and cell pressures 
were increased using axis translation technique to 
keep pore water pressure above atmospheric [4]. Four 
soil specimens were tested in this series, and before 
the start of the shearing process each specimen was 
brought to a matric suction value of 0kPa, 5kPa, 
10kPa, and 15kPa by applying an infiltration pressure 
of 20kPa, 15kPa, 10kPa, and 5kPa. The pore air was 
drained and controlled throughout the test process, 
whereas, drainage valve for pore water was kept open 
during the shear process in order to continuously 
supply water to the specimen during the shear process. 

 

 
 

Fig. 3 Schematic illustration of shear infiltration test 
 
Fig. 4 shows the results of the shear infiltration 

test conducted on unsaturated soil specimens in 
unconfined conditions. Before the start of the 
shearing process, an infiltration pressure to individual 
specimens was applied and the drainage valve for 
pore water was opened at the start of the shearing 
process to decrease soil suction as shown in Fig. 4(a). 
The value of the infiltration pressure was kept the 
same therefore no further change in suction was 
observed during the shearing process. Rainfall-
induced slope failures are directly related to rainfall 
intensity in a specific area. Some part of rain water 
penetrates and some flows as surface runoff. A better 
parameter to analyze would be the volume of 
rainwater infiltrating the soil profile as shown in Fig. 
4(b), it shows a more direct relation between moisture 
content and deformation. It can be seen that the water 

infiltration continued until the end of the shearing 
process and the amount of water flow into specimen 
increases while matric suction decreases. In addition 
to this, it was observed that most of the water was 
infiltrated up to peak deviatoric stress (represented as 
), after which water absorption becomes gradually 
constant. The bond between the soil particles broke 
after attaining peak strength, which affects the water 
infiltration process, it decreases and gradually 
becomes constant towards the end of shearing.  

 

 

 

 
 

Fig. 4 Shear infiltration test results: (a) matric suction; 
(b) water flow; (c) volume change; (d) deviator stress 
 

The volumetric strain response during shearing is 
important to assess or predict the likely field 
deformations. Hence the monitoring of volume 
changes during shearing becomes crucial. The 
volume changes due to water absorption during 
shearing process are shown in Fig. 4(c). All the test 
specimens showed dilative behavior, however, 
dilatancy decreased with the increase in water 
absorption. The specimen SI-s0 showed first an initial 
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dilation followed by compression with an increase in 
axial strain due to water absorption. As expected, 
stress-strain curves in Fig. 4(d) show that deviatoric 
stress decreases with a decrease in matric suction. The 
axial strain corresponding to the peak strength for all 
unsaturated specimens ranged between 1.20% to 
2.10%. Due to water infiltration during the shearing 
process, the stress-strain curves showed strain 
softening at a higher axial strain of above 6%. 
Following Japanese Geotechnical Society Standard 
“JGS 0527-1998 Method for Triaxial Compression 
Test on Unsaturated Soils” the shearing was 
continued to 15% of axial strain. At the end of each 
test, it was observed that all the specimens showed 
failure by bulging. All the specimens had an over 
consolidation stress history of approximately 300kPa. 
The impact of over consolidated stress history and 
imposed suction is clearly seen in the form of first, a 
peak failure followed by the post-peak softening type 
of stress-strain response and second, in the form of 
dilation type of volume change response during the 
shearing stage.    
 

 
 

Fig. 5 Stress paths for shear infiltration tests 
 

The stress paths followed by the soil specimens 
during the shear infiltration test are plotted in p’–q 
plot as shown in Fig. 5. Since the pore air pressure 
was exhausted in this series, the stress paths thus 
sloped at a gradient of 1:3 on the p’–q plot.  Initially, 
the stress path moved towards the left from point “A” 
due to a decrease in matric suction. The soil used in 
this study was over-consolidated soil, for such soils, 
the stress path first crosses the critical state line (CSL) 
but eventually reverses its direction and fails on a 
critical state line corresponding to critical state 
strength (1,2,3,4) and ultimately dropped to residual 
strength.  The gradient M of CSL was 1.4 and 
intercept q-axis was 5kPa. 

 
PRE-WETTING (PW) SHEAR TEST 

 
A pre-wetting shear test simulates the condition 

and failure mechanism of a soil slope after a rainy 
period where the soil above the water table 
experienced a wetting process. Such kind of situation 
has seldom been tested in the laboratory using 
unsaturated triaxial test apparatus. Initial suction was 
measured and matric suction was applied using the 
axis-translation technique [4]. The initial phase of 
each test consisted of a wetting stage in which five 
soil specimens were brought to matric suction values 
of 0kPa, 5kPa, 10kPa, 15kPa and 20kPa respectively. 
This was achieved by applying an infiltration pressure 
of 20kPa, 15kPa, 10kPa, 5kPa and 0kPa. The wetting 
stage of each test was finished when no further 
change in the flow of water into the specimen was 
observed.  After the wetting stage, the drainage valve 
for pore water was closed and each specimen was 
subjected to shear under undrained conditions with 
measurement of pore water pressure. The pore air was 
drained and controlled throughout the test process. 
Fig. 6 shows the schematic diagram of test procedure. 
In this series, three more tests were carried out by 
applying low confining stress to make a comparison.  

 

 
 
Fig. 6 Schematic illustration of pre-wetting shear test 

 
Fig. 7 shows the flow of water into the specimen 

due to a decrease in matric suction during the wetting 
process as a function of time. The volume of water 
infiltrating the specimen varied from 0cm3 to 36cm3 
for specimens which were brought to a suction of 
20kPa to 0kPa. At matric suction value of 20kPa no 
flow of water occurred which shows that a decrease 
in suction was required to start the infiltration process, 
the amount of water flow increases with a decrease in 
suction. However, by just applying a small net 
confining stress of 20 or 30kPa, the amount of water 
flowing into the specimen decreases. This is because 
of a decrease in void ratio due to the confining stress. 

 

 
 

Fig. 7 Flow of water into specimens during wetting 
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Fig. 8 Pre-wetting shear test results: (a) volume 
change; (b) deviator stress 

 
The plots of volume change and deviatoric stress 

versus axial strain relationship for five variable 
suction pre-wetting shear test is shown in Fig. 8. It 
can be seen that both stiffness and strength decreases 
with a decrease in matric suction. This behavior can 
be related to the influence of matric suction on inter-
packet contact forces, which tends to stabilize the soil 
structure. Specimens with matric suction value of 
5kPa or less showed stress-strain behavior typical of 
normally consolidated soils without a marked 
reduction of shear strength after attaining peak value, 
as compared to specimens with matric suction of 
more than 5kPa which showed stress-strain behavior 
typical of overconsolidated soils. The different shapes 
of stress-strain curves during shearing can be 
explained by looking at how the soil samples were 
prepared using static compaction technique. The 
compacted soil behavior was similar to the 
overconsolidated soil as 300kPa of vertical stress 
was applied during sample preparation and tested 
under zero net stress. This behavior is attributed to 
dilation of compacted soil [9]. Such specimens show 
a brittle stress-strain and dilative volume change 
behavior at a relatively high matric suction as shown 
by specimen PW-s20, PW-s15 and PW-s10. 
However, with a decrease in suction the volume of 
water flow into specimen increases, as a result, stress-
strain behavior becomes typical of ductile material 
and compressive soil behavior was observed in 
specimen PW-s5 and PW-s0. When specimens with a 
matric suction of 5kPa and 10kPa were sheared under 
net confining stress of 20kPa and 30kPa, no peak 
curve was obtained and specimens showed high 
strength at the end as compared to unconfined 
conditions. However, specimens with 0kPa matric 
suction and net confining stress of 20kPa did not 
show any remarkable difference. A relationship 

between water content, mean net stress and matric 
suction at failure is plotted in 3D space as shown in 
Fig. 9. It can be seen that mean net stress decrease with 
increase moisture content and a decrease in suction, 
which shows that moisture content and suction 
independently controls the shear strength of soil.  

 

 
 

Fig. 9 Relationship between water content, mean net 
stress, and matric suction 

 
The cohesion of unsaturated soils at a certain level 

of matric suction can be estimated more efficiently by 
using extended Mohr-Coulomb failure envelope [3]. 
The Mohr-Coulomb failure envelope for the study 
soil was obtained from a series of soil specimen and 
has a peak angle of shearing  of 32 and apparent 
cohesion c’ (for specimen with 0kPa matric suction) 
1.7kPa, shown in Fig. 10(a). The cohesion changed 
with matric suction, however,  remained constant. 
The angle of the rate of strength due to matric suction 
b is shown in Fig. 10(b) which is b 22 for the study 
soil. This shows that the cohesion of unsaturated soils 
is reduced due to water infiltration from the surface.  

 

 

 
 

Fig. 10 Pre-wetting shear test results: (a) failure 
envelope; (b) angle indicating the rate of increase in 
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DISCUSSION 
 

The results from the shear infiltration tests are 
compared with the results from the pre-wetting shear 
tests and are plotted in Fig. 11. Initially, all specimens 
have almost the same saturation ratio. In the shear 
infiltration test, due to the flow of water into 
specimen during shearing process, the saturation ratio 
increases till residual stage.  Due to this increase in 
the degree of saturation a decrease in deviator stress 
was observed, the decrease which is small for matric 
suction values 15kPa and 10kPa and bigger for 5kPa 
and 0kPa, can be seen in Fig. 11(b). The change in 
deviator stress with matric suction is non-linear.  In 
the case of pre-wetting shear test the water infiltration 
was completed before shearing, therefore, a small 
change in saturation ratio was observed at the start, 
peak and residual deviator stress. The amount of 
water absorbed by the specimen at residual deviator 
stress stage in shear infiltration test is almost the same 
as the pre-wetting shear test wetting stage. Due to 
this, the specimens have almost the same water 
content and saturation ratio, as a result almost 
identical peak deviator stresses were observed in pre-
wetting shear test as the residual deviator stress in the 
shear infiltration test, shown in Fig 11(b). The change 
in the degree of saturation is not only due to the flow 
of water but also due to the volume of specimen, at 
matric suction of 15kPa and 20kPa the amount of 
water infiltration was very small and specimen 
showed dilatant behavior so a decrease in saturation 
ratio was observed in both series. When the suction is 
about zero or at small value, the saturation ratio is 
between 80% and 85%. That means the specimens 
could not be fully saturated even at zero suction. The 
incompletely full saturation at zero suction may be 
attributed to the trapped air in the pores inside soil 
specimens or in the testing system. 
 

 

  
 

Fig. 11 Comparison of test results: (a) saturation 
ratio; (b) deviator stress 

 
CONCLUSIONS 

A series of laboratory element tests were 
conducted to examine the instability of unsaturated 
soil subjected to water infiltration. It was found that 
under the same matric suction, the soil sheared to 
failure with pre-wetting condition possessed a lower 
shear strength than soil sheared to failure under 
infiltration conditions. The maximum reduction in 
shear strength due to water infiltration observed in 
case of SI test was 55% and PW test was 85%. The 
water infiltration causes excessive deformation 
changing the soil behavior from dilatant to 
compression. The slope instability problems, which 
were always been treated as a shear strength problem, 
also appeared to be a volume change problem. It 
seems that a better way of preventing rainfall-induced 
slope failures is to limit the excessive development of 
soil deformation rather than just trying to increase the 
shear strength of slope. 
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ABSTRACT 

 
     This study focus on the differences of geotechnical properties between raw and processed Bukit Goh bauxite. 
As bauxite material has high clay content which mostly composed of silicate minerals, it has high risk to cause 
cargo liquefaction which in turn causes catastrophic incident. This paper includes the analysis of raw and processed 
bauxite where its fine particle contents has been minimized using beneficiation method to reduce the risk of 
liquefaction by referring to the International Maritime Solid Bulk Cargoes Code (IMSBC Code) standard. To 
analyse these characteristics of the bauxite, five samples were selected at Bukit Goh, Kuantan; three of the samples 
from the Bukit Goh mine and two samples from stock pile were tested to identify the bauxite geotechnical 
properties by referring to GEOSPEC 3: Model Specification for Soil Testing; particle size distribution, moisture 
content, specific gravity, morphological properties as well as its elemental and oxide properties. Laboratory tests 
involved including Small Pycnometer test, Dry Sieve test, X-ray fluorescence test (XRF) and Field emission 
scanning electron microscopy test (FESEM). The results show that average moisture content of raw bauxite is 
24.81% which exceeded the recommended value of maximum 10% while the average moisture content of 
processed bauxite is only 6.69%. The average fine material for raw bauxite is 38.40% which should not be greater 
than 30% per IMSBC standard while for processed bauxite is 21.40%. In conclusion, the quality and safety of 
processed bauxite is better than raw bauxite. 
 
Keywords: Bauxite, Beneficiation, Geotechnical Properties, Soil Liquefaction 
 
 
INTRODUCTION 

 
       Bauxite is the principal ore of alumina (Al2O3), 
which is used to produce aluminum. Hydrated 
aluminum oxides, hydrated aluminosilicates, iron 
oxides, hydrated iron oxides, titanium oxide, and 
silica are the main compound that made a bauxite [1]. 
Around the globe, approximately 165 million tonnes 
of bauxite are mined each year and they are usually 
transported to refineries by conveyor, ship, or rail [2]. 
Bauxite reserve has been found in Kuantan district 
and bauxite mining activity has started due to strong 
demand from China, Malaysia increases the 
production of bauxite. In 2015, a bulk carrier capsized 
about 150 nautical miles off the coast of Vietnam with 
18 fatalities and only one survivors which were 
carrying 46 400 tonnes of bauxite. Investigation 
conducted by International Maritime Organization 
(IMO) concluded that the loss of the Bulk Jupiter has 
uncovered evidence to suggest liquefaction of cargo 
led to loss of stability [3][4]. Liquefaction is a 
phenomenon where soil experience a process by 
which water-saturated sediment temporarily loses 
strength and acts as a fluid [5]. There are some 
standard and regulation that need to be follow; in this 
case IMSBC Code to determine the safety of bulk 
cargoes carrying bauxite and to minimize the risk of 

the cargoes to capsize. Figure 1 shows the 
classification of Bauxite in Group C where it is 
neither liable to liquefy (Group A) nor to possess 
chemical hazards (Group B) [6]. If bauxite samples 
are complied with the specifications as stated in 
IMSBC Code, the samples are allowed be shipped 
and exported.   Thus, this study is carried out to 
determine whether Kuantan bauxite samples are in 
accordance with the IMSBC Code or not; by 
comparing the parameters stated in the code. 
 

 
Fig. 1 Bauxite’s Group C Classification [6] 
 
      Percentages of moisture content of the sample do 
have a relationship with particle size distribution 
where the presence of fines particles will influence its 
water-holding properties [7]. 
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     Besides identifying the standard quality of 
Kuantan bauxite, its morphological characteristic also 
studied to determine the particles present and its 
effect. If the particles are found to be harmful, 
prevention and safety measure should be applied and 
discussed. 
 
MATERIALS AND METHODS 

 
      All laboratory experiments were carried out based 
on Geospec 3: Model Specification for Soil Testing 
(as shown in Table 1). The beneficiation process is 
done in small scale with 100g of samples using a 
bottle dispenser on 4.25mm passing sieve. 

 
Table 1 Laboratory tests and standard 

 

 
 
RESULTS AND DISCUSSION 
 
      There are FIVE (5) samples selected from Bukit 
Goh in Kuantan; THREE (3) samples are in-situ 
samples (M2L1B1, M2L2B1 and M2L2B2) and 
TWO (2) samples are from stockpile (PTSTL1B1 
AND PTSTL2B1).  

Moisture Content  

The result shows moisture content of Bukit Goh 
bauxite is higher compared to recommended 
percentage in the IMSBC Code (Table 2). Due to 
higher moisture content, it clearly shows that Bukit 
Goh bauxite have large amount of fine particle 
compared to coarse particle. Based on IMSBC 
Standard, the allowable moisture content for deposits 
to be on a cargo ship is 0%-10%. From the 
comparison in the histogram in Figure 2, it shows that 
the moisture content of raw Bukit Goh bauxite is 
higher compared to processed bauxite where it has the 
average of 24.81% over 6.69% only on the processed 
bauxite sample. Due to higher moisture content, it 
clearly demonstrates that raw Bukit Goh bauxite have 
large amount of fine particle compared to coarse 
particle. High level of moisture content causes the 
liquefaction of mineral ores to be occurs and this 
making the cargo loss of stability during the voyage. 
If cargoes loaded with too high a moisture content, 

liquefaction may occur without warning at any time 
during the voyage. 
 
Table 2 Moisture content of raw and processed Bukit 

Goh Bauxite  
 

 

 
Fig. 2 Moisture content of raw and processed Bukit 

Goh Bauxite 

      Based on IMSBC Standard, the allowable 
moisture content for deposits to be on a cargo ship is 
0%-10%. From the comparison in the bar chart, it 
shows that the moisture content of raw Bukit Goh 
bauxite is higher compared to processed bauxite 
where it has the average of 24.81% over 6.69% only 
on the processed bauxite sample. Due to higher 
moisture content, it clearly demonstrates that raw 
Bukit Goh bauxite have large amount of fine particle 
compared to coarse particle. High level of moisture 
content causes the liquefaction of mineral ores to be 
occurs and this making the cargo loss of stability 
during the voyage. If cargoes loaded with too high a 
moisture content, liquefaction may occur without 
warning at any time during the voyage. 

Specific Gravity Test 

      The result from Small Pycnometer Test was 
collected where there is just a slight difference in 
specific gravity for both samples (Figure 3). Based on 
previous studies, the specific gravity values obtained 
for the bauxites are in the range from 2.70 to 2.87 and 
specific gravity of bauxite in India is higher compared 
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to bauxite at Bukit Goh. The specific gravity of 
bauxite largely depends on the density of the mineral 
making up the individual soil particle. 

 

Fig. 3 Specific gravity of raw and processed Bukit 
Goh Bauxite 

 

Particle Size Distribution 

      From Table 3, it clearly shows that bauxite sample 
that undergo beneficiation process have lesser fine 
particles compare to the raw bauxite sample. Particles 
that passed through 2.5mm sieve size is consider fine 
particles. The percentage passing 2.5mm for 
processed bauxite sample is 20% while for raw 
sample is 39%. Therefore, this prove that the particle 
size distribution of raw Bukit Goh bauxites is not in 
the range of less than 30% fine particle and coarse 
particle more than 70% as stated in IMSBC Code. 
Due to higher percentage of fine particle in the raw 
bauxite, it will cause the moisture content to increase 
as fine particles absorb more water. Meanwhile, 
bauxite of the same sample that has been beneficiated 
has fine particle less than 30% which prove that 
beneficiation method can reduce the number of fine 
particles in bauxite. 
 
Table 3 Percentage of fine particles between raw and 

processed Bukit Goh Bauxite 
 

Samples Raw (%) Processed 
(%) 

M2L1B1 39 20 
M2L2B1 38 24 
M2L2B2 47 18 
PTSTL1B1 32 23 
PTSTL1B2 36 22 
Average fine particles 38.40 21.40 

 
Morphological Properties of Bauxite 
 
 Field Emission Scanning Electron Microscopy 
(FESEM) Test is carried to determine the 

morphological properties of both raw and processed 
Bukit Goh bauxite. The results are shown in Figure 4, 
Figure 5, Figure 6 and Figure 7 where magnification 
for each figure is 1000x, 2000x 5000x and 10000x 
respectively; for both raw and processed bauxite 
samples. Closer inspection of the particles shows a 
layer of material coating most of the particle surfaces. 
The different sizes of particles can be observed with 
clear image of lump particles and powdery like-
structure of fine particles under 2000x magnification. 
Clear image of particles started to be seen at 5000x 
magnification and under 10000x magnification, fine 
particles attached to the bauxite sample are clearly 
can be seen. Study on morphological properties of 
Bukit Goh bauxite above displays that the fine 
particles of raw bauxite is higher than the beneficiated 
bauxite. Clearly seen that the lesser fine particle 
attached to the processed bauxite ore. This proved the 
washing of bauxite can reduce the amount of fine 
particle in bauxite lump. Bauxite samples collected 
from Bukit Goh mine are disturbed sample, hence the 
tendency for this sample to liquefy is higher than 
undisturbed soil because of the shear force of anti-
liquefaction of undisturbed soil is 1.5 to 2 times 
greater than disturbed soil. 
 

 

  
 
Fig. 4 Magnification of bauxite sample under 1000x 

magnification for (a) raw and (b) processed 
bauxite sample 
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Fig. 5 Magnification of bauxite sample under 2000x 

magnification for (a) raw and (b) processed 
bauxite sample 

 

 

 

Fig. 6 Magnification of bauxite sample under 5000x 
magnification for (a) raw and (b) processed 
bauxite sample 

 

 
 
Fig. 7 Magnification of bauxite sample under 10000x 

magnification for (a) raw and (b) processed 
bauxite sample 

 
Elemental and Oxide Properties Test 
 
      The test of both raw and processed bauxite 
elements and oxide properties is carried out by X-Ray 
Fluorescence XFF S8 Tiger machine from the UMP 
central Laboratory by bombarding a high-energy 
gamma ray on both M2L1B1 samples. The results are 
shown in Table 4 and 5.  
      From Table 4, it shows that the quantity of Silicon 
(Si) is reduced from 0.50% to 0.44% and from Table 
3, the amount of Silicon Dioxide (SiO2) or also 
known as silica is minimized from 1.07% to 0.94% 
after beneficiation process. Unfortunately, the value 
of aluminium element also decreases slightly from 
7.48% to 7.25% although it has not much effects on 
the bauxite products. As mentioned before, the core 
target of washing bauxite is to decrease the amount of 
silica and improve the amount of aluminium. In 
addition, along with silica, the insoluble iron and 
titanium oxides in red mud will also be removed that 

(a) 

(b) 

(a) 

(b) 

(a) 

(b) 
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will abolish lower grade fines and enhance the quality 
of bauxite. 
 
Table 4 Raw and processed Bukit Goh Bauxite 

elements  
 

 
Table 5 Raw and processed Bukit Goh Bauxite 

oxides  
 

 
Comparison with IMSBC Code 
 
     The comparison between raw and processed 
bauxite is shown in Table 6 shows that bauxite that 
went through beneficiation procedure pass all the 
requirements whether in particle size or moisture 
content.  

 
Table 6   Comparison table with IMSBC code 
 

 

*Raw = (R), Processed = (P) 
 
CONCLUSION 
 
     The basic geotechnical properties, chemical 
properties and morphological properties of Bukit Goh 
bauxite had been determine based on criteria needed 
in IMSBC Code that focuses on three basic properties 
which are particle size distribution, moisture content 
and specific gravity.  
 
      The analysis and result from laboratory test shows 
that the average fine particle size of Bukit Goh 
bauxite is 38.40% while the average percentage of 
moisture content is 24.81%. The results obtained was 
compared with IMSBC Code where each of these 
basic properties are exceeding the specified value 
stated in the code. After comparing the results to 
IMSBC Code, Bukit Goh bauxite cannot be 
categorized as Group C because the basic properties 
obtained are not fulfilling the requirement in the 
standard IMSBC Code. Therefore, it is not suitable to 
be exported and there will be higher risk in the 

Parameters Unit Raw Processed 

Iron (FE) % 31.38 26.49 
Aluminium (AL) % 7.48 7.25 

Titanium (Ti) % 3.96 3.33 
Silicon (Si) % 0.50 0.44  

Phosphorus (P) % 0.40 0.41 
Calcium (Ca) % 0.09 0.11 
Sulphur (S) % 0.09 0.07 

Chromium (Cr) % 0.08 0.09 
Manganese (Mn) % 0.06 0.05 
Zirconium (Zr) % 0.05 0.05 
Strontium (Sr) % 0.02 0.02 
Niobium (Nb)  % 0.02 0.02 

Zinc (Zn) % 0.01 0.02 
Gallium (Ga) ppm 69 79 
Yttrium (Y) ppm 35 48 

Parameters Unit Raw Processed 

Iron (III) Oxide % 44.86 37.88 
Aluminium Oxide % 14.13 13.69 
Titanium Dioxide % 6.60 5.55 
Silicon Dioxide % 1.07 0.94  

Phosphorus 
Pentoxide 

% 0.91 0.93 

Sulphur Trioxide % 0.22 0.18 
Calcium Oxide % 0.13 0.15 
Chromium (III) 

Oxide 
% 0.12 0.13 

Manganese Oxide % 0.08 0.06 
Zirconium 
Dioxide 

% 0.07 0.06 

Niobium 
Pentoxide 

% 0.03 0.02 

Strontium Oxide % 0.02 0.02 
Zinc Oxide % 0.01 0.02 

PSD (IMSBC: 30% < 2.5mm passing) 

Sample Passing (%) Remarks 
M2L1B1 (R) 39 Fail 
M2L1B1 (P) 20 Pass 
M2L2B1 (R) 38 Fail 
M2L2B1 (P) 24 Pass 
M2L2B2 (R) 47 Fail 
M2L2B2 (P) 18 Pass 

PTSTL1B1 (R) 32 Fail 
PTSTL1B1 (P) 23 Pass 
PTSTL2B1 (R) 36 Fail 
PTSTL2B1 (P) 22 Pass 

Moisture Content (IMSBC: 0% to 10%) 
M2L1B1 (R) 27.69 Fail 
M2L1B1 (P) 7.31 Pass 
M2L2B1 (R) 22.96 Fail 
M2L2B1 (P) 6.12 Pass 
M2L2B2 (R) 23.93 Fail 
M2L2B2 (P) 6.47 Pass 

PTSTL1B1 (R) 23.51 Fail 
PTSTL1B1 (P) 6.62 Pass 
PTSTL2B1 (R) 25.95 Fail 
PTSTL2B1 (P) 6.94 Pass 
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transportation of bauxite due to the waves of the 
ocean. Meanwhile, for the processed bauxite, the 
average fine particle size is 21.40% which is below 
the limit of 30% while the average percentage of 
moisture content is 6.69% which does not exceed the 
10% limitation. 
    In conclusion, the quality of processed bauxite is 
better than raw bauxite. Bukit Goh bauxite must go 
through beneficiation process at the site to reduce and 
eliminate fine particle. The bauxite properties should 
follow IMSBC Code requirement to prevent 
liquefaction from occurring.  
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ABSTRACT 

This paper presents preliminary results from a laboratory backfill model test in order to explain the effect of 
temperature change during the cement hydration on the total stress within cemented paste backfill. It is 
conducted via temperature control test in the absence of the cement. This investigation is an attempt to 
resolve an anomalous behaviour reported in recent full scale monitoring reports, where the total vertical 
stress at the stope base shows a progressive increase after backfilling is terminated. The result in this paper 
shows that the total vertical stress is not affected by the level of the temperature but rather by the temperature 
gradient. The empirical relationship between the temperature gradient and the change in the total vertical 
stress is proposed. The total stress anomaly found in the full scale monitoring of paste backfill could be 
explained by the finding. 
 
Keywords: Backfill, Temperature, Arching, Total Stress, Anomaly 
 
INTRODUCTION 
 

Paste backfill is a type of material used to fill-
up underground mined-out voids (stopes), which 
improves underground general stability condition. 
The material has a paste-like consistency made 
from a mixture of tailings, water, and cement 
binder to increase the strength of the paste. Figure 
1 shows the paste backfill is being tested for its 
rheology property. The paste backfill or also called 
cemented paste backfill provides significant 
advantage in mining production as compared to the 
other type of backfills (e.g. hydraulic fill), which 
can be a self-supporting material. The adjacent ore 
bodies can be mined without the need of leaving 
some parts to act as underground pillars. Hence, 
the ore production can be maximized. The 
cemented paste backfill has been popularly used in 
the underground mining operations for the last two 
decades. Figure 2 shows a backfilling sequence in 
cemented paste backfilling. 

During the backfilling, a barricade is 
constructed to plug the drawpoint. The barricade 
provides a temporary barrier to prevent the backfill 
to flow out of the stope until the backfill gains 
enough strength as a self-supporting material and 
able withstand pressure from blasting activity of 
the adjacent stope. As a temporary structure, the 
barricade has to be cost effective and acceptable in 
strength. When the barricade fails, a hefty amount 
of rehabilitation cost has to be spent and more 
importantly the safety of the underground workers 
is at serious risk.  

In order to design an efficient barricade wall, 

the engineers must have a good understanding of 
the possible mechanisms within the paste backfill 
during and after backfilling, especially on the 
horizontal stress exerted by the paste backfill near 
the barricade.  The conservative design practice 
uses the total vertical stress at the base (bottom) of 
the stope to estimate the maximum horizontal 
stress acting on the barricade wall. This 
assumption is reasonable since the total horizontal 
stress is equal to the total vertical stress during the 
backfilling (i.e, the paste is still in liquid phase) 
and the highest total vertical stress within the paste 
is located at the deepest location (i.e base).   

 

 
 
Fig.1 Paste backfill 

 
According to the overburdened stress theory 

[1], the total vertical stress (v) is equal to: 
 

௩ߪ ൌ  z                                                               (1)	ߛ
 

where,  is the bulk unit weight of the backfill 
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(kN/m3) and z is the depth of backfill (m).  
 

 
 

Fig.2 Cemented Paste Backfilling 
 
The equation 1 is valid for a semi-confined 

area (such as stope) provided that the paste has not 
been consolidated. During the unconsolidated state, 
the paste is in liquid phase and the total stress at 
the base of the stope is then equal to the geostatic 
stress.  After the backfilling is terminated the depth 
becomes constant and the geostatic stress is also 
constant. The plot of geostatic stress with elapsed 
time can be illustrated by a thick solid line in 
Figure 3. The consolidation appears after the 
termination of backfilling at which the effective 
stress starts to generate within the paste. During 
the consolidation, the interfacial friction between 
the paste and the stope side walls increases as the 
effective stress increases. The interfacial friction 
transfers some of forces in the paste to the side 
walls (called arching) and therefore, the total 
vertical stress at base is reduced. The time to 
consolidate depends of the material properties and 
the length of drainage path [2]. By considering the 
arching, the plot of the total vertical stress versus 
time deviates from the geostatic line as illustrated 
by the dash lines in Figure 3.  

The general observation in Figure 3 is 
summarized from several full scale monitoring 
reports [3-10]. However, stress anomalies are 
found in some reports [3-8], where the total 
vertical stress increases during the rest period as 
illustrated by dash dot lines in Figure 3. This is 
obviously not expected since there is no paste is 
poured during the rest period. One of the 
hypotheses is attributed to the temperature increase 
during the cement hydration. This paper shows 
some preliminary results to test the hypothesis. 

 
EXPERIMENT 
 
Paste Material 
 

The paste is produced from a mixture of water 
and silica flour as a replacement of tailings. In 

order to isolate the strength gain, the cement is 
excluded in the paste and the temperature increase 
is simulated via temperature controller. Therefore, 
the paste backfill in this experiment is uncemented. 
The silica flour is sourced from SILVERBOND, 
Johor, Malaysia. It is inert material with SiO2 

contents of 99.38% and the specific gravity of 
2.65. 

 

  
 
Fig. 3 General plots of total vertical stress at the 
base of the stope versus elapsed time based on full 
monitoring reports [3-10]. 

 
 The particle size distribution (psd) of the silica 
flour is shown in Figure 4. Two additional points 
are superimposed to indicate general categories of 
materials to be used for paste fill and hydraulic fill 
[12]. The empty square symbol indicates that the 
paste material should have at least 15% of particles 
finer than 20 m in order to retain the water in 
order to achieve reliable paste flow. It is shown 
that silica flour has more than 15% (i.e. 38%) of 
particles is finer than 20 m, thus it falls within the 
category. On the other hand, a solid square symbol 
indicates the category for hydraulic fills material, 
where it requires a maximum 10% of particles 
finer than 10 m in order achieve adequate 
permeability. The silica flour has more than 10% 
(14.2%) of particles finer than 10 m and therefore 
it does not fall in this category.  
 The paste is mixed using 10L portable flour 
mixer with a solid content of 72% and the unit 
weight of the paste is 17.5 kN/m3. The solid 
content is defined as the mass of the dry silica 
flour over the total mass of paste. In mine 
operations, the solid content is determined by the 
type of the reticulation system. The higher solid 
content, the higher energy is needed to transport 
the paste backfill through the reticulation pipes and 
vice versa. In some cases, gravity system without 
pump is sufficient. The range of paste backfill 
solid content used in some mining paste backfill 
operation is between 71-82% [2-11].  
 
Apparatus 
 

A laboratory backfill model is built to simulate 
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stope backfilling. The apparatus has four main 
parts, namely: a narrow wall, sensors, temperature 
control system, and data acquisition system. The 
complete apparatus is depicted in Figure 5. 

 
Fig. 4 Particle size distribution 
 

The narrow wall consists of a rectangular 
aluminum box, two columns and the platform. The 
box is made of 1 cm thick aluminum measures 15 
cm inner length (L), 5 cm inner width (W) and 80 
cm inner height (H).  The box has a base plate but 
has no plate at the top. The two columns are made 
of threaded steel rods fixed vertically on the 
platform. The rods support the box by fixing its 
sides via four nuts. The platform is made of thick 
steel with four legs. In order to ensure the 
horizontalness, the legs can be adjusted with a 
spirit level as a reference. 

There are two types of sensor used: a load cell 
and a thermocouple. The load cell is used to 
measure the weight of the paste transferred to the 
base of the narrow wall. It is placed right under the 
base plate. The horizontalness of the load cell can 
be adjusted.  The thermocouple used is type J, 
inserted into the paste from the above opening of 
the narrow wall. The temperature control system 
consists of heating elements and a microprocessor 
based temperature process control CN7263 
manufactured by Omega Engineering. The heating 
elements are attached to the box using special 
aluminum holders and connected to the AC 240 
volts powerline via temperature controller. The 
target temperature can be set using “on-off” mode 
upon receiving signal from the thermocouple. The 
heating elements will be turned on if the 
temperature received is lower than the target 
temperature and vice versa.   

The measurements from the sensors are sent to 
the computer via data acquisition system. The 
sensors calibration and trial testing are carried out 
prior to actual test to ensure the test accuracy. 

It is important to emphasize the connection 
between the base plate and the narrow side wall. 
The base plate and the narrow side wall work 
independently. This is designed to separate the 
measurement of force that is transferred to the base 
of the box and the force that is transferred to the 
narrow side wall. Therefore, the base plate is not 
fixed to the narrow side wall. The base plate is 
simply seats on the load cell and separated by a 3 
mm gap from the narrow side wall. In order to 
prevent flow of paste between the gap, it is closed 
and secured with latex membrane. 

 

 
 

Fig. 5 The laboratory backfill model 
 

Backfilling 
 
The paste is filled (poured) into the box using 

funnel until about 70 cm in height. The 
thermocouple is inserted into the backfill from the 
top opening of the narrow wall. The opening of the 
narrow wall is then covered with plastic cling wrap 
to minimize the evaporation from the paste during 
monitoring. The room temperature during the 
filling is about 22 oC.  At this time, the heating 
elements are turned off to minimize the risk from 
electric shock. After the filling is completed, the 
heating elements are turned on and the temperature 
control is set to the target temperature of 30 oC. 

 
RESULTS 
 

Figure 6a shows the full observation of vertical 
stress denotes as v (kPa) and temperature of the 
paste, T (oC) against the elapsed time. The elapsed 
time starts from the filling until 78 hours after. The 
vertical stress, v (kPa) is computed as: 
௩ߪ ൌ

ி


                                                               (2) 
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where, F is the downward force measured by the 
load cell (kN) and A is the base area of the narrow 
wall (0.0075 m2). The temperature from the 
thermocouple is directly registered by the data 
acquision in oC, therefore there is no additional 
computation is needed. 

Figure 6a is decomposed into Figure 6b-6e that 
enlarges and highlights specific events in Figure 
6a. Figure 6b-6e shows the total vertical stress 
versus elapsed time during the filling, 
consolidation, constant temperature after 
consolidation, and temperature ramp-up, 

respectively.  
The filling event is highlighted in Figure 6b. 

The increase in the total vertical stress is as 
expected until it is terminated at about 40 seconds. 
The total vertical stress increases from 0 (empty) 
until about 12 kPa (full). The 12 kPa is equivalent 
to about 70 cm in height of paste according to 
equation 1. The vertical stress is kept constant until 
0.1 hours. During the filling, the temperature is 
about 22 oC, which indicates the room temperature 
(not temperature of the paste) since the 
thermocouple has not been inserted into the paste. 
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Fig. 6 Backfill monitoring: (a) full observation, (b) filling, (c) consolidation, (d) constant temperature after 
consolidation, and (e) temperature ramp-up. 
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 About 2.4 minutes after the filling, the 
thermocouple is inserted into the paste, the 
heating elements and the temperature control is 
set to a target temperature of 30 oC. The 
temperature increases from 22 oC to about 30 oC 
in about 20 seconds and maintained. There is no 
effect in increasing temperature on the vertical 
stress during this filling period is apparent, except 
a small spike in the total vertical stress at the time 
the temperature controller starts to ramp up.  
 Figure 6c depicts the consolidation phase that 
starts from 6 minutes after the filling and 
completes at around 12 minutes. The temperature 
is maintained constant throughout this period. The 
total vertical stress at base reduces sharply and 
diminishes when approaching the completion of 
the consolidation. The consolidation in this 
process is attributed to the dissipation of pore 
water to the upper part of the paste and the paste 
is compressed. The consolidation increases the 
effective stress within the paste and the friction 
along the side walls are mobilized that leads to 
the development of arching.  The arching 
transfers some of the stress within the paste to the 
side wall and onto the platform. The remaining 
stress is carried by the base plate. The arching 
causes the total vertical stress to reduce from 12 
kPa to only 6 kPa (50% reduction) in 6 minutes. 
This consolidation phenomenon has also been 
found in the full scale monitoring [3-10]. 

Figure 6d shows that there is no change in the 
total vertical stress after the consolidation is 
completed. During this period the temperature is 
maintained constant. The total vertical stress is 
constant around 6 kPa. A small disturbance of 
about 1 kPa is shown as a spike in the total 
vertical stress, which is located between 26 to 28 
hours elapsed time (occurs at daytime). The total 
vertical stress goes back to 6 kPa after 28 hours. 

Figure 6e shows the effect of increasing the 
temperature (gradient) to the total vertical stress 
at base.  The temperature is ramped-up (increase) 
and soak (maintained constant) in three step 
levels. The first step, the temperature is ramped-
up from 30 to 42 oC and soaked for about 1.5 
hours. During ramp-up, the temperature increases 
linearly with time in 30 minutes. The calculated 
temperature rate of increase (T/t) is 0.4 
oC/hours. Due to this temperature increase, the 
total vertical stress increases by 4 kPa. It is 
thought that the increase of the total vertical stress 
is due to the expansion of the paste. The 
volumetric strain caused by the expansion is 
partly resisted by the side wall through friction; 
hence the arching is reduced and consequently, 
the additional stress to the base is generated. At 
the soaking period, the data shows interesting 
results where the vertical stress decreases and 
diminishes to its value before the ramped-up. The 

second step, the temperature is ramped-up from 
42 to 55 oC at the same rate as the first step. The 
total vertical stress increases by 4 kPa. At the 
soaking period, the same phenomenon happens 
where the total vertical stress decreases and 
diminishes to the original value. The last step, the 
temperature is ramped-up from 55 to 72 oC with 
the same rate as the first and the second step. It 
increases the total vertical stress by 5.5 kPa.  
During the soaking period, it is noticed from 
Figure 6e that the temperature slightly drops 
down to 68 oC after reaching 72 oC, the 
temperature controller tries to maintain the 
temperature by heating the narrow wall and the 
temperature ramps-up again until 70 oC at which 
the monitoring is terminated. Despite slight drop 
in the temperature during soaking period, the 
same phenomenon as the first and the second step 
reappear.  
 The relationship between the temperature and 
the vertical stress is shown in Figure 7. It shows a 
non-linear increase of vertical stress during the 
temperature increase. The patterns for the three 
steps are similar and the empirical formulation of 
the relationship can be established. In contrast 
with ramping-up process, soaking process shows 
vertical drop in the total vertical stress, which 
brings back the total vertical stress to its 
consolidated state. This implies that the change in 
the total vertical stress with respect to its 
consolidated state equals to zero (v=0) if there 
is no change in temperature (T=0).  
 

 
Fig.7 v versus T 
 
 Figure 8 shows the relationship between the 
change in vertical stress (v) and the change in 
temperature (T) for the three steps during the 
temperature ramp-up period. Attempts have been 
made to curve fit the experimental data points. 
The continuous line in Figure 8 represents the 
best curve fitting to represent the empirical 
relationship between the change in vertical stress 
(v) and the change in temperature (T). The 
following form of equation is proposed:  



GEOMATE - Mie, Japan, Nov. 21-24, 2017 

77 
 

 
 TB

v eA  1                                     (3) 

 
where, A and B are constants. For the curve 
fitting in Figure 8, the value of A and B are 5 and 
0.15, respectively.  

 
 
Fig.8 v versus T 
 
CONCLUSIONS 

 
 An experiment has been conducted to monitor 
the effect of the temperature change (gradient) on 
the total vertical stress within paste backfill via 
laboratory model. The following conclusions have 
been made: 1) the total vertical stress is not 
affected by the level of the temperature, 2) the 
increase in temperature causes the increase in the 
total vertical stress at the base of the stope, 3) the 
empirical relationship between the change in 
temperature and the change in the total vertical 
stress fits the exponential function, and 4) the 
total stress anomaly found in the full scale 
monitoring of paste backfill can be explained as 
the change in temperature within the backfill. 
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ABSTRACT 

 
There is fear that coastal levees will sink by liquefaction due to large earthquake such as Nankai Trough 

Earthquake in Japan. To overcome this damage, as one of major countermeasures, the application of double sheet-
piles with partition walls to coastal levees has been proposed. Authors have already carried out 2-D numerical 
analyses (code:LIQCA2D15) to investigate the effectiveness of the proposed countermeasure. However, the 
influence of the interval of partition walls has not been discussed in the framework of 2-D analysis. In this study, the 
applicability and limitation of the 2-D analysis was discussed based on 3-D analyses (code:LIQCA3D15).  

It was found that the wider the interval of partition walls becomes, the larger the bending deformation of sheet 
piles as well as the settlement of coastal levee itself become.  
 
Keywords: Coastal levee, sheet-pile, partition wall, liquefaction, three-dimensional numerical analysis 
 
 
INTRODUCTION 

 
The severe seismic damage to coastal levees in 

Japan’s Tohoku region was caused by the 2011 
Tohoku Region Pacific Coast Earthquake [1]. Large 
earthquake such as Nankai Trough Earthquake is also 
concerned to occur in the near future and there is fear 
that coastal levees will sink by liquefaction. As a 
countermeasure against a large earthquake and 
tsunami, the double sheet-piles installation method 
with partition walls (Fig.1 and 2) has been proposed 
and its effectiveness has been confirmed by model 
tests and numerical analyses [2-4]. The more levee 
damage is reduced, the quicker it is feasible to recover 
the function of the levee, and as a result, personal and 
physical damage can be minimized.  

Based on the model tests results, the installation 
of the double sheet-piles in the coastal levee reduced 
the settlement of the levee significantly during the 
liquefaction of the foundation ground. Furthermore, 
if the partition walls were installed with an 
appropriate interval as shown in Fig.2, the settlement 
of the top of coastal levee was negligible. 

The authors carried out 2-D numerical analysis 
for the model test with partition walls. The analytical 
results reproduced model test results quantitatively. 
In the previous numerical analysis, however, the 
coastal levee with partition walls were modelled by 
two dimensional mesh system. If the interval of the 
partition walls become larger, we have to take into 
account three dimensional deformation characteristic 
of coastal levee along the extension direction of the 
levee. In this study, therefore, we are carrying out 3-
D numerical analyses by using LIQCA3D15 [5] to  

investigate the applicability and limitation of the 2-D 
analysis. 

 

 
 

Fig.1 Schematic view of reinforced coastal levee. 
 
 

 
 
 

Fig.2 Double sheet-piles with partition walls. 
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(b)    2-D model mesh 

VERIFICATION OF 3-D ANALYSIS   
Outline of Numerical Code, LIQCA 

 
We are discussing about the difference between 

results by 2-D analysis and those by 3-D analysis in 
this chapter. The model tests carried out by Fujiwara 
et. al [4] are targeted for the comparative numerical 
analyses. The experimental results have been  
reproduced with high accuracy by 2-D analysis [5]. 

In this study, we are using two-dimensional 
effective stress analysis program, LIQCA2D15[6] 
and three-dimensional program, LIQCA3D15[6].  
The governing equations for coupling problems 
between the soil skeleton and pore water pressure 
were formulated based on two-phase mixture theory 
[7] and u-p (displacement of solid-phase and pore 
water pressure) formulation was adopted in both 2-
and 3-D analysis. The finite element method (FEM) 
was employed for spatial discretization of the 
equation of motion, while the finite difference 
method (FDM) [8] was employed for spatial 
discretization of pore water pressure in the continuity 
equation. In this simulation, a cyclic elastic-plastic 
model [9] was applied to the coastal levee and 
liquefiable layer. 
 
Condition for Numerical Model 
 
The shaking table model tests were carried out under 
the gravity field. The model ground consisted of a 
levee, liquefiable and unliquefiable layers. The height 
of the model levee is 300 mm. That condition is 
approximately 1/25 geometrical scale to the actual 
structure. Three cases of model tests such as Case-
A(without contermeasure), Case-B(with double 
sheet-piles), Case-C(with double sheet-piles and 
partition walls) are examined. The model tests have 
been successfully reproduced by using a two- 
dimensional effective stress analysis program [10, 
11] . 

In order to compare the performance of 3-D 
analysis and that of 2-D analysis, 2-D and 3-
Dnumerical mesh systems are prepared as shown in 
Fig.3. In 3-D analysis, the width is 2800mm, the 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 height of the levee is 300mm, the thickness of 
liquefiable layer is 320mm, the thickness of 
unliquefiable layer is 200mm and the length of the  

 
extension direction of the levee is 170mm which is 
the half of the model test container due to the 
symmetric nature along the extension direction of 
levee. The displacements of the bottom boundary are 
fixed in all directions. The horizontal displacement of 
side boundaries is also fixed.  

The joint element is not supported in the numerical 
code, LIQCA3D15.Therefore, the sheet-piles and the 
interface between sheet-piles and ground are modeled 
by solid elements. The slipping and separation of the 
interface between sheet-piles and ground cannot be 
taken into account. The levee and liquefiable layer are  
modeled by a cyclic elasto-plastic model, and the 
unliquefiable layer is modeled by Ramberg-Osgood 
model (R-O model). As no dilatancy is considered in 
R-O model, this model is applicable for dense sand or 
clay layer which generate little build-up of excess 
pore water pressure during cyclic shear. 

The material parameters for a cyclic elastic-
plastic model is summarized in Table 1(a). The 
material parameters of solid element for sheet-pile are 
shown in Table 1(b). The tie-rod and partition wall 
are not modeled by the element itself but modeled by 
the displacement constraint condition of nodes. The 
interval of tie-rod in the extension direction of the 
levee is 113 mm and the location is 113 mm below 
the top of levee. The nodes on both side ends of tie-
rod are put on the nodes of the sheet-piles in the same 
position and they are given equal displacement 
boundary conditions in the vertical and horizontal 
directions. As far as the movement of the partition 
wall concerned, the equal-displacement  condition in 
all directions are set for all nodes located on partition 
wall. Therefore, shear and bending deformations are 
not allowed for partition wall.  

The levee, liquefiable and unliquefiable layer are 
modeled by same constitutive models in both 2-D and 
3-D analysis. The sheet-piles are represented by 
linear beam elements (see table 1(c)) in 2-D analysis. 
A joint element in which the slipping and separation 
are taken into account is used between the ground and 
sheet-pile. The joint element values are set referring 
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 (a)  Material Parameters for liquefiable layer 

intial void ratio 0.813 ࢋ 

compression index 0.015 ࣅ 

swelling index 0.002 ࣄ 

initial shear modulus ratio ࡳ ⁄࣌  1000 

phase transformation stress 
ratio 

∗ࡹ
 0.909 

failure stress ratio ࡹ∗
 1.122 ࢌ

reference strain parameter 0.01 ࡼࢽ 

reference strain parameter 0.02 ࡱࢽ 

hardening parameter  7000 

hardening parameter  50 

hardening parameter 0 ࢌ 

dilatancy parameter ࡰ 3 

dilatancy parameter 3  

anisotropy parameter 2000 ࢊ 

 
(b)  Material Parameters for sheet-pile (3D) 

Lame’ constant (kN/m2) 109×1.8 ࣅ 
Lame’ constant (kN/m2) 109×1.1 ࣆ 
density (t/m3) 7.8 ࣋ 

 
(c)  Material Parameters for sheet-pile (2D) 

Young’s modulus (kN/m2) 108×2.0 ࡱ 
area of cross section (m2) 3-10×3.2  
area moment of inertia (m4) 10-9×2.7 ࡵ 
density (t/m3) 7.8 ࣋ 

 

(d)  Material Parameters for joint element (2D) 
spring stiffness in shear 
direction (kN/m2) 

 104×1.0 ࢙

spring stiffness in shear 
perpendicular direction (kN/m2) 

 108×1.0 

cohesion (kN/m2) 0 ࢉ 
friction angle (degree) 15 ࣐ 

 

(e)  Material Parameters for partition wall (2D)  
Young’ modulus (kN/m2) 108×2.0 ࡱ 
shear elastic modulus 
(kN/m2) 

 107×7.8 ࡳ

thickness (m) 10-3×6.6 ࢚ 
density (t/m3) 7.8 ࣋ 

 

 
 

Fig.4 Input acceleration 

to example analysis from LIQCA manual (Table 
1(d)). The partition wall is modeled by elastic planar 
elements and arranged so as to be superimposed on 
the ground elements inside double sheet-piles. The 
nodes on both side ends of the partition wall are put 
on the nodes of the sheet-piles in the same position 
and they are given equal displacement boundary 
conditions in the vertical and horizontal directions. In 
the region inside double sheet-piles, thickness of the 
partition wall and ground element are converted into 
that per meter in the extension direction of levee and 
inputted in 2-D analysis. The material parameters for 
the partition wall are summarized in Table 1(e). 

The other boundary conditions are as follows: 
A) The bottom of the ground are fixed in the 
horizontal and vertical direction.  
B) The side boundary of model are fixed in the 
horizontal direction.  
C) The water level are adjusted to the surface of the 
liquefiable layer. 
D) The drainage boundary is set on the surface of the 
liquefiable layer. 

As a large earthquake with high acceleration 
amplitudes and a long duration, we refer the wave 
recorded at Kamaishi during the 2011 Tohoku Region 
Pacific Coast Earthquake (Fig.4). This wave indicates 
that the maximum acceleration is more than 7m/s2, 
the duration is approximately 240 seconds. We adjust 
as the input earthquake motion for shaking model 
tests considering the similarity rule [12], and then 
extend time duration three times in order to 
emphasize the effect of countermeasures. 

As for the condition of both 2-D and 3-D analysis , 
the incremental time interral is 0.002 seconds, the 
coefficient  β  of the Newmark method is set at 
0.3025, and γ	is set at 0.6. For Rayleigh damping, a 
proportional type to the initial stiffness is used. The 
coefficient is set at 0.003 which corresponds to the 
3.0% damping factor to the first natural period of 0.3 
seconds of the level ground portion. 

 
NUMERICAL RESULTS 

 
For Case-A and C, the levee deformation together 

with excess pore water pressure ratio distribution 
(t=80sec.) in both 2-D and 3-D analyses are shown in 
Fig.5. In 3-D analysis, the numerical results at the 
intermediate location of neighboring walls are plotted 
in Figs.5(a) and (c). It is found that the horizontal 
ground, P2, reached the liquefaction state. The 
ground beneath the levee, P1, on the other hand, dose 
not reach the liquefaction state. Both 2-D and 3-D 
analyses successfully reproduce the generation of 
excess pore water pressure observed in the model 
tests [9, 10]. 

For Case-A and C, the time histories of the excess 
pore water pressure at points P1 (beneath the levee) 
and P2 (horizontal ground) in both 2-D and 3-D 
analyses are shown in Fig. 6. It is found that time 
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histories of excess pore water pressure at P1 and P2 
are almost identical in both 2-D and 3-D analysis. It 
is also found that while the foundation ground 
deforms due to liquefaction, the settlement of double 
sheet-piles themselves and the ground inside sheet-
piles as well as partition walls are significantly 
reduced both in 2-D and 3-D analyses. 

For Case-A ~ C, the time histories of the settlement 
at the top of the levee in 2-D and 3-D analyses are 
shown in Fig. 7. The settlement numerically 
calculated in 3-D analyses is a little bit smaller than 
that in 2-D analyses. The slipping between sheet-piles 
and ground is not taken into consideration in 3-D 
analysis. This is the main reason why the smaller 
settlement is predicted in 3-D analysis than in 2-D 
analysis.  

 

 
(a) Case-A (3D) 

 

 
(b)  Case-A (2D) 

 

 
(c)  Case-C (3D) 

 

 
(d)  Case-C (2D) 

 
Fig.5 Excess pore water pressure distribution 

in deformed mesh 
 
 

 
 

(a) without countermeasure (Case-A) 
 

 
 

(b)  with countermeasure (Case-C) 
Fig.6 Time histories of excess pore water pressure  

 
For Case-B and C, the sheet-pile deformation at 

t=80sec. in both 2-D and 3-D analyses are shown in 
Fig.8. In 3-D analysis, the numerical results at the 
intermediate location of   neighboring partition walls 
(at y=170mm) are plotted. In Case-B, 2D and 3D 
results almost correspond. In Case-C, it is found that 
there is little deformation in 2-D analysis. There is, on 
the other hand, a certain horizontal deformation 
calculated at the intermediate location of the of 
neighboring partition walls. This deformation pattern 
can be only predicted in 3-D analysis.   

From the above results, 3-D analysis successfully 
is found to reproduce 2-D analysis. On the other hand,  
in Case-C, the longer the distance from the partition 
wall, the larger the horizontal deformation of sheet-
piles is expected.    
 

 
Fig.7 Time histories of settlement at top of levee 

 

(a) 2-D (Case-B) (b) 3-D (Case-B)
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(c) 2-D (Case-C) (d) 3-D (Case-C)

 
Fig.8 Horizontal displacement of sheet-piles

 
Discussion on Influence of Interval of Partition 
Wall 
 

In Case-C, it is expected that the larger the interval 
of partition walls is, the more vertical settlement at 
top of levee surrounded by sheet-piles and partition 
walls in the extension direction of levee will be. We 
are changing the interval of partition walls under the 
condition in which all other numerical conditions are 
same as those employed in the previous chapter. The 
intervals employed for parametric studies are 170, 
226, 280, 510, 680, 1,360, 3,400 and 6,800mm, 
respectively. 

The relationship between the settlement of top of 
levee at t=80sec. and the interval of partition wall is 
shown in Fig.9. It is found that the larger the interval 
of partition wall becomes, the more settlement of top 
of levee will be. The sheet-piles themselves do not 
settle because the bottom end of sheet-pile is installed 
into the unliquefiable layer. The predicted settlement 
in the present 3-D analysis is thought to be smaller 
than that predicted in the analysis in which the 
slipping and separation of the interface between 
sheet-piles and ground is taken into account. 

 
 

 
 

Fig.9 Settlement of levee vs. interval of partition wall  
 

 
(a)interval of 170mm 

 
(b) interval of 6800mm

 
Fig.10 Horizontal deformation of sheet-piles

 

 
 
Fig.11 Time histories of excess pore water pressure at the 

intermediate location of the interval of partition wall 
 

 
 

Fig.12 Time histories of maximum opening of sheet-piles 
 

The horizontal deformations of sheet-piles at 
different distance from the partition wall are shown in 
Fig.10 for cases of the interval of partition wall with 
170mm and 6,800mm, respectively. The value of “y” 
in the figure represents the distance from the partition 
wall. It is understood that the horizontal deformation 
becomes larger if the interval of partition wall 
becomes larger by comparing the results shown in 
Fig.8(b). It is found that a large vertical displacement 
of levee is caused by a large horizontal deformation 
of sheet-pile. A small horizontal deformation of 
sheet-pile just beneath the top of levee at y=3,400mm 
is due to the existence of tie-rod.  

The time histories of excess pore water pressures at 
points P1 (beneath the levee) and P2 (horizontal 
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ground) are shown in Fig.11 for cases of the interval 
of partition wall with 170mm, 340mm and 6,800mm, 
respectively. There is no difference of pore water 
pressure generation for all cases at point P2. On the 
other hand, at P2, while the excess pore water 
pressure generations for all cases almost coincide 
each other before t=15sec. The dissipation of the 
excess pore water pressure for narrower interval case 
is faster than that for winter internal case after 
t=15sec. The time histories of maximum opening of 
sheet-pile at the intermediate location of neighboring 
partition walls are plotted in Fig.12. There is no 
difference of the increase in the opening of sheet-pile 
for all cases before t=15sec. On the other hand, the 
opening of sheet-pile for wider interval case increases 
larger than that for narrower case after t=15sec. The 
large opening of sheet-pile induces the expansion of 
the soil surrounded by sheet-piles. The fast 
dissipation of excess pore water pressure is partly due 
to the expansion of soil surrounded by sheet-piles. 
This typical three dimensional deformation 
characteristic can only be explained by 3-D analysis. 
 
CONCLUSIONS 
 

Authors investigated the effect of double sheet-
piles with partition wall as coastal levee 
reinforcement method. The following conclusions 
were obtained by carrying out both 2-D and 3-D 
numerical analyses (code: LIQCA2D15 and 
LIQCA3D15).      
1) It was found that the double sheet-piles with 

partition wall significantly reduced levee 
settlement compared to the case without 
countermeasure. 

2) It was confirmed that 3-D analysis successfully 
reproduced 2-D analysis for case with narrow 
interval of partition walls. It is concluded that 2-
D analysis is sufficient to predict the 
deformation of coastal levee installed by double 
sheet-piles and partition walls with a certain 
interval. 

3) It was found that the larger the interval of 
partition walls was, the larger the difference 
between 2-D numerical results and 3-D 
numerical ones became.  
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ABSTRACT 

In August 2016, the typhoon Lionrock made landfall on Japan's northeastern coast and caused floods and 

landslides. Lionrock brought heavy precipitation to Japan which Sh imotokusari station (33201) recorded 24-hour 

rainfall amount over 200 mm and the peak rainfall intensity was approximately  65 mm/hr. Total cost damage 

with in the Iwate prefecture is over 700 million dollar, moreover 20 lives were lost and 4 peoples missing. 

Therefore, the objective of this paper is to present the results of post -disaster investigation, including, the back-

analysis of landslides and precipitation due to the typhoon Lionrock. The rainfall and landslides relationship is 

significantly important for rainfall intensity-duration threshold. In this typhoon, the empirical rainfall intensity -

duration threshold has been derived as  I = 20.24D
-0.33

. The slope failure could  be broadly categorized into the

debris flow, surficial erosion, and soil slide, moreover, occurred on slopes ranging from 19 to 58 degrees. 

Keywords: Typhoon, Tropical Cyclone, Landslides, Rainfall, Intensity–duration threshold, Critical rainfall  

INTRODUCTION 

Landslides are one of the serious natural hazards 

and may lead to the occurrence of the large volumes 

of rock, wood or the other debris . The mechanis m of 

intense rainfall due to the typhoon (tropical cyclone) 

induced landslides is well understood. Landslides 

can be caused by increased pore water pressure or 

groundwater table during intense storms [1]. 

Moreover, there are many contributing factor such 

as, geological, geomorphological, or land use [2].  

Numerous studies proposed the model that 

depicts the criteria and relationship between rainfall 

and landslides occurrence for early warning 

development or understanding behavior of rainfall-

induced landslide such as empirical rainfall 

threshold, analytical rainfall infiltration-infinite 

slope model, and numerical models. The empirical 

rainfall threshold uses correlat ion of crit ical daily 

rainfall and three day antecedent rainfall for early 

warning system, in addition, finding the correlation 

of rainfall intensity and duration of rainfall (I-D 

critical threshold) [3-6]. The analytical rainfall 

infiltrat ion-infinite slope model is applied the 

infiltrat ion model for finding rainwater infiltration 

volume and also applied the infinite slope model fo r 

a factor of safety calculation. The numerical model 

is a widely used analysis the rainfall seepage 

through the hillslope.   

In 2016, Iwate prefecture is located in the 

Tohoku region of Japan, experienced ext reme events 

of the Typhoon. Typhoon Lionrock made landfall 

near Ofunato city where is a city located in Iwate 

prefecture on 30 August 2016. This is a cause of 

flood, landslides, debris flow and the other in Iwate 

prefecture and vicin ity. As a consequence, there are 

many serious infrastructure damages and loss of 

lives and property. This study aims to present a post-

disaster damage investigation and back analysis of 

landslides and rainfall characteristic due to the 

typhoon Lionrock in Iwate prefecture, Japan. 

TYPHOON LIONROCK 

Typhoon Lionrock was first observed on 15 

August 2016 where it was located about 580 km to 

the west of Wake Island in the western Pacific 

Ocean. It  developed into a tropical depression and 

was classified  by the Japan meteorolog ical agency 

(JMA) on 16 August 2017 that the wind speed is 

about 45 km/h. During August 20-21, the wind 

speed is increased to 65 km/h and became a tropical 

storm. The lionrock developed into a severe tropical 

storm on August 23 and tropical storm on August 24. 

The highest wind speed is 166 km/h  on August 28. 

Table 1 shows the information of the typhoon 

lionrock. Figure 1 shows the direction of the 

typhoon lionrock. JMA reported the typhoon 

lionrock made landfall near the city of Ofunato 

which this unusual typhoon to directly  land in the 

Tohoku because of typhoons usually approach Japan 

from the south and southwest before moving 

northward across the archipelago. 
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Table 1 The information of the typhoon lionrock 

Date 

(UTC) 

Lat Long Winds 

(km/h) 

Category 

08/21 

(12:00) 

29.2 133.3 65 Tropical 

Storm 

08/22 

(12:00) 

28.5 134.1 74 Tropical 

Storm 

08/23 

(12:00) 

26.6 134 111 Severe 

Tropical 

Storm 

08/24 

(12:00) 

24.4 131.8 148 Typhoon 

08/25 

(12:00) 

23.5 130.8 157 Typhoon 

08/26 

(12:00) 

23.2 132.1 148 Typhoon 

08/27 

(12:00) 

24.5 134.6 157 Typhoon 

08/28 

(12:00) 

28.5 138.8 166 Typhoon 

08/29 

(12:00) 

32.3 143.4 138 Typhoon 

08/30 

(12:00) 

41.3 140 111 Severe 

Tropical 

storm 

Fig. 1 Direction of the typhoon lionrock [7] 

CHARACTERISTICS OF RAINFALL AND 

LANDSLIDES DURING THE TYPHOON 

LIONROCK 

Rainfall pattern and intensity 

There were 50 rain gauges in Iwate prefecture 

which were used to measure the amount of rainwater 

in this the landslides and debris flow event. Rainfall 

informat ion for event that triggered the landslides 

was collected from Automated Meteorological Data 

Acquisition system (AMeDAS) by the Japanese 

Meteorological Agency and the rain gauges are 

operated by Iwate prefecture. The heavy rainfall 

started on August 30 and the 24 – hour rainfall was 

reached 220 mm that was observed at the 

Shimotokusari station in Kuji city, Iwate. Figure 2 

illustrates the intensity and distribution of rainfall on 

August 30 in  Iwate prefecture. The Lionrock 

typhoon produced the heavy rain covered Iwaizumi 

town, Tanohata city, Miyako city which  the amounts 

of 24-hour rain fall in these areas were between 155 

to 220 mm. This was a cause of the overflow of the 

riverbanks of Omoto River and landslides and debris 

flows.  

Fig. 2 Distribution of rainfall on August 30 in 

Iwate prefecture.  

Figure 3 shows the hourly rain fall of the five rain 

gauges in Iwaizumi town on August 30. Considering 

landslide triggering factors, the intensity and 

duration of rainfall are the main factors to consider.  

Fig. 3 Hourly rainfall from five rain gauges in 

Iwaizumi town on August 30.  

Therefore, intensity-duration thresholds (I-D critical 

thresholds), as the empirical threshold, using the 

rainfall intensity and duration data obtained from 

this landslide event. Intensity-duration thresholds are 

the most common type of landslide thresholds and 

have a general form as the following: 
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I c aD     (1) 

where I  is the rainfall intensity, D  is rainfall 

duration, and , ,c a   are the parameters obtained 

from curve. Numerous researchers developed 

several I-D critical thresholds serves the landslide 

warning as shown in Tab le 2. Figure 4 shows the 

comparison of I-D critical thresholds obtained from 

this event and the literature reviews.  Fig 4 shows the 

intensity and duration for the gauge nearest the 

landslide areas.  

Table 2 Intensity-duration threshold for landslides 

No Area Equation Range, h Landslides type Reference 

1 World 0.3914.82I D 0.167 < D < 500 Shallow landslides, 

Debris flow 

6 

2 World 0.5730.53I D 0.5 < D < 12 Debris flow 6 

3 World 0.7710I D 0.1 < D < 1000 Soil slip 6 

4 World 1.000.48 7.2I D  0.1 < D < 1000 Shallow landslides 6 

5 Japan 0.6239.71I D 0.5 < D < 12 Debris flow 6 

6 Japan 0.262.18I D 3 < D < 537 Shallow landslides 4 

Fig. 4 I-D crit ical threshold determined by this 

study and comparison with other I-D critical 

thresholds 

According to the rainfall intensity and duration, 

the I-D critical threshold for this event can be 

presented in Eq. (1). Th is threshold is defined for the 

rainstorm durations range 5 to 24 hours. The type of 

failure of the landslide occurrence is to combine 

shallow landslides with the debris flows. 

0.3320.24I D (2) 

As shown in table 1, the previous research 

studies proposed several I-D critical thresholds for 

world scale and country scale. Comparison the 

previous thresholds with the data obtained from this 

landslide event, it was found that almost of all 

previous thresholds can serve this event, but only the 

threshold No. 5 is slightly higher than the one point 

of intensity and duration this event. Threshold No. 5 

was developed to serve the debris flow failure type, 

but this event was to combine shallow landslides 

with debris flow that were observed and surveyed in 

the field by a team. Considering the threshold No. 6 

for Japan, the I-D critical threshold is rather 

conservative criterion.     

In addition to the above mentioned, the relation 

between the 24-hour rainfall and cumulative soil 

moisture are also significantly useful for the 

establishment of the critical rainfall envelope. The 

24-hour rainfall criterion can reflect a function of 

regolith thickness and porosity of soil mass and the 

antecedent precipitation index, as cumulative soil 

moisture, can refer a function of interception and 

evapotranspiration [8]. Figure 5 indicates the plots 

between the 24-hour rainfall and antecedent 

precipitation index.  

Fig. 5 Critical rainfall envelope obtained from this 

landslides event 

    Figure 5 presents the critical zone that is rainfall 

triggered landslides. The red dots are the 24-hour 

rainfall and the API that collected from the rain 

gauges surround the landslide areas. The blue dots 

are the 24-hour rainfall and the API in the non-

landslides occurrence time. The minimum critical 

24-hour rainfall is approximately  130 mm and the 

minimum API is 220 mm.     
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Landslides characteristics 

The catastrophic landslide in Iwaizumi town and 

Tanohata village are located in Sh imohei District, 

Iwate prefecture, Japan, were serious and large 

landslide induced Typhoon Lionrock. Geological 

conditions in these areas were formed an 

accretionary complex (Mesozoic and Palaeozoic) 

and some plutonic rocks [10]. Figure 6 shows the 

bedrock layer of the landslide scar.  

Fig. 6 Bedrock layer of the landslide scar 

The landslide scars data were obtained from 

Geospatial Information Authority of Japan and 

Google Earth website. Figure 7 shows the landslide 

distribution and slope angle. The failures occurred 

on slopes ranging from 19 to 58 degrees. 

Fig. 7 Landslide distribution and slope angle. 

Field investigation revealed that the majority of 

the slope failures were of complex fo rms that could 

be broadly categorized into the debris flow, surficial 

erosion, and soil slide. Figure 8 shows the debris 

flow occurrence. Figure 9 shows the aerial photos 

showing landslide scars in Iwate. Failure scars 

usually stretched from the stream banks to uphill at 

various distances and the depth of failure scars is 

about 0.5-1.5 meters. Consequences of failure 

brought the large amounts of debris such as rock, 

wood, or sediment, into the river or villages and got 

stuck on the bridge or a house. Fig 10 shows the 

woody debris trapped the rail bridge.     

Fig. 8 Debris flow occurrence in Iwate 

Fig. 9 Aerial photos showing landslide scars in 

Iwate. [11] 

Fig. 10 Woody debris trapped the rail bridge 
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REGIONAL RAINFALL THRESHOLD 

As already discuss the characteristic of 

precipitation that is  the intensity – duration rainfall, 

and the antecedent rainfall condition as an empirical 

relationship including the characteristic of the 

landslide. Hence, the purpose this section is to 

discuss the critical rain fall threshold at the regional 

scale which considers the physical properties such as 

soil permeability, soil strength, and failure 

mechanis m, using the rainfall in filtration and infinite 

slope model. Conceptual of th is crit ical rainfall 

threshold is to find the amount of rain that makes the 

factor of safety less than 1. The critical rainfall 

threshold is based on two main assumptions. The 

first assumption is the failure type of landslides is 

the infinite slope and the saturation of hillslope 

would destabilize a hillslope. The second 

assumption is the soil moisture init ial condition prio r 

to rainstorm is equal to the volumetric water content 

at field capacity (suction at 33 kPa).  

The wetting front of sloping surface is defined 

as:  

 cos
w

s f

I
z

  



(3) 

So, 

 cosw s fI z     (4) 

So, the critical rainfall threshold is defined as: 

 coscr cr s fI z     (5) 

where wz  is the wetting front, I is the amount of 

rain infiltration, s is the volumetric water content 

at saturation, f is the volumetric water content at 

field capacity (33 kPa), crI  is the critical rainfall 

threshold, crz  is the critical depth, and   is the 

slope angle. The volumetric water content at field 

capacity and saturation can be estimated using a soil 

texture. [12] The soil texture is estimated by the soil 

classification and grain size d istribution curve. The 

critical depth uses the infin ite slope stability model. 

The factor of safety for an infinite slope model is 

based on the Mohr-Coulomb failure criterion is 

defined as:  

tan

sin cos tant

c
Fs

z



   

 
  (6) 

where Fs  is the safety factor, c  is the effective 

cohesion of soil,    is the effective friction angle, 

t  is the total soil unit weight, and z is the depth.     

Hence, from (5) and (6), the crit ical rainfall 

threshold can create a new form as follows: 

 
 cos

tan
sin cos 1

tan

cr s f

t

c
I   


  



 
 

     
   

   
  

(7) 

Reference [13] proposed the range of critical depth 

that is 2-5 metres for a large debris flow and soil slip 

and 0.7-1.2 metres for small soil slip and local 

failure. Generally, the crit ical depth is controlled by 

the natural soil strata and the other geological 

condition in each area. Following laboratory results, 

the type of soil was classified as a loamsand (LSa), 

so, the volumetric water content at field  capacity is 

14% and the volumetric water content at saturation 

is 45%. Figure 11 shows the regional crit ical rainfall 

threshold for Iwaizumi town and Tanohata village. 

Figure 12 shows the rainfall d istribution in Iwaizumi 

town and Tanohata village.  

Fig. 11 Regional critical rainfall threshold for 

Iwaizumi town and Tanohata village. 

Fig. 12 Rainfall distribution in Iwaizumi town and 

Tanohata village. 
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According to the critical rainfall threshold map, 

the landslides occurred in the red and yellow zone 

that the critical rainfall is ranging 124 –  192 mm, 

hence, compared with the rainfall distribution in 

those zone, it was found that the amount of rainfall 

is high than the critical rainfall and the excess 

rainfall is about 5 to 25 mm.   

CONCLUSION 

Typhoon-triggered landslide is a serious natural 

disaster. Understanding the characteristics of rainfall 

and landslides are a very important method for 

developing the critical criterion of the landslide early 

warning. This study could be concluded that: 

The past I-D threshold can be applied in  this 

case, except the threshold No. 5 that the rainfall is 

considerably higher than the threshold. Moreover, 

we create the crit ical rain fall envelope using the 24-

hour rainfall and antecedent precipitation index. 

The majority of the failures were could be 

broadly categorized  into the debris flow, surficial 

erosion, and soil slide, in addition, occurred on 

slopes ranging from 19 to 58 degrees. One of the 

consequences of landslide is debris such as rocks, o r 

woody that is cause of property damage.   

The region critical rain fall applies the 

infiltrat ion process and the infinite slope analysis 

model that can apply in this case.     
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ABSTRACT 

 
The aim of this study is to investigate shear strength parameters of compacted Khon Kaen loess from  UU, CU 

and CD method. These shear strength parameters were determined by direct shear test. The initial dry density of 
UU and CU samples was 1.95 t/m3, which was 90% of maximum dry density by modified method. But the initial 
dry density of CD samples was 2.0 t/m3, which was the maximum dry density by modified method. The shear rate 
of UU and CU method was 1 mm/min. The shear rates of CD method was determined from consolidation. However, 
two samples were tested for CD method.   The difference between these two samples was the shear rate, which 
was 0.018 and 0.086 mm/min. The test result showed that total cohesion (c) from UU and CU was 0 and 20 kPa, 
respectively. Meanwhile, the total friction angle (φ) from UU and CU was 36 and 23.5 degree, respectively. The 
residual friction angle (φr) from UU and CU method was 34 and 25 degree, respectively. Moreover, the shear 
strength parameters from CD method, which was tested by different strain rate, showed that were a slightly 
different. The stress-strain behavior from UU and CU method showed the strain hardening. However, the stress-
strain behavior of sample from CD method, which was sheared with a slow rate, showed the strain hardening. The 
stress-strain behavior of sample from CD method, which was sheared with a quick rate, showed the strain softening. 
 
Keywords: Direct Shear, Unconsolidated Undrianed, Consolidated Undrianed, Consolidated Drianed, Khon 
Kaen Loess 
 
 
INTRODUCTION 

 
In the present, there are many constructions in 

Khon Kaen province. Moreover, Khon Kaen soil was 
used as construction material for landfill. Therefore 
the engineering should know the shear strength 
parameters for design the foundation. The shear 
strength parameters can be evaluated by 
unconsolidated undrained method (UU), consolidated 
undrained method (CU) and consolidated drained 
method (CD). These methods can test by triaxial and 
direct shear test. This study used a direct shear test to 
determine shear strength parameters of three methods 
as mention previously.  

In this study, Khon Kaen loess had been 
investigated at compacted and saturated condition. 
Soil samples for UU and CU method were compacted 
at 95% of maximum dry density by modified method. 
Moreover, the strain rate of shear for UU and CU 
method was 1 mm/min. However, the soil sample for 
CD method was prepared at a different initial dry 
density from UU and CU. The initial dry density of 
CD samples was at the maximum dry density by 
modified method. Moreover, the strain rate of shear 
CD samples was determined from consolidation test. 
For this study, the effect of shear rate on the shear 
strength parameters of CD method was considered. 
Two strain rate of shears was observed in this study, 
which was 0.086 and  0.018 mm/min. 

BASIC PROPERTIES  
 
Khon Kaen loess, which was used in this study, 

was classified as silty sand (SM) according to [1]. The 
results of sieve and hydrometer analysis showed that 
Khon Kaen loess consists of  55% sand, 30% silt, and 
15% clay [1]. The majority of  Khon Kaen sand size 
was a fine grain as illustrated in Fig. 1. The natural 
density of Khon Kaen loess was 1.65 t/m3, which is 
the loosed sand. Atterberg’s limit results also 
presented a liquid limit was 16.5% and a non-plastic 
limit. The specific gravity was 2.65.  The basic 
properties of Khon Kaen loess were present in Table1.  

 

 
 
Fig. 1 Grain Size Distribution 
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In addition, the modified compaction was decided 
to use in this project because Khon Kaen loess was 
used in pavement construction rather than an another 
construction. The maximum dry density was 2 t/m3 
and the optimum moisture content was 9%. 

 
Table 1 Basic Properties of Khon Kaen loess 

 

Properties  

Liquid limit (LL), % 16.5 
Plastic limit (PL), % NP 
Plasticity index (PI), % - 
Specific gravity 2.65 
Optimum moisture content (OMC), % 9 
Maximum dry density (ρd), t/m3 2.0 
Sand (% ) 55 
Silt (%) 30 
Clay (%) 15 
USCS  classification SM 

 
DIRECT SHEAR 

 
Soil samples were compacted at optimum 

moisture content by modified method. Soil samples 
were trimmed by cutting ring and taken into direct 
shear apparatus as shown in Fig 2 and 3, respectively. 
 

 
 
Fig.2 Preparation specimen 
 

   
 
Fig. 3 Direct shear setup 

Unconsolidated Undrained Method 
 

After specimen was setup, the specimen was soaked 
for 24 hr. prior to shear. Then the specimen was shear 
with rate 1.0 mm/min. Three different vertical stress 
144, 286.5 and 572 kPa was used for this method. The 
test result showed that the total cohesion was 0 kPa 
and the total friction angle (φ) was 36 degrees. The 
residual friction angle (φr) was slightly dropped to 34 
degree as shown in Fig 4. 

 

Fig. 4 Unconsolidated Undrained Shear Strength 

 The relationship between horizontal and shear 
stress showed a strain hardening except for specimen 
no.2, which showed a strain softening as shown in Fig. 
5. Besides the relationship between the vertical 
displacement and horizontal displacement presented 
a dilatation as shown in Fig. 6. 

 

Fig. 5 The relationship between horizontal 
displacement and shear stress of UU sample  

Consolidated Undrained Method 
 

After specimen was setup, the specimen was 
soaked for 24 hr. and then the specimen had to be 
consolidated for 24 hr. prior to shear. The specimen 
was shear with rate 1.0 mm/min. Three different 
vertical stress 144, 286.5 and 572 kPa was used for 
this method. The relationship between the shear stress 
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and normal stress as shown in Fig. 7 presented that 
the total friction angle of the maximum and residual 
shear stress equal to 23.5 degrees. However, the 
residual cohesion was dramatically dropped more 
than 50% from 20 to 8 kPa. 
 

 

 

Fig. 7 Consolidated Undrained Shear Strength 

 The relationship between horizontal and shear 
stress showed the strain hardening as shown in Fig. 8. 
Besides the relationship between the vertical 
displacement and horizontal displacement presented 
a dilatation as same as UU sample as shown in Fig. 9. 

Consolidated Drained Method 
 

After specimen was setup, the specimen was 
soaked for 24 hr. and then the specimen had to be 
consolidated for 24 hr. prior to shear as same as CU 
method. However the shear rate of this method have 
to determine from consolidation test. Two series was 
studied in this method. The first series, three vertical 
stresses 100, 300 and 400 kPa was applied to 
specimen. Besides the second series, three vertical 
stresses 100 200 and 400 kPa was applied to specimen. 

Consolidation Test  
 For the first series, the consolidation results found 
that that pre-consolidation pressure (Pc) was 56 kPa 

and OCR was 1.74, which was less than 2. Therefore 
the failure time has to determine t50 or t90 as shown in 
Eq. 1 and 2, respectively. The shear rate was 
calculated from the maximum value of the failure 
time as shown in Eq. [3]. This series t50 and t90, which 
was determined from the pressure 200 kPa, was 14 
and 9 min, respectively. The failure time, which was 
calculated from t50 was higher than t90.  The shear rate 
of this series equaled to 0.08571 mm/min. 

50f t50t =  [1] 

9050 t6.11t =   [2] 

f

f
d t

dR =   [3] 

Where df equal to 0.2 inches according [2] because 
Khon Kaen loess was coarse grain soil. Moreover, tf 
is a failure time, which equaled to 60 min. 

 

 
Fig. 8 The relationship between horizontal 
displacement and shear stress of CU sample  

 

Fig. 9 The relationship between horizontal and 
vertical  displacement of CU sample 

 For the second series, the consolidation results 
found that that pre-consolidation pressure (Pc) was 40 
kPa and OCR was 1.24, which was also less than 2. 
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Then the failure time has to determine t50 or t90.This 
series t50 and t90, which was determined from the 
pressure 100, 200 and 400 kPa as shown in Table 2. 
The failure time which was calculated from t50 of 100 
kPa vertical stress was highest.  Therefore the shear 
rate of this series equaled to 0.018 mm/min. 

Table 2 Failure time of CD series 2 

Vertical 
Stress 
(kPa) 

t50(min) tf 
(min) 

t90(min) tf 
(min) 

100 5.5 275 7.84 90.944 

200 2.5 125 3.24 37.584 

400 3.6 180 7.29 84.564 

Test Result 
 The effective friction angle and cohesion of the 
first series was 30.5 degree and 18 kPa, respectively, 
as shown in Fig. 10. Moreover, the residual friction 
angle and cohesion of the first series was 31 degrees 
and 0 kPa, respectively. 
 

 
Fig. 10 Consolidated Drained Shear Strength of the 
First Series 

 The effective friction angle and cohesion of the 
first series was 33.5 degrees and 11 kPa, respectively, 
as shown in Fig. 10. Moreover, the residual friction 
angle and cohesion of the first series was 34 degree 
and 4 kPa, respectively. 

 
Fig. 11 Consolidated Drained Shear Strength of the 
Second Series 

The effective friction angle of the first series and the 
second series was slightly different. The effective 
cohesion of the first series was higher than the second 
series.  The residual friction angle of both series 
showed slightly increased 0.5 degrees. However, the 
residual cohesion was dropped dramatically.  
 The relationship between horizontal displacement 
and shear stress of the first series showed the strain 
softening as shown in Fig. 12. Meanwhile, the 
relationship between horizontal displacement and 
shear stress of the second series showed the strain 
hardening as shown in Fig. 13.  
 However, the relationship between vertical 
displacement and horizontal displacement of both 
series showed a dilation behavior except sample no.1 
of the second series, which showed the compression. 
 

 
Fig. 12 The relationship between horizontal 
displacement and shear stress of CD sample (First 
Series) 

 

Fig. 13 The relationship between horizontal 
displacement and shear stress of CD sample (Second 
Series) 

CONCLUSION 
 

All test results were present in Table 3. The 
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dramatically (more than 50%) from the maximum 
shear stress. Moreover, the shear rate has an effect on 
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strength in term of friction angle. However, the shear 
rate was impacted on the cohesion of soil. 

 
Fig. 14 The relationship between horizontal and 
vertical  displacement of CD sample (First Series) 
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Fig. 14 The relationship between horizontal and 
vertical  displacement of CD sample (First Series) 

Table 3 All Test Results 
Method Ini. 

ρdry 
(t/m3) 

Shear 
Rate 

(mm/min) 

φ  
(o) 

c 
(kPa) 

UU 1.9 1.0   
Max. shear   36 0 
Res. shear 34 0 

CU 1.9 1.0   
Max. shear   20 20 
Res. shear 23.5 8 

CD 2 0.086   
Max. shear   30.5 18 
Res. shear 31 0 

CD 2 0.018   
Max. shear   33.5 11 
Res. shear 34 4 
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ABSTRACT 

 
The use of deep soil mixing (DSM) technique in deep ground improvement projects has increased over the past 

decade due to being more cost-effective and easier to implement compared to other techniques such as piling, for 
structures subject to low to medium loads. Currently, Portland cement, lime and their combination are being used 
as the most common binders in DSM. However, due to the economic and concerning environmental disadvantages 
of using these binders, there is a need for new environmentally friendly cementing materials. This research 
attempts to find a way to use stockpiles of industrial by-products, such as fly ash (FA) and slag (S), as new green 
binders; consequently, reducing the carbon footprint in ground improvement projects. Different contents of FA 
and S, activated by liquid alkaline activator (L), were added to a soft marine soil to evaluate the changes in its 
behaviour as well as its microstructure. In addition, mixtures with cement (C), lime (Li) and their combination 
were prepared and tested for comparison. Binders were added at contents of 10, 20 and 30%, by dry soil mass, and 
samples were cured for 7 days. The results revealed that these new binders significantly increased the strength and 
stiffness of the soft soil, and they can be a suitable replacement for C and Li. The optimum mixture was found to 
be CIS+5% FA+15% S, within the range of binder, L and water content studied in this research. Moreover, 
recycling FA and S would substantially limit the expansion of landfill sites.  
 
Keywords: Fly ash, Slag, Geopolymer, Alkaline activation, Deep soil mixing 
 
 
INTRODUCTION 

 
In the southern part of the Central Business 

District of Melbourne, Australia, which is located in 
the Yarra Delta, a highly compressible soft marine 
soil, known as Coode Island Silt (CIS), with high 
water contents exists. The vast presence of CIS, with 
poor engineering characteristics such as low bearing 
capacity (undrained shear strengths up to 80 kPa 
depending on the depth), in this area causes 
geotechnical constraints in construction projects. 
Proper deep ground improvement techniques need to 
be implemented to improve these soft soil deposits as 
they extend up to 30 m in depth [1]-[3]. In the recent 
years, new deep ground improvement technologies 
such as deep soil mixing (DSM) have drawn the 
attention of researchers and engineers. For structures 
bearing low to medium loads such as road 
embankments, DSM is faster and cheaper with less 
practical restrictions compared to traditional methods 
such as piling [2], [4].  

In DSM method, an auger-mixing tool is drilled 
down to the intended depth while injecting a 
cementitious material, as binder, to mix with the 
native soil. The result would be circular columns of 
treated soil with improved engineering properties 

compared to the native soil. Cohesive soils with high 
moisture contents, such as CIS, are most suited to be 
treated with the DSM method. Current major binders 
being used are cement (C) and/or lime (Li) with the 
contents of 100-500 kg/m3 (up to 30% by mass) of 
soil [5]-[7]. Due to economic and environmental 
concerns such as high energy and natural resource 
consumption and CO2 emission during the production 
of these binders, attempts are being made to find 
alternative binders lowering the aforementioned 
disadvantages in recent years. There is a great 
potential in utilizing industrial by-products such as fly 
ash (FA) and slag (S) as they are available abundantly 
in landfills; consequently, eliminating the production 
concerns associated with traditional binders. 
Moreover, this can be a solution to the mentioned 
wastes disposal problems. These efforts in recent 
years have led to the introduction of green binders 
termed as geopolymers. Geopolymer is an inorganic 
product of blending precursors, materials rich in 
alumina and silica such as FA and S, with liquid 
alkaline activators (L) [8]. FA is a by-product of coal 
combustion in power plants, and S is a by-product of 
iron and steel manufacturing.   

There has been a great deal of research conducted 
on the use of DSM method and geopolymers, 



GEOMATE - Mie, Japan, Nov. 21-24, 2017 

97 
 

especially utilizing FA and S, in the construction 
industry [2], [6], [8]-[18]. However, since 
geopolymers are relatively new in civil engineering, 
there is limited knowledge on the use of these binders 
in ground improvement, especially in the DSM 
application. This study investigates utilizing FA and 
S based geopolymers, as an alternative sustainable 
material with low carbon footprint, to improve the 
properties of soft soils in DSM application. The main 
objective of this research is to study the reliability of 
using geopolymers, as green binders, compared to 
traditional binders in implementing the DSM 
technology in soft soils with high water contents 
through unconfined compressive strength (UCS) and 
microstructure analysis. Utilizing FA and S as 
industrial by-products, which are often discarded to 
landfills, to produce geopolymeric binders in a 
sustainable manner could lead to finding proper 
replacements for traditional binders, both 
environmentally and economically. 

 
MATERIALS AND METHODS  

 
Materials 

 
The CIS was collected at depths of approximately 3 
to 5 m in field, and samples were then put in plastic 
bags and transferred to the laboratory. Soil 
classification tests, such as Atterberg’s limits tests, 
were conducted on the CIS to determine its physical 
properties. Figure 1 presents these characteristics 
including particle size distribution of CIS, through 
conducting sieve analysis and hydrometer tests. the 

fine fraction of soil was 90% and the coarse fraction 
was 10%, with the maximum particle size (Dmax) 
being 0.15 mm. the soil had a liquid limit (LL) of 
50.4% and a plastic limit (PL) of 23.4%, resulting in 
a plasticity index (PI) of 27.0%. From the results of 
these tests, the CIS was classified as a silty clay with 
high plasticity. The FA, S, C and Li were collected 
from local suppliers in Melbourne.  
 

 
 

Fig. 1 Properties of CIS. 
 

Figure 1 presents the SEM images of CIS, FA, S, 
C and Li. It is noted that the CIS particles are almost 
clustered with irregular shapes, the C and S particles 
are very similar having irregular shapes and sharp 
edges, the FA particles are in spherical shapes and 
have smooth surfaces, and the Li particles show a 
porous medium.  

 

 

 
 
Fig. 1 SEM images of: a) CIS, b) C, c) FA, d) Li and e) S. 

 
A combination of sodium hydroxide (NaOH), 

obtained in the form of beads, and sodium silicate 
(Na2SiO3), obtained as solution, was used as the L. 
Following safety and financial factors and previous 
recommendations, NaOH was prepared to 8 molarity 
and a Na2SiO3:NaOH ratio of 70:30 was used [3], [14], 
[16],  [18]. 

 
Sample Preparation and Testing 

 
Following the range of binder content considered 

for DSM [6], [7], binder or precursor contents of 10, 
20 and 30 %, based on dry CIS mass, were used in 
this study. The mixtures were prepared as presented 
in Table 1. For the mixtures where traditional binders, 

a) b)

c) d) e)
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C and Li, were used, C:Li ratios of 100:0, 50:50 and 
0:100 were considered. For the geopolymeric binders, 
FA:S ratio was considered as 25:75 since S results in 
higher strengths, and in less time, compared to FA. 
Nevertheless, FA is needed to achieve a coexistence 
of Calcium Silicate Hydrate gel, due to the presence 
of Calcium in S, and Sodium Aluminosilicate 
Hydrate gel, geopolymer product, for better 
improvements of the soil properties [3], [11]-[13], 

[17]. The ratio of activator to precursor was chosen as 
1 based on the recommendations by previous 
researchers [3], [14]. The water content of the CIS 
was set at its LL, to replicate the field conditions, 
before mixing with other materials. Previously, the 
LL has been reported as the optimum water content 
for stabilization of high water content clays [3], [6], 
[10], [14].  

 
Table 1 Mix designs 

 

Mixture 
10% 20% 30% 

C Li FA S C Li FA S C Li FA S 
CIS+C 10 - - - 20 - - - 30 - - - 
CIS+C+Li 5 5 - - 10 10 - - 15 15 - - 
CIS+ Li - 10 - - - 20 - - - 30 - - 
CIS+FA+S - - 2.5 7.5 - - 5 15 - - 7.5 22.5 

Note: The values are in percent (%) by mass of dry CIS. 
 
For preparation of geopolymer-stabilized samples, 

first, the CIS and precursors were mixed in a 
mechanical mixer for 2.5 minutes, before L was 
added and mixed for another 2.5 minutes, resulting in 
a total mixing time of 5 minutes. For the feasibility of 
comparison, traditional binder-treated mixtures were 
prepared by adding the binder to CIS and mixed for 5 
minutes. After mixing the materials, the mixtures 
were placed into PVC split molds to prepare 
cylindrical specimens with 38 mm diameter and 76 
mm height. Three samples were prepared for each 
mix to assure the test results were consistent. 

Mixtures were put into the molds in two layers, 
each layer tapped 25 times on the table to remove the 
entrapped air. The unit weight of the specimens of all 
mixtures was checked for consistency. The samples 
were then wrapped with plastic films, put in a humid 
room with constant temperature (23±1 °C), 
dismantled the next day, wrapped again, and put in 
the humid room again to be cured. The overall curing 
time was 7 days. 

After the curing period, UCS tests were conducted 
on samples with a 1-mm/min (1.32%/min) rate of 
displacement and stopped manually after the 
specimens reached a considerable post-peak strength 
loss. After conducting the UCS tests, small samples 
were taken from the failed specimens for further 
analysis by scanning electron microscopy (SEM) 
imaging tests. The taken samples needed to be dry 
before being gold-coated and put in the SEM device. 
Thus, samples were put in the oven at 50 °C overnight 
before conducting SEM tests.  

 
 

RESULTS AND DISCUSSION 
 

UCS Tests 
 

Figure 2 presents the results of UCS tests on 
different mixtures of CIS stabilized with various 
combinations of binders, C and/or Li, at three 
contents of 10, 20 and 30%. Puppala et al. [19] 
suggested a minimum 7-day UCS value of 100 psi 
(689.5 kPa) for DSM ground improvement using C, 
which is presented in Fig. 2. As noticed, in the 
mixtures stabilized with traditional binders, CIS-C 
mixtures show the highest strength improvement, and 
as Li content increases, there is a significant decrease 
in the UCS, as previously observed [20]. 
Furthermore, while the strength development is 
almost linear with binder content increment in CIS-
C-Li and CIS-Li mixtures, the rate of increase reduces 
after addition of 20% binder in CIS-C mixtures. This 
demonstrates that the optimum C content for ground 
improvement in CIS, with high water content, is 20%, 
as reported earlier [2], [6], [10], [15]. 
 
The UCS values of CIS stabilized with precursors, FA 
and S, are illustrated in Fig. 3. It is noted that there is 
a significant increase in the UCS of geopolymer-
stabilized mixtures when the precursor content is 
increased from 10% to 20%, followed by a lower rate 
of strength enhancement when 30% precursor is 
added. Previously an increase in strength with 
precursor content increment has been reported; 
however, 20-25%, by dry mass of soil, has been 
reported as the optimum [8], [15]. It can be concluded 
that, within the range of precursor contents studied 
here, 20% is the optimum content to use. 
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(a) 

 
(b) 

 
(c) 

Fig. 2 UCS values for mixtures stabilized with: a) 
C, b) C+Li and c) Li. 

 
Overall, comparing traditional and geopolymeric 

binders reveals that, except for 10% binder content, 
using geopolymeric binders results in considerably 
higher strengths. Moreover, although CIS+10% C 
and CIS+10% C+10% Li meet the minimum UCS 
requirement, it should be noted these are the values 
achieved in the lab, while the values obtained in the 
field can be 2 to 3 times lower [9]. Therefore, 
CIS+20% C and CIS+5% FA+15% S seem to be the 
optimum mixtures in terms of strength. Considering 
the economic and environmental factors, mentioned 
before, using FA-S-based geopolymeric binder in 
DSM ground improvement of CIS is a beneficial 
replacement for C and/or Li binders.  

 

 
 

Fig. 3 UCS values for mixtures stabilized with FA 
and S. 

 
SEM Tests 

 
To analyze the microstructure of the mixtures, SEM 
tests were conducted on the samples after the UCS 
tests. The SEM images of CIS stabilized with C 
and/or Li and geopolymeric binder, with 20% binder 
or precursor content, are presented in Fig. 3. Figure 3 
(a) shows the SEM image of CIS+20% C. It is noticed 
that the C particles are almost dissolved in the 
mixture, resulting in a dense medium with strong 
bonds. As C is gradually being replaced with Li, voids 
start to appear in the structure, Figs. 3 (b) and (c), to 
the extent that in Fig. 3 (c) where the binder is merely 
Li, a completely porous matrix is observed. These 
images further confirm the considerably higher UCS 
values of CIS+C mixtures compared to those of 
CIS+C+Li and CIS+Li mixtures. 

 

 

 
 

Fig. 3 SEM images of: a) CIS+20% C, b) 
CIS+10% C+10% Li, c) CIS+20% Li and d) 
CIS+5% FA+15% S. 

 
In Fig. 3 (d), reacted FA and S particles are clearly 

evident that leads to a compact morphology with 
strong geopolymer gel bonds. This strong structure 
proves proper activation of FA and S with the used L 

a) b) 

c) d) 
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and water content; and accordingly, the high strength 
achieved by utilizing geopolymeric binder.  
 
CONCLUSION 
 

A series of UCS and SEM tests were conducted 
on a clayey soil, CIS, treated with different contents 
of geopolymeric binders, obtained by activation of 
industrial by-products such as FA and S, and 
traditional binders, C and/or Li. The aim was to 
investigate the performance of utilizing these by-
products in DSM application and comparing their 
reliability with that of the traditional binders. 

UCS tests results revealed that increasing the 
binder content to 30% increased the strength in all 
mixtures. However, the rate of increase was lower 
when the binder content was increased from 20% to 
30%, especially when using the geopolymeric binder. 
In terms of strength development, using 
geopolymeric binder resulted in the highest 
improvement, followed by using C, C+Li and Li as 
binders. This was evident from the microstructure of 
the mixtures using SEM images.  

Overall, CIS+5% FA+15% S was found to be 
the optimum mixture, within the range of binder, L 
and water content studied in this research. Utilizing 
stockpiled FA and S in landfills in ground 
improvement technologies will not only reduce the 
financial and environmental consequences of using 
traditional binders, but also will be a solution to the 
problems regarding the disposal of these wastes. 
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ABSTRACT 

 
The study focuses on the analysis of the pile capacity and pile length for various cities of Metro Manila. 

Standard Penetration Test (SPT) N-values from soil reports were used to compute for the geotechnical parameters 
such as the undrained shear strength and the angle of internal friction which were directly applied in the 
computation of the allowable pile capacity. The estimation of the pile length, on the other hand, was done by means 
of determining the depth of the refusal or rock layer. The proposed minimum pile length and the allowable pile 
capacity values for each city are plotted to establish a contour map. By means of the collected borehole data, the 
allowable pile capacity was computed, which was shown in the reference as a series of contour maps. The contour 
maps were provided to show an overview of the soil’s pile capacity at various locations in Metro Manila, 
Philippines. The contour maps presented vary by means of the design of pile, the size of the pile and the proposed 
pile length for a specific city or municipality and for the entire Metro Manila. A Geographic Information System 
(GIS) database was made so as to have storage for the collected borehole data and their locations. The database 
can be updated for the availability of new data. 
 
Keywords: pile capacity, pile length, deep foundation, foundation reference 
 
 
INTRODUCTION 

 
Metro Manila’s buildings are comprised of at least 

70% high-rise buildings and skyscrapers, excluding 
for the cities of Caloocan, Navotas, Las Piñas, Pateros, 
and Malabon due to the absence of data [1]. High-rise 
buildings and skyscrapers, compared to low-rise 
buildings and residential dwellings, would usually 
require pile foundation. With that, soil exploration or 
excavation would be needed for every construction.  

With such a large amount already allocated to the 
construction of the structure itself, a great sum of 
money must again be allotted to the necessary soil 
explorations, which are not just costly but time 
consuming. Reducing the total construction expense 
would greatly benefit the structural engineer and the 
owner.  

There have been some similar studies related to 
this research [2]-[8], however, there is not one 
compiled published or commercially available source 
of data for the entire Metro Manila, just scattered and 
separate ones. Due to this, if a structural or 
geotechnical engineer desires a second reference for 
the soil data of a specific area in Metro Manila, they 
would need to acquire them from different sources. 
This, in turn, would take tremendous amount of time 
and effort. Thus, this paper will try to help structural 
engineers by giving them a reference for the pile 
capacity and pile length needed for the construction 
of a structure in need of pile foundation in any 
specific place of Metro Manila. The main objectives 

of this paper are to estimate the necessary pile lengths 
for the different areas of Metro  Manila and to 
determine the proposed pile capacity in the entire 
Metro Manila. 

 
METRO MANILA 

 
Metro Manila, Philippines is bounded by the 

provinces of Bulacan in the northern part, Rizal in the 
eastern part, Cavite and Laguna in the Southern part. 
Manila Bay is located on the western part of Metro 
Manila, while Laguna de Bay is on the eastern part. 
Metro Manila has a total land area of 615.39 square 
kilometers. Basing on geographical coordinate 
system, the entire Metro Manila lies between 120° 54' 
and 121° 9' longitudinally and 14° 20' to 14° 47' along 
the latitude direction.   

At some geologic past, the Metro Manila was 
submerged underwater, which extends up to the 
mountains in the Eastern part. Intermittent volcanic 
activities occurred which resulted to the deposition of 
volcanic materials. During intervening period of 
inactivity, a layer of sediments are placed on top of 
the previously laid out volcanic materials which 
resulted to the common characteristic of the geologic 
deposit which is alternating beds of tuffaceous 
materials and transported sediments.  

Majority of the sediments present in the geologic 
deposit of Metro Manila are due to the bodies of water 
surrounding it which include Manila Bay, Pasig River, 
and Laguna de Bay. The sediments that were 
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transported consist of sands, pebbly gravels, silts and 
clays with various traces of fossil remains or marine 
shells and several organic particles. The presence of 
organic particles and fossil remains gives an idea of a 
swampy environment which prevails during a time 
which has a shallow water level.  

The Guadalupe Tuff formation, the underlying 
rock formation of Metro Manila, was generally well-
consolidated and well-cemented. The tuff formation 
extends from Quezon City and Novaliches up to the 
province of Cavite in the south. Majority of its 
composition is lithified volcanic ash, lapilli and sands. 
When it comes to the thickness of the tuff formation, 
it remains to be uncertain. Several areas where the 
tuff formation is present are overlain by layers of 
sediments which generally thicken as it approaches 
the west side of Metro Manila, which is Manila Bay.  

Overall, the composition of the geologic deposit 
can be attributed to its elevation. For highly elevated 
locations, it is composed of dense sands and 
tuffaceous clays. For low – lying areas of Metro 
Manila, it is generally composed of loose sands and 
soft clays [9].  
 
METHODOLOGY  

 
The aim of this study is to create a deep 

foundation reference for the district of Metro Manila. 
Borehole logs with a ratio of one borehole log per 
square kilometer were collected and compiled 
accordingly as shown in Figure 1. The borehole logs 
were accumulated from the different private 
companies and government institutions in Metro 
Manila. A total of 677 borehole locations were 
collected and mapped. For the attained data or soil 
reports, it already comprised almost 86% of the total 
target. However, this number of data does not yet 
include the outskirts of Metro Manila which are from 
Rizal, Bulacan, Cavite and Laguna. The outskirt data 
were used to provide accurate mapping even at the 
near boundaries of Metro Manila. The data are then 
analyzed and calculated for the depth of rock 
formation and geotechnical parameters.  

 

 
Fig. 1 Map of Manila with borehole locations 

The estimation of the pile length and the 
computation of the allowable pile capacity were 
performed though an excel program. The soil 
properties, SPT N-values and RQD were inputted in 
the program to get some vital geotechnical parameters 
like the undrained shear strength [10] and the angle of 
internal friction [11]-[14]. The minimum pile length 
was estimated depending on the soil condition 
whether until the refusal layer (SPT-N 50), rock layer 
(RQD) or even at the last layer of the borehole log in 
the absence of the refusal or rock layer. The SPT N 
values that are available in the borehole logs that were 
collected are the main components used for the 
computation of the pile capacity. The design of the 
piles was limited to a range of sizes and shapes. As 
for the proposed length of the piles, the depth of the 
rock formation or refusal layer was used as with a one 
meter embedment on the hard layer or the last soil 
layer.  

The allowable pile capacity, on the other hand, 
was computed based on the skin friction and end 
bearing resistance which are both dependent on the 
geotechnical parameters. The results were 
summarized in a form of contour maps for easy 
visualization and interpretation per city. Likewise, to 
provide a good analysis of the values of the allowable 
pile capacity, skin-to-tip ratio were also considered 
and plotted in the maps. This is to provide a support 
which between the skin friction and the end bearing 
resistance contributed greater value in the allowable 
pile capacity, which in turn, describes what kind of 
soil does a city, in particular, have and how long the 
pile length is.  

The pile capacity was computed by means of the 
theory of the alpha and beta method. The alpha 
method is used to estimate the pile capacity especially 
for clayey soil layers. It uses a factor denoted as in 
approximating the value of the skin friction and a 
coefficient Nc to compute for the end-bearing 
capacity. The skin friction for any types of piles using 
the alpha method includes the coefficient, the 
undrained shear strength and the lateral surface area 
of the pile [15]: 
fs= αuSu;    (1) 
Qf = ∑ (fs)x(perimeter)x(length);   (2) 

where:  
fs= skin friction stress  
u= coefficient for skin friction  
Su = undrained shear strength . 

 
Beta Method is similar to alpha method in such a 

way that it uses coefficients but this time, it is denoted 
as for skin friction and Nq for end bearing resistance. 
Unlike alpha method, beta method considers both 
sandy and clayey soils. The general equations using 
the beta method is quite similar to alpha method but 
instead of undrained shear strength, the effective 
stress is used.  
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The skin friction for any types of piles using the 
beta method includes the coefficient, the effective 
stress and the lateral surface area of the pile [16]. 
qf = ∑ (z)x(perimeter)x(length);                        (3) 
 
where:  
= coefficient for skin friction;  
’z = effective stress; 
qf = skin friction . 

 
Some of the borehole data have rock layers 

designated by RQD or Rock Quality Designation. 
The computation using the alpha and beta methods 
are not applicable to rocks anymore. The pile capacity 
is now based on the end bearing resistance of the rock 
which is far greater than the soil. Moreover, the skin 
friction is neglected in the computation of the pile 
capacity of rock. O’ Neill and Reese [7]  
approximated the ultimate end bearing resistance 
through the formula:  
q’t =  4830 (qu)0.51 ;                                      (4) 
where: 
q’t = end bearing resistance; 
qu = unconfined compressive strength of rock  
’ = drained angle of friction  

 
For a better visualization of the acquired data and 

computed values, the allowable pile capacity values 
are then mapped out by means of contour maps, 
implementing the kriging method. Verification for 
both the data accomplished and the produced contour 
maps were done as well. The computed values of 
allowable pile capacity were stored in the GIS 
database as well.  

 
 
DEEP FOUNDATION REFERENCE 

 
Proposed Pile Length 

 
The proposed pile length map for the entire Metro 

Manila can be seen in Figure 2. The map reflects the 
type of soil present where majority of the area that is 
underlain by the Guadalupe Tuff Formation has a pile 
length that ranges from 5 to 10 meters in length. There 
are regions, which can be seen as areas shaded with 
white, have pile lengths of 5 meters for the entire 
region. These regions are recommended for the use of 
shallow foundation due to the shallowness of the rock 
layer or refusal layer. For locations composed of 
alluvial deposits, the range of pile lengths varies 
significantly depending on the location. For the 
western part, the pile length ranges from 10 to 15 
meters. Several parts of the region show lengths 
ranging from 20 to 25 meters. The effect of the 
Manila Bay, in terms of pile length, is manifested 
through these results. For the eastern part of Metro 
Manila, the proposed pile length ranges from 10 to 25 
meters, which shows the effect of the location with 

respect to Laguna de Bay, where majority of the data 
collected near the said body of water possess thick 
layers of alluvial deposits, namely sand, silts and clay. 
Generally, the proposed pile length for Metro Manila 
ranges from 5 to 15 meters.  
 

 
 

Fig. 2 Proposed Pile Length 
 
Proposed Skin-to-Tip Ratio 

 
The skin-to-tip Ratio is the ratio between the skin 

friction and the tip resistance or the end bearing 
resistance. For the skin-to-tip ratio map for Metro 
Manila, the values can also be reflected by the type of 
soil present along those areas, as seen in Figures 3 and 
4. The areas underlain by the Guadalupe Tuff 
Formation produces low skin-to-tip ratio whereas a 
high ratio is observed in areas where alluvial deposits 
are prevalent. In general, the skin-to-tip ratio has 
presented that for a certain type of pile, a particular 
resisting force is dominant over the other, that is, skin 
friction is greater than the tip resistance, also known 
as end-bearing resistance, or vice versa. For driven 
piles, skin friction usually contributes greater 
resistance than that of the end bearing resistance due 
to the larger adhesion factors, α and . Practically, the 
process of driving the piles really induces greater 
friction from the soil but the consequence is to use 
smaller cross-sections only so that the pressure in 
driving the piles is greater, thus, producing small end-
bearing resistance. For bored piles, end bearing 
resistance dominates the skin friction because the 
cross-sectional area of the type of pile is quite large. 
Also, some soil layers are neglected for the 
computation of the skin friction due to the effect of 
drilling that make these particular layers disturbed.  
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Fig. 3 Proposed Skin-to-tip Ratio (Bored Pile) 
 

 
 

Fig. 4 Proposed Skin-to-tip Ratio (Driven Pile) 
 

Proposed Pile Capacity 
 
The allowable pile capacity maps presented under 

Figures 5, 6 and 7 show consistency in terms of their 
distribution of values. A separated sample pile 
capacity map where the division of the type of soil 
can be seen under Figure 8 (Guadalupe Tuff 
Formation) and Figure 9 (Alluvial Deposits). Higher 
values of allowable pile capacity are found in areas 
where Guadalupe Tuff Formation is located. On the 
other hand, areas with alluvial deposits have low 
allowable pile capacities. Generally, it shows that the 
pile capacity depends on the type and quality of soil 
present on a specific area.  

 

 
 

Fig. 5 Pile Capacity (Bored Piles Size 1.50 meter)  
 

 
 

Fig. 6 Pile Capacity (Square Driven Piles Size 
0.50 meter)  

 

 
 

Fig. 7 Pile Capacity (Octagonal Driven Piles Size 
0.50 meter)  
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Fig. 8 Pile Capacity for Bored Pile (Guadalupe 
Tuff Formation Area)  

 
Fig. 9 Pile Capacity for Bored Pile (Alluvial 

Deposits Area)  
 

 
CONCLUSION 
 

In this paper, the pile length and allowable pile 
capacity are determined through borehole logs. For 
the cities of Las Piñas, Malabon, Navotas, Pateros and 
Pasig, they have relatively small allowable pile 
capacities as compared to the other cities for both 
driven and bored piles. Pile lengths are shorter beause 
they have reach the refusal layers at somehow a 
shallow depth thus, lesser skin friction is induced. 
Moreover, based on the skin-to-tip ratio, skin friction 

still plays a great contributor over the end-bearing 
resistance although in totality, the allowable pile 
capacity is still small as compared to other cities.  

The cities of Makati, Mandaluyong, Paranaque, 
Makati and Quezon are quite remarkable not only due 
to the high allowable pile capacities that they produce 
but to the short pile lengths as well. Having a short 
pile length, in this case, is quite advantageous because 
it is really cost-effective. Also, it does not affect too 
much the allowable pile capacity because it majorly 
relies on the end-bearing resistance. The Guadalupe 
Tuff formation is actually the factor which makes the 
end-bearing resistance greater. These cities have 
shallow rock layers and usually, shallow foundation 
is recommended for most of the areas of the 
aforementioned cities. Skin-to-tip ratio has proven 
that the end-bearing resistance really governs in these 
cities.  

There are cities in Metro Manila which are not 
recommendable for shallow foundation just because 
the top layers are weak especially in bearing capacity. 
These include Manila, Marikina and Pasay. However, 
when pile foundation is used for these cities, a large 
allowable pile capacity is computed. This is because 
a longer pile length is recommended to induce large 
skin friction from several soil layers and to reach the 
refusal or rock layer at great depth. In these particular 
areas, both the skin friction and end bearing resistance 
greatly contribute to the allowable pile capacity. This 
means that high loadings from the superstructure can 
be resisted by piles considering also its length. The 
trade-off, however, is that it is not cost effective 
anymore due to the long piles that require great 
amount of materials.  
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ABSTRACT 
In this study, a family of widespread expansive soil, namely Dark Magnesium Clay of volcanic origin, 

occurring in Mauritius Island, is stabilized with various stabilizers and their combinations. The strength properties 
for these mixtures are investigated. The test specimens are prepared at maximum dry density (MDD) value, 
obtained from the standard Proctor compaction test, in compliance with BS 1377. Lime, Ordinary Portland Cement 
(OPC), Fly Ash and Coarse Rock Sand and their combinations, that is, lime-cement, coarse rock sand-cement, fly 
ash-cement, lime-fly ash, lime-coarse sand and fly ash-coarse sand, used as partial replacement of the soil, are 
used as main stabilizers and their effects on the soil mass strength are investigated. Trial mixes with 0%, 2.5%, 
5%, 7.5%, 10%, 12.5% and 15% soil replacement are prepared and tested for Unconfined Compressive Strengths. 
Specimens 40 mm x 40 mm x 40 mm are prepared in a mold with varying content of stabilizer. The samples are 
demolded and allowed to cure in a water-saturated and airtight container for 7 days and eventually in ambient 
laboratory conditions. Hardened samples are tested for their dry Unconfined Compressive Strength at the age of 
21 days. Results show that an addition of 2.5% of the combined mix of coarse sand-fly ash and 7.5% fly ash yield 
acceptable Unconfined Compressive Strengths of 5.2 and 5.5 MPa respectively with a significant decrease in linear 
shrinkage value 
 
Keywords: Dark magnesium clay, stabilizer, maximum dry density, curing, compressive strength, linear shrinkage 
 
1. INTRODUCTION 
 
1.1 General 
 
An expansive or swelling soil is defined as one which 
changes volume with change in moisture content of 
the soil. These soils contain clay minerals of the 
montmorillonite family as main clay component and 
they undergo excessive volume change with change 
in their moisture content, that is from dry to wet state. 
Deposits of expansive soils occur mainly in dry to  
moderately dry regions of the globe and are 
hazardous to engineering structures because of their 
ability to swell during rainy seasons and shrink as 
moisture decreases [1]-[5]. Their scattering depends 
mainly on the geology and genetic of the original 
material, climate, hydrogeology and other prevailing 
conditions. Literature review on expansive soils 
reveal that problems arising are somehow common 
for all countries and are quite alarming [2]-[4.  
Due to the extensive structural damage caused to 
buildings and structures by expansive soils, it is 
important that solution to problems related to such 
soils be investigated on a common platform and 
regrouping engineers worldwide because if not 
adequately treated these materials may become a 
severe potential hazard [6] - [8]. 
There are several indications associated with the soil 
behavior that help identifying expansive soils. It may 
start with a simple visual examination on site. Visual 

signs incorporate wide and profound shrinkage cracks 
and hard consistency when these soils are in a dry 
state and which becomes soft to liquid with addition 
of water [9].  
 
1.2 Appropriate additives for stabilization of 
expansive soils 
Lime Stabilization – This technique for ground 
improvement is the most popular method for 
chemically changing unstable soils into 
fundamentally stable construction foundations. The 
utilization of lime in soil stabilization enhances 
various critical engineering properties of the material, 
including compressive strength, imperviousness to 
crack and decreased swelling. 
The addition of lime may not have much effect in 
kaolinitic clay soils, but rather it can have a 
significant impact in clay soils containing 
montmorillonite. Expansive clays have a tendency to 
respond promptly with lime, losing plasticity 
instantly. This is due to the fact that montmorillonite 
display a high cation exchange capacity, while 
kaolinite has a generally low cation exchange 
capacity [11]. The addition of lime to a soil initiates a 
two stage reaction namely short-term and long-term 
reactions. Short-term reactions show their effect right 
after the addition of lime, while long term reactions 
are accompanied by a period of time [12] - [17]. 
Cement Stabilization - Cement is the most traditional 
binding agent since the origin of soil stabilization 
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technology in 1960’s. It is considered to be a primary 
stabilizing agent, as it can be used as a single binder 
which yields the desired stabilizing reaction [18]. 
There are several types of cement available in the 
market namely ordinary Portland cement, blast 
furnace cement, sulfate resistant cement and high 
alumina cement. Usually the choice of cement 
depends on the type of soil to be treated and the 
desired final mechanical property [19]. 
Generally the amount of cement used is small in 
quantity but sufficient to improve the engineering 
properties of the soil. However, cement increases the 
strength but may decrease the cohesiveness and 
compressibility of the soil. 
 
Fly-ash Stabilization - Extensive amount of coal are 
being burnt in thermal power stations to meet the 
growing demand for thermal power. About 80% of 
the ash formed after burning is fly ash. To reduce the 
problems of disposal of fly ash, expensive and tedious 
methods are being used and great efforts are being 
made to utilize fly ash alternately. The use of coal fly 
ash as a stabilizing agent will on one hand help to 
mitigate environmental problems associated with fly 
ash disposal and on the other hand will be beneficial 
for enhancing the engineering properties of 
problematic soils [10], [17]. 
Fly ash is known for its pozzolanic effect. It is a 
siliceous or alimino-siliceous material with little or no 
cementitious content but if finely ground it will react 
with calcium hydroxide to form compounds 
possessing cementitious properties [20], [21]. 
 
Coarse sand Stabilization – Not much research work 
has been published on the use of sand as a stabilizer 
but from the few available studies, it has been proved 
that coarse sand can be used as an additive to modify 
the particle size distribution in a soil-cement mix [22]. 
It has been found that an addition of coarse sand to 
soils, which constitute mainly montmorillonite as 
clay mineral, increases the values of the compressive 
strengths at the age of seven days by almost 50 %. 
 
1.3 Background of soil stabilization 
 
When fly ash or lime is added to an expansive soil, 
the latter reduces its plasticity index and swell 
potential due to cation exchange which results in an 
agglomeration of fine clay particles into coarser 
particles. Furthermore, this activates flocculation of 
clay particles. On the other hand, cementation process 
within the soil-additive mass increases shear strength 
and decreases volume change. Hence, the combined 
effect of the short term reaction (cation exchange and 
flocculation) and long term reaction (pozzolanic 
reaction) leads to a general improvement of the soil 
behaviour. Generally, the amount of additive required 
to stabilize an expansive soil may be in the range from 

5 to 12% depending upon the soil genetics beyond 
which strength decreases for obvious reasons. 
Cement reaction does not depend on soil minerals as 
the most important is its reaction with water, already 
existing in the soil mass, but sometimes the moisture 
may not be adequate and water has to be added during 
stabilizing process. This can be the reason why 
cement is used to stabilize a wide range of soils. 
  
2. MATERIALS AND METHODS 
 
Raw expansive soil was collected from the north 
western part of the Island of Mauritius or rather the 
Ring Road Phase 1 project site, located at Pailles, a 
region which is very well known for problematic 
soils. The recent problems that have affected the road 
structures after heavy rainfall justify the choice of the 
location. From the soil map of Mauritius the sample 
is classified as Dark Magnesium Clay belonging to 
the Lauzun family of the Old Volcanic Series deposit 
[22], [24]. 
Locally available lime, ordinary Portland cement, 
coal fly ash and sieved coarse rock sand are used as 
stabilizers in this research. 
Lime - White hydrated lime of the brand Gluex 
supplied by Cape Lime (PTY) Ltd is used. Table 1 
shows the chemical and physical properties of the 
lime used.  
 

CaO + MgO 80% min 
CaO ignited 45% min 
CO2 5% max at work 
Melting point 580°C 
pH 11.8 
Density 2.5 g/cm3 
Bulk density 0.55 g/cm3 

Table 1: Chemical and physical properties of lime. 
 
Cement - Ordinary Portland Cement of class 42.5, 
supplied by Lafarge (Mauritius) Cement Limited, is 
used as binder in the present investigation with 
compressive strength values of 40.03 and 50.94 MPa 
after 7 and 28 days respectively, as indicated in 
supplier specifications. 
 
Fly ash - A high percentage of electricity on the island 
of Mauritius is produced by burning fossil coal 
imported mainly from South Africa.  Though an 
insignificant percentage of unburnt coal in the fly ash, 
the latter is quite responsive when added to soil, as 
evidenced by results below.  Fly ash was acquired 
from local sugar cane factory, engaged in the 
production of electricity from fossil coal. 
 
Coarse rock sand - Commercially available rock sand 
of particle size 0 - 4 mm is sieved through a 2 mm 



GEOMATE-Mie, Japan, Nov. 21-24, 2017 
 

110 
 
 

sieve and as such coarse sand of size 2 - 4 mm is used 
in the present investigation. 
 
 
2.1 Sample preparation 
 
The test specimens were prepared at maximum dry 
density (MDD) and optimum moisture content 
(OMC) obtained for the adopted soil sample in 
accordance with BS 1377:1990 [23]. The raw 
material (dark magnesium clay) is sieved using a 2 
mm aperture sieve to avoid any inclusion of gravels 
and the standard Proctor compaction test method is 
adopted to determine the compaction properties. 
Eventually samples for each mix with specific 
proportion of binder, described below, is prepared 
and pressed at MDD and OMC. This is achieved by 
statically compacting the soil in the mold with 
application of the right amount of energy needed to 
achieve MDD at OMC [22].  
 
2.2 Mixtures. 
 
Phase I: In the first phase of the investigation, raw 
lime, fly ash, cement and coarse rock sand acquired 
from local suppliers in Mauritius are used to prepare 
various trial mixes. These are used as partial 
replacement of the soil by 0%, 2.5%, 5%, 7.5%, 10%, 
12.5% and 15% additive respectively. The soil is 
treated with each additive individually  
Strength parameter, namely unconfined compressive 
strength (UCS) is used to assess the effect of the 
inclusion of each additive in the sample of expansive 
soil. 
As stated above, the soil is sieved through a 2mm 
sieve to obtain a uniform and homogeneous mix. The 
constituents, i.e. soil, stabilizers/combinations and 
water are mixed in a mechanical mortar mixer with a 
fixed rotational speed of the helix, in the following 
sequence [22]: 

1. soil and stabilizers/combinations for a 
duration of 5 minutes  

2. water is then added and mixed for an 
additional 10 minutes.  

For each mix, a set of three cubical specimens 40 mm 
x 40 mm x 40 mm are prepared in a mold with 
dimensions 40 mm x 40 mm and 40 mm high. 
Specimens are prepared at varying additive content, 
ranging from 0 to 15 %. The maximum dry density 
obtained from the standard Proctor compaction test is 
1.437 g/cm3, volume of mold is 64 cm3 and the OMC 
is 30.5%. The mass of soil mix required to fill the 
mold each time is defined as a function of the 
maximum dry density, the optimum moisture content 
and the volume of the mold which gives 120 g (i.e. 64 
x 1.437 x 1.305 g) of blended mix to be pressed in the 
mold at OMC. Table 2 summarizes the mass of dry 
soil required for each increment of additive. The mass 

of water is kept constant with the assumption that the 
change in OMC for each mix is insignificant. 
 
 
 
 

% 
additive 

Mass of additive  
g 

Mass of dry soil 
g 

0 0 92 

2.5 2.3 89.7 

5 4.6 87.4 

7.5 6.9 85.1 

10 9.2 82.8 

12.5 11.5 80.5 

15 13.8 78.2 
Table 2: Mass of additive in each sample. 
 
The samples are demolded and allowed to cure in a 
water-saturated and airtight container for 7 days at 
room temperature. After 7 days, the samples are 
removed from the airtight container and allowed to 
cure at room temperature in ambient conditions. They 
are tested for their dry unconfined compressive 
strengths at the age of 21 days. Fig 1 shows values of 
the unconfined compressive strengths of the samples.  
Phase II: The additives are now used in paired 
combinations with an aim to investigate the behavior 
of the mixtures with respect to the characteristic 
unconfined compressive strengths of the samples. 
Combinations of 2 additives in the ratio of 1:1 are 
used. The procedure for sample preparation is kept 
same as described in phase I above.  
 
3. Results and discussion 
 
3.1 Soil classification parameters 
 
Table 3 summarizes the physical and classification 
parameters of the selected soil sample. The high 
values of liquid limit and linear shrinkage are to be 
noted as they are indicative of swelling and shrinkage 
behavior.  
 
Soil Characteristics 
Specific Gravity 2.65 
Liquid Limit  % 53.4 
Plastic Limit   % 27.2 
Plasticity Index  % 26.2 
Linear Shrinkage   % 12.1 
Optimum moisture 
content  % 

30.5 

Maximum dry density  
g/cm3 

1.437 

Table 3: Physical and classification parameters of soil 
sample. 
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3.2 Strength properties  
Phase I: Single stabilizers by percentage mass used 
as soil replacement, as shown in Table 4 below, does 
not show a regular pattern in the strength behavior of 
the mixtures. However, it is noted that each binder 
reacts specifically with the Dark Magnesium Clay 
and likewise there is an optimum content of each 
stabilizer that yields a maximum characteristic 
compressive strength. It is noted that 7.5 % lime gives 
a maximum value of Compressive Strength equal to 
5.5 MPa which is explained by the affinity of lime to 
the montmorillonite clay particles. 

 
Table 4: Strength properties with single stabilizer. 
 

 
Fig 1: Variation of strength for samples blended with 
single additives. 
 
Phase II: Combinations of two stabilizers are used to 
investigate the combined effect of the latter on the 
strength properties of the trial mixes. As mentioned 
earlier, samples are tested at the age of 21 days after 
an adopted curing regime, described above. Here 
again there is no regular pattern in the strength 
variation of samples with regards to percentage of 
binders but each combination has a characteristic 
maximum compressive strength value as shown in 
Table 5 below. As evidenced by the results, a 
combination of 2.5% of coarse sand/fly ash yields a 
maximum compressive strength of 5.2 MPa. This is 
explained by the fact that apart from the reactivity 
effect of the fly ash on the montmorillonite clay 
particles, coarse sand provides an appropriate 
skeleton to the overall soil mass. Beyond this 
optimum percentage, the mutual effect of these 
binders decreases the characteristic compressive 
strength value which may be explained by the fact 
that the constant amount of water in the mix might 

have been insufficient for the free migration of clay 
particles into the voids.  

 
Table 5: Strength properties of combinations of 2 
additives 
 

 
Fig 2: Unconfined compressive strength of samples 
blended with paired additives. 
 
4. Conclusions 
Based on results of the present investigation, the 
following conclusions are drawn: 
1. Dark magnesium clay of the Lauzun family from 

the ancient lava deposits, sampled from the Port 
Louis region in Mauritius belongs to the class of 
expansive soils with liquid limit and linear 
shrinkage values in the range of 53.4 % and 12.1 
% respectively. 

 
2. Single stabilizers when blended with the 

expansive soil under study, do not show a regular 
pattern in the strength behavior of the mixtures. 
The present investigation nevertheless shows 
that each binder reacts variously with the Dark 
Magnesium Clay and graphs reveal an optimum 
content of each stabilizer that yields a maximum 
characteristic compressive strength. An optimum 
amount of 7.5 % lime gives a maximum value of 
compressive strength equal to 5.5 MPa. This is 
explained by the affinity of lime to react with the 
montmorillonite clay particles. For cement, fly 
ash and coarse sand the maximum strength 
values of 4.2 MPa, 4.8 MPa and 4.9 MPa occur 
at 4.3%, 10% and 12.4% respectively. 

 
3. In the second part of the present study, the effect 

of paired combinations of binders in the 
expansive soil sample has been investigated. As 
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evidenced by the results of the current 
investigation, a combination of 2.5% of coarse 
sand/fly ash blended with the soil under study 
yields a maximum compressive strength of 5.2 
MPa. This may explained by simultaneous effect 
of the reactivity of the fly ash with the 
montmorillonite clay particles and provision of 
an appropriate skeleton to the overall soil mass 
by the coarse sand. Further addition of these 
binders decreases the characteristic compressive 
strength value which is explained by the constant 
amount of water in the mix being insufficient for 
the free migration of clay particles into the voids. 

 
4. Linear shrinkage is found to decrease from 12.1 

% for plain soil to 6.1 % for soil blended with 
additives which is due to the fact that fly ash 
reduces the soil’s plasticity index and swell 
potential due to cation exchange which results in 
an agglomeration of fine clay particles into 
coarser particles. 
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ABSTRACT 

 
In order to prevent the contamination of surrounding groundwater in a landfill, cut-off walls were recommended. 
Cut-off walls are walls utilized when there is a need to restrict horizontal movement of liquids. Currently, the 
factors in designing cut-off walls are effective permeability, and relatively inexpensive materials in containing 
contaminants. It was suggested to provide a mix of 96% soil and 4% bentonite in the design of cut-off walls, but 
bentonite is relatively expensive, thus the viability of fly ash as a replacement for bentonite was considered. Soil 
mixtures were proposed and rigorous laboratory tests was performed to determine the individual properties. 
Tests such as specific gravity, Atterberg limit (liquid limit, plastic limit and plasticity index), relative density 
tests, particle size analyses, microscopic characterizations, elemental composition tests and permeability tests 
were performed to garner data, and were utilized for the model. A linear optimization model was generated to 
achieve the least cost with the minimum required permeability. The minimum permeability requirement for the 
cut-off wall was achieved by providing various mixtures for soil-bentonite-fly ash. 
 
Keywords: Permeability, Fly Ash, Bentonite, Optimization, Linear Optimization 
 
 
INTRODUCTION 

 
 Nearly a decade ago, the World Bank found that 
the San Mateo Landfill located in Rizal Province 
and Carmona Landfill in Cavite Province of the 
Philippines containing over 23 million cubic meters 
of corrupting waste were contaminating the ground 
water of their nearby vicinities [1]. In order to 
prevent the contamination of their groundwater, cut-
off walls were recommended. In a waste disposal 
system, cut-off walls and clay liners (also known as 
contaminant barriers) are used to restrict movement 
of liquids and gases around waste-disposal facilities 
or site remediation projects [2]. Cut-off walls are 
walls utilized when there is a need to restrict 
horizontal movement of liquids. It is also used to 
provide an encapsulation for the waste to limit the 
inward movement of clean ground water in areas 
where groundwater is being pumped or being treated. 
It is also used to provide as long-term barrier to 
impede contaminant transport. The difference 
between cut-off wall and clay liner is that cut-off 
wall reduces the contaminant transport in the 
horizontal direction [3] while clay liner reduces the 
rate of contaminant transport in the vertical direction 
 Currently, one of the factors in designing cut-off 
walls is to provide an acceptable permeability of 
containing contaminant. Permeability generally 
relates to the propensity of a soil to allow fluid to 
move through its void spaces. Baxter [4] suggested 
to provide a mix of 96% soil and 4% bentonite in the 
design of cut-off walls, but bentonite is relatively 
expensive, thus the viability of fly ash as a 

replacement for bentonite was considered. Because 
of its relatively low permeability, bentonite is 
usually recommended mixed with non-cohesive soil 
like silty sand as an encapsulation material [5], 
however, the utilization of bentonite has made the 
cost high that is why bentonite is suggested to be 
replaced. It was proposed that fly ash is a viable 
replacement for bentonite [5]. It is sustainable, since 
power plants discharge large amounts of fly ash as 
waste but only half of them are used and the 
remaining half is trashed to land and sea, its disposal 
became an environmental concern. The utilization of 
fly ash may be a viable alternative for barrier 
containment material [6] but on the contrary, fly 
ashes generally consist of silt-sized particles and 
consequently possess high permeability [7]. 
Permeability refers to the susceptibility of a material 
to allow fluid to move through its pores. Tests must 
be performed to determine if fly ash may be viable 
for a containment material. The main objective of 
the study is to determine the most viable 
permeability characteristic of the various soil mixes 
of soil, fly ash and bentonite for cut-off wall. 
 
METHODOLOGY 
 

Varying blends were tested to check their 
response on the vertical and horizontal permeability, 
shown on Table 1. 

Each soil mixture underwent rigorous index tests 
such as Specific Gravity Test [8], Atterberg Limit 
Tests [9], emax test [10] and emin tests [11] and 
Particle Size Analysis [12]. 
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The scanning electron microscopy (SEM) was 
used to evaluate the microfabric of soil, fly ash and 
bentonite. Scanning electron microscopy (SEM) 
with energy dispersive X-ray spectroscopy 
(SEM/EDX) is the best known of the surface 
analytical techniques. High resolution images of 
surface topography are produced using these tests. 
Soil particles were described according to their 
shape, texture and size. 

 
Table 1. Soil Mixtures of Fly Ash, Soil, and 
Bentonite 

Soil 
Mixture 

Fly Ash  
(%) 

Soil 
(%) 

Bentonite 
(%) 

100FA 100 0 0 
75FA25S 75 25 0 
50FA50S 50 50 0
25FA75S 25 75 0

100S 0 100 0 
100B 0 0 100 

96S4B 0 96 4 
96S4FA 4 96 0 

96S2B2FA 2 96 2 
 

Energy Dispersive X-ray Spectroscopy (EDX) 
was used to determine the chemical composition of 
each soil mixture. It is expected to have Oxygen, 
Silicon, and Calcium elements. The elemental 
composition was in terms of percent (%). 

Permeability of the different soil mixes was 
determined by the constant head test method and 
falling head test methods. The direction of flow of 
water is also important, thus, both the vertical and 
horizontal orientations of the permeameter were 
used. A proposed set-up for the permeameter was 
used and modified to determine the horizontal 
permeability [13] of the soil mixtures, shown on Fig. 
1. The Eq.1 is also used in the analysis. The 
following were also considered: 

1. It was suggested by Baxter (2004) to use a relative 
density of 90% to provide a very dense soil state, 
thus, the desired void ratio of each soil mix was 
determined. 

2. It was proposed that the pressure head for constant 
head permeability test will vary during the 
experiment to check if there were differences in 
permeability. Three (3) pressure heads were tested 
for statistical difference for each soil mix, 200cm, 
150cm and the 50cm. 

3. The diameter of the soil sample was follow the 
diameter of the permeameter 2.5in (6.35cm). The 
length of the specimen is 10cm to accommodate 
the additional porous stones provided. 

4. The standard temperature was 20°C. Results were 
standardized once the temperature varied. 
 

k=Ql/Aht  (1) 
where:    

k = coefficient of permeability, cm/s; Q= 
quantity (volume) of water discharged during test, 
cm3; l= length between manometer outlets, cm; A = 
cross-sectional area of specimen, cm2; h = head 
(difference in manometer levels) during test, cm; t = 
time required for quantity Q to be discharged during 
test, s. 

 
A Linear Optimization Model was also proposed 

to achieve the optimized mixture that will give an 
acceptable permeability value with the least cost. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1: Horizontal Permeability Set-up 
 
RESULTS AND DISCUSSIONS 
 
Index Properties and Chemical Properties 
 
 The specific gravity of each soil blend was 
determined. The summary of the specific gravity of 
various soil mixtures are shown in Table 2.The 
specific gravity of a particular soil shall be reduced 
by the addition of fly ash [7] since the usual of the 
specific gravity of fly ash is low. The addition of fly 
ash reduces the specific gravity of a soil mixture, 
thus we can agree with the statement of Prabakar 
[14], this is due to the light weight property of fly 
ash. Furthermore, it can be noticed that 100B is the 
heaviest of all the soils. Bentonite being a high 
density material, an increasing weight by adding 
bentonite to a soil mix can be noticed. 
 
Table 2. Specific Gravity of Each Mixture 

Mixture Gs 
100FA 2.02 

75FA25S 2.11 
50FA50S 2.31 
25FA75S 2.49 

100S 2.58 
100B 2.75 

96S4B 2.61 
96S2B2FA 2.60 

96S4FA 2.52 

Manometer 

Pump 

Air-
Water 

Cylinder 
Permeameter 

Outflow 
Collector 
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ASTM D4253 [10] and ASTM D4254 [11] were 

used to determine the maximum and minimum void 
ratios of the different mixes. It can be noticed from 
Table 3, the Maximum Void Ratio (emax) ranges 
from 1.78 to 1.99 because the fine contents of the fly 
ash contributed to the percentage of voids. 100S has 
the lowest value while 100FA has the highest, also 
from Table 3, 100S has the lowest fines content, 
while 100FA garners the highest. Their fines content 
and microfabric may have contributed to the 
minimum and maximum void ratio. It can be noticed 
that the minimum void ratio is much less that the 
reference [15], this is due to the meticulous 
laboratory execution. The allotted time for the 
vibratory table exceeded to determine the extent of 
the minimum void ratio. 
 
Table 3. Summary of emin and emax 

Soil Mixture emin emax

100S 0.84 1.78 
100FA 0.27 1.99 
100B 0.36 1.98 

96S4B 0.8 1.80 
50FA50S 0.47 1.94 
75FA25S 0.37 1.98 
25FA75S 0.72 1.93 
96S4FA 0.76 1.80 

96S2B2FA 0.78 1.81 
 
These minimum and maximum void ratios 

together with the target relative density of 90% were 
used to determine the void ratio to be utilized for the 
permeability specimens. 

Summary of results from the particle size analyses 
are shown on Table 4. 100FA and 100B have the 
greatest percentage of fines compared with other 
blends. Both soils are considered fines but the 
classification differ, fly ash is silt and Bentonite is 
plastic. It can also be noticed that mixing fly ash 
with other soils increases the fines content. 

 
Table 4. Summary of Particle Size Analysis Results 

Soil 
Mixture 

% 
Passing 

#200  
D10 D30 D60 

100S 21.84 0.01 0.4 1.2
100F 61.83 0.029 0.03 0.04 
100B 58.36 0.0022 0.0055 0.032 

96S4B 29.33 0.018 0.043 0.125
50FA50S 29.79 0.032 0.0375 0.12 
75FA25S 50.78 0.019 0.032 0.06 
25FA75S 25.79 0.015 0.042 0.15 
96S4FA 22.27 0.035 0.09 0.13 

96S2B2FA 23.82 0.03 0.08 0.25 
 
 All soil mixture followed the suggested fines 
content. Geo-con [16] provided the complete 

technical specifications on soil-bentonite trench cut-
off wall, they stated that the cut-off wall must have 
at least 15% fines content. Fine materials are 
particles that passed through #200 sieve during the 
particles size analysis test (ASTM D422). Evans 
[17] agreed that the cut-off wall mix must contain at 
least 15% fines to garner a low coefficient of 
permeability (commonly less than 9.9x10-7 cm/s) 
because the percentage of fines present affects the 
hydraulic conductivity [18]. 
 Most of the soil properties and characteristics 
like strength, compressibility and permeability are 
ascribed by its microfabric or microstructure. The 
scanning electron microscopy (SEM) was used to 
evaluate the microfabric of soil, fly ash and 
bentonite. Scanning electron microscopy (SEM) 
with energy dispersive X-ray spectroscopy 
(SEM/EDX) is the best known of the surface 
analytical techniques. High resolution images of 
surface topography, are produced using these tests. 
Pure soils were initially tested to check their 
microscopic characteristics, mixed soils were also 
tested thereafter. In the Energy Dispersive X-ray 
Spectroscopy (EDX), chemical composition of soil 
is determined to give information on the elements 
present in the soil. Oxygen (O) is very abundant, 
followed by Silicon (for Silty Sand) and Calcium 
(for Fly Ash). Silicon and Calcium are predominant 
in the soil elemental composition. Due to the 
presence of Oxygen and other dominant elements: 
Silica (from Silicon), Lime (from Calcium) and 
Alumina (from Aluminum) are the dominant 
minerals in the soil sample. 

As shown in Fig. 2, with 500x magnification for 
100S, it is a combination of extremely strandy 
grains, large angular grains and abundant silt grains 
formed the micro fabric. The silt grains have a rough 
surface. The particles are well-graded 
microscopically. The smaller particles tend to fill the 
voids created by the larger particles shown in the 
figure, thus creating a smaller inter-particle void. 
Looking closer to magnification of 1000x and 
5000x, strand-like particles are present, his indicates 
that these elongated particles also fill the voids, 
giving small passageways for water to permeate. 

 
 
 
 
 
 
 

Fig. 2. Microfabric of 100S (5000x, 1000x and 500x 
Magnification) 

 
As shown in Fig. 3, with 500x magnification for 

fly ash, it is a combination of larger silt grains and 
smaller silt grains to form the micro fabric. Fly ash 
is a silt thus normally 0.002-0.05 mm in size. As 
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seen on the 500x magnification, particles have 
almost similar size, forming larger inter-particle 
void, compared with silty sand and bentonite, to 
allow water to pass through. On the 1000x and 
5000x magnification, the surface of the particle is 
not smooth, this create passageway/voids for water 
to pass through. 

 
 
 
 
 
 
 

Fig. 3. Microfabric of 100FA (5000x, 1000x and 
500x Magnification) 

 
As shown in Fig. 4, with 500x magnification for 

50FA50S, it is a combination of extremely strandy 
grains, large angular grains and abundant larger silt 
grains and smaller silt grains formed the micro 
fabric. The silt grains have a rough surface. Looking 
closer to magnification of 1000x and 5000x, strand-
like particles are present but not prevalent compared 
with the pure soil, the soil particles may contribute 
to the reduction of permeability but the silt grains of 
fly ash will counteract to allow water to drain faster. 
 
 

 
 
 
 
 

Fig. 4. Microfabric of 50FA50S (5000x, 1000x and 
500x Magnification) 

 
As shown in Fig. 5, with 500x magnification for 

96S2F2B, it is a combination of extremely strandy 
grains, large angular grains, silt grains and elongated 
smooth grains formed the micro fabric. The particles 
are still well-graded microscopically. Looking closer 
to magnification of 1000x and 5000x, strand-like 
particles are present, this indicates that these 
elongated particles also fill the voids, giving small 
passageways for water to permeate. Also the smooth 
surface of bentonite particles gave a smaller inter 
particle-void which the permeability is reduced but 
counter-acted by the presence of fly ash’s silt grains 
which contributed to additional drainage. 
 
 
 
 
 
 
 
Fig. 5. Microfabric of 96S2F2B (5000x, 1000x and 

500x Magnification) 

Permeability 
 

A proposed approach utilized in determining the 
horizontal permeability of the various soil mixtures 
was referred [13] and was modified. Shown in Table 
5 is the range of permeability values gathered for the 
vertical oriented constant head permeability test. 
 
Table 5. Range of permeability values for vertical 
oriented permeability test 

Soil Mixture Min K, cm/s Max K, cm/s 
100FA 4.51E-05 5.35E-05 

75FA25S 2.93E-05 3.97E-05
50FA50S 2.81E-05 2.98E-05 
25FA75S 2.05E-05 2.50E-05 

100S 1.66E-05 1.90E-05 
100B 6.13E-09 2.48E-08 

96S4B 1.16E-07 2.98E-07 
96S2B2FA 6.90E-07 7.79E-07 

96S4FA 1.93E-05 2.40E-05 
 
 It is clear that the permeability is increased 
when the amount of fly ash is increased. It now 
agrees with the study by Prashanth [7] that fly ashes 
generally consists of silt-sized particles and 
consequently possesses high permeability. Thus, the 
amount of fly ash increases the permeability of the 
soil mixes. 

 
Table 6. Range of permeability values for horizontal 
oriented permeability test 

Soil Mixture Min K, cm/s Max K, cm/s 
100FA 6.15E-05 7.29E-05

75FA25S 4.19E-05 5.46E-05 
50FA50S 3.70E-05 4.34E-05 
25FA75S 3.39E-05 3.49E-05 

100S 2.25E-05 2.66E-05 
100B 1.30E-08 3.53E-08 

96S4B 1.65E-07 2.72E-07 
96S2B2FA 8.04E-07 9.87 E-07 

96S4FA 2.52E-05 2.70E-05 
 

The horizontal permeability of the various soil 
mixtures is important, because for cut-off walls, it 
can discern how long the contaminated water will 
penetrate in the horizontal direction. Shown in Table 
6, is the range of permeability values gathered for 
the horizontally oriented constant head permeability 
test. 

Soil is the usual majority component of the soil 
mixture since the study followed the suggested mix 
[6] to reduce its cost, the soil excavated from the 
cut-off wall trench can be utilized as the soil element 
for the backfill. If the soil is contaminated or does 
not meet the requirements, the excavated soil can be 
removed and treated. 100S is not a viable candidate 
for the cut-off wall. 100S’ microfabric having a 
combination of extremely strandy grains, large 
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angular grains and abundant rough-surfaced silt 
grains contributed to the drainage. 

Fly ash is the recommended addition to the soil 
mixtures to form the cut-off wall mix, since waste 
materials are aimed to be utilized but the addition of 
fly ash to soils changes the inter-particle void ratio 
[14], which is prevalent to the microscopic 
characterization test for 100F. It is a combination of 
larger silt grains and smaller silt grains to form the 
micro fabric. Silt particles have almost similar size, 
forming larger inter-particle void, contributing to a 
much larger inter-particle voids. 

Bentonite has low hydraulic conductivity. Its 
microfabric usually composed of a combination of 
smooth elongated grains and smaller grains, thus, 
smaller inter-particle voids are present. 

Baxter [4], 96% soil is mixed with 4% bentonite 
to form the cut-off wall mix. In the study, 96S4B 
was used as a control specimen and its permeability 
is above the minimum requirement of 9.9x10-7 cm/s 
for a cut-off wall. It is a combination of extremely 
strandy grains, large angular grains and elongated 
smooth grains formed the micro fabric. In its 
microscopic structure, strand-like particles are 
present, this indicates that these elongated particles 
also fill the voids, giving small passageways for 
water to permeate. Since, the attained permeability is 
above the minimum required value, fly ash was 
incorporated in the mix. Fly ash may increase the 
drainage but a certain amount of fly ash can be 
added but still attaining the minimum required 
permeability. 
 
Linear Optimization Model 
 

To check the effect of fly ash and bentonite 
when added to soil, the mixtures were tested for 
specific gravity, soil index property, relative density, 
microscopic characterizations, elemental 
composition and permeability. Many models may 
also be considered [20, 21, 22, and 23]. In the 
previous study, their permeability values were used 
to generate linear optimization model. Equations 2 
to 7 are considered in the constraint. 
 
Objective Function: Min. x3 (Bentonite) (2) 
 
Constraints: 
 

ଵݔ  1, ଶݔ	  ଷݔ	,1  1(3) 
 

ଵݔ  ଶݔ  ଷݔ ൌ 1(4) 
 

ି . ∗ ି . ∗
ି . 	(5) 

 
ି . ∗ ି . ∗

ି . 	(6) 
 

ݔ  0	(7) 
 
where: 
x1 = Amount of Soil; 
x2 = Amount of Fly Ash; 
x3 = Amount of Bentonite. 
 

This proposed linear optimization model was 
used to achieve the optimized mixture, x1=38.43% 
and x2=62.57%, that will give the permeability value 
with the least cost. 

In order to validate the model, equations 5 and 6 
were used. A plot of residuals was considered, 
shown on Figs. 6 and 7. 

 
Fig. 6. Normal Plot of Residuals for Equation 5 

 

 
 

Fig. 7. Normal Plot of Residuals for Equation 6 
 
CONCLUSIONS AND RECOMMENDATIONS 

 
As a criterion in selecting the viable mixture for 

the cut-off wall, Baxter [4] recommended that the 
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minimum permeability requirement of x10-7 cm/s for 
a cut-off wall. Also, it was suggested to provide a 
mix of 96% soil and 4% bentonite (96S4B) in the 
design of cut-off walls, but bentonite is relatively 
expensive, thus the viability of fly ash as a 
replacement for bentonite was considered. Fly ash is 
the recommended addition to the soil mixtures, since 
waste materials are aimed to be utilized. But the 
addition of fly ash to soils changes the inter-particle 
void ratio [14], it increases the permeability, thus, 
the microscopic characteristics of the soil mixtures 
may contribute to the increase in permeability. Since, 
96S4B’s attained permeability is above the 
minimum required value, fly ash was incorporated in 
the mix. Fly ash may increase the drainage but a 
certain amount of fly ash can be added and still 
attaining the minimum required permeability.  

Given the linear optimization model, the 
optimized mixture, x1=38.43% and x2=62.57%, that 
will give the permeability value with the least cost 
was achieved. 
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ABSTRACT 

 
In the tunnel excavating unconsolidated sand layer of urban areas, it is important to stabilize the tunnel 

cutting face and to control the surface settlement. Therefore, the long face bolts are used frequently. As the effect 
of the face bolts for the cutting face stability and the surface settlement control, it is thought that reinforcing 
effects are different according to length and the interval. In this study, we changed the length and the interval of 
the face bolts by the two-dimensional model test used Toyoura-sand and examined the influence level on the 
effect of the face stability and the surface settlement. As a result, when the length of the face bolt is longer than 
0.3H（H: cutting face height）, the reinforcing effect of the cutting face becomes higher. It is small in length 
0.2H. For the surface settlement, when the length of the face bolt is longer than 0.5H, the reinforcing effect 
becomes higher. Moreover the face stabilizing effect is higher better installation interval of the face bolt is small. 
In bolt’s installation interval 0.2H, face stabilizing effect and surface settlement control effect is high, but bolt’s 
installation interval 0.5H is small. In addition, we examined the reinforcing effect and the mechanism of the face 
bolts by a numerical analysis using the finite element method. 
 
Keywords: Tunnel, Cutting face bolts, Model test, Numerical analysis, Unconsolidated sandy tunnel 
 
 
INTRODUCTION 

 
In the tunnel excavating unconsolidated sandy 

layer in NATM, it is important to stabilize the tunnel 
cutting face and to prevent the surface settlement.  
For that purpose, the various auxiliary methods of 
tunnel construction are used, and it becomes the 
effective method to drive the long face bolts recently 
[1]. As the effect of the face bolts for the cutting 
face stability and the surface settlement control, it is 
thought that reinforcing effects are different 
according to length and the interval [2-7].  

In this study, we changed the length and the 
interval of the face bolts by the two-dimensional 
model test used Toyoura-sand and examined the 
influence level on the effect of the face stability and 
the surface settlement [8-9].  

In addition, we evaluated the reinforcing effect 
and the reinforcement mechanism of the face bolts 
by a numerical analysis using the finite element 
method[10-11]. 

 
OUTLINE OF MODEL TEST   

 
Model Test Equipment  

 
A model test equipment shown in Fig. 1. The 

size of the soil tank is 65cm in height, 80cm in width, 
and 15cm in depth. As shown in Fig. 1, Tunnel part 
of the model is the two-dimensional cross section of 

the longitudinal direction taken along the center of 
the actual tunnel cross section, a rectangular cross-
section of the cutting face model is 15cm in height 
and 15cm in width. In this test, a cutting face bolt 
modeled with a thin Kent paper thicknesses 0.12mm 
of a flat plate shape, was placed at a predetermined 
interval in cutting face, as shown in Fig.2 and Fig.3. 

The model test reproduced the excavation by 
pulling out the tunnel cutting face model by a screw 
jack. Upon reaching a predetermined pull-out 
amount was measured the load acting on the tunnel 
cutting face and the surface settlement. The load 
acting on the tunnel cutting face sets the load-cell on  

 
 
 
 
 
 
 
 
 
 

 
 
 

Fig.1  Model test equipment (unit mm) 
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Fig.2  Cutting face part enlarged view (unit mm) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3  Model test equipment (Photograph) 
 

the back side of the tunnel cutting face, was 
measured change of the load in accordance with the 
pull-out. 

Table 1 shows the case of the model test. The 
length of the face bolt model (Kent paper) was 
changed 15cm (1.0H, H: cutting face height of 
model tunnel), 7.5cm (0.5H) and 3cm (0.2H).  
Further, the installation interval was changed 7.5cm 
(1-stage), 5cm (3-stage) and 3cm (5 -stage), it was 
examined the influence. 

 
Table 1 Case of model test 

Test case length（ℓ） Installation interval
1 Non-reinforced
2 15.0cm (1.0H) 1,3,5-stage
3 7.5cm (0.5H) 1,3,5-stage
4 3.0cm (0.2H) 5-stage

 
Model ground was used Toyoura-sand of the air-

dried state. The model sand was free-fall from the 
outlet of a fixed size at the position of the height 
60cm, and the model ground was introduced to 
overburden thickness 30cm (2.0H). The density of 
the sand is 1.54g/cm3. 

The pull out of the tunnel, one by 0.2mm up to 0
～2mm, one by 0.5mm up to 2～10mm, one by 

1mm up to 10 ～ 15mm was carried out. The 
measurement of the surface settlement used a 
displacement gauge. It was placed in five locations 
in the 10cm interval. 

 
Overview of the Model Test Results   

 
Surface settlement (non-face bolt) 

 
Figure 4 shows the change in surface settlement 

due to tunnel cutting face pull-out when there is no 
face bolt. The measurement point just above the face, 
and front 10cm, 20cm, 30cm and 40cm from the 
cutting face just above. It is the point of the rear 
10cm from the cutting face just above. The surface 
settlement of the point of the cutting face 
immediately above and the front 10cm is large. With 
the pull-out amount of the cutting face increases, the 
surface settlement is increasing linearly. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig.4 Surface settlement due to the pull-out  
(non-reinforced) 

 
The reason for this surface settlement has 

increased because its position is within the range of 
the sliding surface of the ground. The surface 
settlement amount at the position of the cutting face 
behind 10cm and face forward 20cm~40cm is small 
and the surface settlement is not significantly 
increased even if the pull-out amount of the cutting 
face is increased. The reason is because the surface 
settlement is not significantly increased in order to 
that position the outside than the range of the sliding 
surface. 

 
Surface settlement (using face bolts) 

 
Figure 5 shows the change in surface settlement 

due to cutting face pull-out in the case of the face 
bolt installed 5-stage at the installation interval 3cm 
and length 15cm. The settlement measurement 
points are the same as described above the non-face 
bolt case. The surface settlement amount of point of 
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the face above and face the front 10cm is slightly 
larger. The maximum surface settlement at the time 
of pull-out 15mm of tunnel face is about 2 mm, the 
surface settlement than non-face bolt is considerably 
suppressed. 

 
 
 
 
 
 
 
 
 
 
 

Fig.5 Surface settlement due to pull-out 
(Bolt length 15cm, 5- stage) 

 
 
Surface settlement of the tunnel longitudinal 
direction 

 
Figure6 to7 shows the surface settlement of the 

tunnel longitudinal direction in the case of changing 
the installation interval of the face bolt when the 
case of face bolt length is 15cm (1.0H). The tunnel 
cutting face position as 0cm, at the position of the 
face front 10cm, 20cm, 30cm, 40cm and face 
backward 10cm, shows the surface settlement value 
of each case. 

Figure6 shows the surface settlement when the 
cutting face was pulled out 10mm (0.07H). In the 
case of non-reinforced, at the point of the face front 
10cm from the face above, it is about 4mm 
settlement. On the other hand, in 5-stage and 3-stage 
hardly subsidence, about 1mm settlement in the face 
just above even 1-stage, the surface settlement 
control effect is clearly evident. 

 
 
 
 
 
 
 
 
 
 

 
Fig.6 Surface settlement curve 

(Longitudinal direction, on 10mm pull-out) 
 
Similarly, Figure 7 shows the surface settlement 

when pulled out 15mm (0.1H) the cutting face. In 
the case of non-reinforcement is about 6～ 7mm 
settlement at the point of the face front 10cm. 
Although the 5-stage and 3-stage have been 

settlement of about 2mm, increased sharply 
settlement just above the cutting face in the case of 
1-stage, there is no reinforcing effect. In addition, 
from these figures, the range of influence of surface 
settlement is about face forward 20 ~ 30cm (1.3 ~ 
2.0H). 

 
 
 
 
 
 
 
 
 
 
 

Fig.7 Surface settlement curve 
(Longitudinal direction, on 15mm pull-out) 

 
 

Figure8 show the surface settlement of tunnel 
longitudinal direction of the case changing the face 
bolt length 15cm (1.0H), 7.5cm (0.5H) and 3cm 
(0.2H) in installation interval 5-stages.It shows the 
surface settlement when pulled out 15mm (0.1H) the 
cutting face. In the case of non-reinforcement are 
about 7～8mm settlement at the point of the face 
front 10cm. Although the settlement amounts of the 
same degree in the face bolt length 15cm and length 
7.5cm are about 2mm settlement, the control effect 
of settlement is high. On the other hand, in the face 
bolt length 3cm (0.2H), settlement amount has been 
increased to about 4mm just above tunnel face, the 
control effect of the settlement is small. 

 
 
 
 
 
 
 
 
 
 
 

Fig.8 Surface settlement curve 
(Longitudinal direction, on 15mm pull-out) 

 
Among the model test results, Table 2 shows a 

comparison of the surface settlement of each case. 
The comparison position of the surface settlement is 
the value of the position of the front 10cm from the 
cutting face just above. It is shown in detail in 
reference [8]. 
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Table 2 Experimental results  
(Comparison of surface settlement) 

 

№ Test case 
Surface settlement (mm) 

Pull-out 
1.5mm 

Pull-out 
4.5mm 

Pull-out 
15mm 

１ Non-reinforced 0.7 2.0 6.6 
２ length15cm, 5stage 0.1 0.2 1.1 
３ length15cm, 3stage 0.1 0.2 2.0 
４ length7.5cm, 3stage 0.3 0.8 2.4 
５ length3cm, 5stage 0.2 0.5 3.8 
 
NUMERICAL ANALYSIS    

 
Analysis Method and Model   

 
The analysis used the two-dimensional plane 

strain elastic analysis by the finite element method. 
The analysis model is shown in Fig.9. Although the 
analysis of the tunnel face portion is inherently 
three-dimensional, used a two-dimensional cross-
section in order to correspond to the model tests 
described above. 

The materials properties used in the analysis are 
shown in Table 3. The model ground used a 
quadrilateral element of the 4-node, the face bolt 
used a beam element. The bending rigidity of the 
beam element was a small value that can not be 
resistance to bending due to the use of Kent paper 
model test. 

In accordance with the above-mentioned model 
test, the tunnel excavation was simulated in a way 
that extracting the elements of the shaded portion of 
Fig.9. The stress release ratio as 100% was carried 
out excavation analysis of the tunnel. For boundary 
conditions, the soil tank’s bottom is a fixed both 
vertical and horizontal directions, tunnel crown was 
fixed condition in accordance with the model test. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.9 Analysis model and boundary conditions 
 

Analysis Results   
 
Analysis was varied with the length of the face 

bolts 15cm (1.0H, H: face height) and 7.5cm (0.5H) 
in correspondence with model test case of Table 1. 

Moreover, was changed the face bolt’s installation 
interval in the 3-stages and 5-stages. 

 
Table 3 Material properties 

 
Non-face bolts 

 
The displacement mode diagram and contour 

diagram of the horizontal displacement of the 
analysis results are shown in Fig. 10 to 11. Figure 10 
is deformation diagram in the case where there is no 
face bolt, and Fig.11 is a contour diagram of the 
horizontal displacement. 

From the figure, the cutting face has swelled 
large, if ground strength is low, is expected to lead 
to face collapse. In addition, from the contour 
diagram of the horizontal displacement, it has spread 
a large area of the horizontal displacement toward 
the surface in the direction of the obliquely upward 
45 °. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig.10 Deformation mode diagram (non-face bolt) 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig.11 Contour diagram of the horizontal 
displacement (non-face bolt) 

 
Using face bolts 

 
Figure 12 is a displacement mode diagram of the 

face bolt’s length 15cm (1.0H) in installation 
interval 5-stages. Figure 13 is a contour diagram of 
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the horizontal displacement. From this figure, in the 
face bolt installation position have been suppressed 
swelling of the cutting face, the amount of horizontal 
displacement is smaller. Moreover, the contour 
diagram, a large area of deformation does not extend 
toward the ground surface, the cutting face is stable, 
it is expected that the surface settlement is reduced. 

Figure 14 is a contour diagram of the horizontal 
displacement of the face bolt’s length 3cm (0.2H) in 
installation interval 5-stages. From this figure, even 
if the face bolt has 5-stages, the bolt length is short,   
so the amount of horizontal displacement of the 
cutting face is large. The reinforcing effect of the 
cutting face is small. 

Figure 15 is a contour diagram of the horizontal 
displacement of the face bolt’s length 15cm (1.0H) 
in installation interval 3-stages. From this figure, in 
the face bolt installation position, the swelling of the 
cutting face have been suppressed a little. It is 
almost similar to the case of the face bolt’s length 
15cm (1.0H) in Fig13.  

Figure 16 shows the axial force diagram of the 
face bolt. From the axial force distribution, the axial 
force is the largest is near the center of the face bolt, 
the face bolts are functioning well as the role of the 
ground anchor. The face bolt does not function as a 
ground anchor, if the face bolt is pulled out, the axial 
force distribution dose not become indicating a 
maximum near the center as shown in the figure, the 
distribution shape becomes the largest near the 
cutting face. 

 
 

 
 
 
 
 
 
 
 
 

 
Fig.12 Deformation mode diagram 

(Bolt’s length 1.0H, installation interval 5-stage) 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.13 Contour diagram of horizontal displacement 
(Bolt’s length 1.0H, installation interval 5-stage) 

 
 
 
 
 
 
 
 
 
 
 
 

Fig.14 Contour diagram of horizontal displacement 
(Bolt’s length 0.2H, installation interval 5-stage) 

 
 
 
 
 
 
 
 
 
 
 
 

Fig.15 Contour diagram of horizontal displacement 
(Bolt’s length 1.0H, installation interval 3-stage) 

 
 
 
 
 
 
 
 
 
 
 

Fig.16 Axial force mode of face bolts 
      (Bolt’s length 1.0H, installation interval 3-stage) 

 
 
Comparison of the Model Test    

 
Table 4 is the surface settlement and the cutting 

face’s swelling amount in the numerical analysis 
results. Comparing the position of the surface 
settlement is the position of the face front 0cm ~ 
15cm, was using the maximum value. In the table is 
also shown the ratio of the case of no face bolt in 
parentheses. Because it is elastic analysis the amount 
of deformation of the ground is proportional to the 
deformation modulus E. Therefore, hereafter we 
described using the ratio of the no face bolt’s case. 

From the two Table of Table 2(above mentioned) 
and Table 4, when inserting the face bolts and the 
tunnel pull-out amount is small in 1.5mm or 4.5mm, 
which is an elastic state, the analysis result of the 
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settlement become larger. The poll-out amount 
becomes large as 15 mm, the ground is expected to 
become a plastic state, as compared to the model test, 
the degree of deformation is well reproducible. 

Paying attention to the swelling amount of the 
cutting face, in the case that the length of the face 
bolt is short and installation interval is large, it is 
larger than the trend of surface settlement. However, 
the tendency of the reinforcing effect of the length 
and spacing of the face bolt is able to reproduce. 
From these results, the numerical analysis of the face 
bolt using the elastic analysis can obtain an analysis 
result of the safety side with respect to the 
reinforcing effect of the cutting face bolt. 

Table4  Result of numerical analysis 

CONCLUSION 

The two-dimensional longitudinal direction of 
the model tests using Toyoura -sand, was examined 
influence of the surface settlement by changing the 
installation interval and the length of the cutting face 
bolts. Moreover, we examine the reinforcing effect 
and the reinforcement mechanism of the cutting face 
bolt using a numerical analysis method by the finite 
element method. As a result, it was found that the 
following. 

Compared to the model test results, in the 
region where the tunnel pull-out amount is small and 
the natural ground seems to be within the elastic 
range, an elastic analysis result has a bigger ratio of 
the settlement. When the pull-out amount of the 
cutting face is as large as 15mm, and the ground 
becomes the plastic state, the elastic analysis results 
show the same tendency as the model test results. 
For the elastic analysis, the swelling amount of the 
cutting face is larger in the case that the length of the 
face bolt is short and installation interval is large.    

The numerical analysis of the face bolt using 
the elastic analysis can obtained of the safety side 
analysis results with respect to reinforcing effect of 
the natural ground deformation by the cutting face 
bolt. 
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５ length3cm, 5stage 0.22(0.8) 2.4(0.7) 



 

127 

Seventh International Conference on Geotechnique, Construction Materials and 
Environment, Mie, Japan, Nov. 21-24, 2017, ISBN: 978-4-9905958-8-3 C3051 

PHYSICAL MODELING OF PROPOSED POROUS DRAINAGE 
SYSTEM TO SOLVE INUNDATION PROBLEM 

Ahmad Rifa’i1, Noriyuki Yasufuku2 
1Faculty of Engineering, Universitas Gadjah Mada, Indonesia; 2, Faculty of Engineering, Kyushu University, 

Japan 

ABSTRACT 

Post rain inundations that occurred in Prambanan Temple yard interfere the visitor’s mobility and heavy 
equipment that operated for restoration activities in the temple. A typical porous drainage system was proposed 
using waste material from Merapi eruption to reduce the inundations. Research on the characteristics of the 
waste material becomes important due to the availability of so many supplies from these materials and it has not 
been utilized optimally. A full scale of physical modeling experimental test, with a modified equipment to 
determine the performance of the porous drainage system, was proposed in this study. Physical modeling of the 
porous drainage system is expected to represent the actual conditions in the field. The ground water level was 
designed in two conditions, deep ground water level based on the natural field condition and shallow ground 
water level that is an extreme condition that may occur in the field. In this test, rainfall simulator was built to 
flow the discharge constantly into this physical modeling. The effectiveness of this system amounted to 20% of 
the drainage capacity in natural field condition during the rainfall duration of 2.183 hours. In the extreme 
condition, the effectiveness of the system amounted to 75% of the drainage capacity during the rainfall duration 
of 2.383 hours. It shows that the porous drainage system is quite effective when applied at Prambanan Temple 
yard that has an average rainfall duration of 2.375 hours. The proposed porous drainage system is expected to 
solve the inundation problem in Prambanan Temple yard. 

Keywords: Post Rain Inundations, Physical Modeling, Porous Drainage System 

INTRODUCTION 

Prambanan Temple yard is divided into three 
stages, with the main stage of Prambanan temple 
complex is located on the first yard. The first yard of 
Prambanan Temple is the main destination for 
tourists to enjoy the beautiful view. But in these last 
few years, the convenience of the tourism activity in 
the first yard of Prambanan Temple was quite 
disturbed due to the water inundations that always 
occur during the rainy season. Inundation that 
appears after rainfall in certain parts in the first yard 
of Prambanan Temple, as shown in Fig. 1, is one of 
issues that must be solved. Cultural Heritage 
Institution of Prambanan Temple attempted to 
reduce the inundation problem by adding a special 
soil above the original soil layer, so that the ground 
is not expected to quickly become saturated, free of 
dust, and it is not a growing medium of grass. 
Moreover, some drainage channels have added on 
Prambanan Temple yard to reduce the potential 
inundations of water occurrences, but this treatment 
is still not effective. To preserve this cultural site 
and keep the convenience of visitor’s mobility, it 
needed some solution to organize and improve the 
drainage systems to reduce the inundated area.  

According to the soil stratification data, as shown 
in Fig. 2, the soil layer in Prambanan temple yard is 

dominated by sandy soil. The water level condition 
is on 12 meters under the soil surface. One of 
solution that can be conducted is by creating a 
drainage system that able to reduce runoff by 
infiltration through porous media of a porous 
material [1].   

Fig. 1 Inundation that occurs in the yard of 
Prambanan Temple. 
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Fig. 2  Stratification of soil layer [2]. 

In addition, to obtain the high permeability 
material, a porous medium in the drainage system 
also serves to reduce the water pressure, prevent 
erosion, and prevent soil particles transported by the 
water flow. An alternative porous medium 
application is the utilization of porous drainage 
channels and porous paving block as an access road 
for visitors which considered to solve the 
inundations. Both of these alternatives are used in 
this study to optimize the drainage system and to 
solve the inundations problem. In this study, 
physical modeling of drainage system based on field 
condition parameter was conducted. This study 
focused on the effectiveness of the proposed 
drainage system with a physical model that has 
adapted to the conditions in Prambanan Temple yard. 

Reference [3] has conducted research on 
utilization of low strength aggregate or Bantak and 
volcanic ash for drainage porous. Bantak and 
volcanic ash are used in no fine concrete as the main 
substituting material. The materials are used as a 
basic calculation of the total requirement of drainage 
material for producing of porous concrete samples. 
A numerical analysis model of the drainage channel 
was conducted and the distance between the nearest 
channels is 7.48 m. In addition to the distance 
between the channels, a typical channel model was 
proposed and shown in Fig. 3. 

In addition to the porous drainage channels, to 
reduce inundation that caused by lack of water 
infiltration into the soil, porous paving blocks can be 
an alternative construction for pavement, especially 
for sidewalks, open parking area, etc. Reference [4] 
has conducted research on utilizing Bantak and 
volcanic ash to porous paving block in the handling 
of drainage at Prambanan temple page. The test 
results of the characteristics of porous paving blocks 
can be seen in Table 1.  In [4],  the model testing 
was conducted in an acrylic box with an area of 50 
cm by 50 cm to get the value of the original soil 
permeability coefficient and porous paving block. 
This modeling was also performed on the normal 
paving block as a comparison. The calculation result 
of infiltration based on the data modeling results can 
be seen in Table 2.  

Fig. 3  Proposed drainage system by [3]. 

Table 1  Characteristics of the porous paving block 
using volcanic ash [4]. 

Characteristic Value 
Specific gravity (kN/m3) 16.80 

Compressive strength (MPa) 5.72 
Porosity (%) 28.40 

Permeability (m/s) 1,93 x 10-2 

Table 2 Hydraulic properties of the soil and paving 
block [4] 

Parameter Soil 
Normal 
paving 
block 

Porous 
paving 
block 

Permeability 
(m/s) 5.8 x 10-6 1.3 x 10-5 1.1 x 10-4 

Infiltration 
capacity (m) 4.2 x 10-2 1.1 x 10-1 - 

Infiltration 
velocity (m/s) 7.5 x 10-6 1.4 x 10-5 - 

Runoff (m) 8,8 x 10-2 1,6 x 10-2 - 
Inundations 
time (hour) 3,2 0,3 - 

RESEARCH MATERIALS AND METHODS 

Three-dimensional physical modeling was 
conducted in this study to validate theoretical results 
that have obtained through a mathematical 
calculation. In the physical modeling, detailed 
planning with analytical calculations is needed in 
order to build a physical modeling that represents 
the actual conditions in the field. Physical modeling 
can use the full scale or can be scaled from the 
actual conditions taking into account the scale factor. 
Detailed figure of a porous drainage system was 
proposed by [3]. Typical porous drainage channels 
that have been made by previous researchers then 
modified into a physical model in a scale of 1:1, that 
shown in Fig. 4. 
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Fig. 4  Physical model of proposed porous 
drainage system. 

Fig. 5  Experimental test apparatus. 

Physical modeling testing of the porous drainage 
process begins with regulating the flow of rain 
simulation equipment, water discharge arranged 
until approaching rainfall conditions in the first yard 
of Prambanan Temple as shown in Fig. 5. Water 
discharge released from the rain simulation 
equipment is 14 ml/sec assuming the typical heavy 
rain. This water discharge represents the rain 
intensity about 70 mm/hour where it is 5 times 
higher than normal intensity obtained from the field 
data that equal to 14 mm/hour. Water discharge flow 
through a pipe that has been hollowed and the slope 
of the pipe needs to be taken to ensure that water can 
flow as expected. There are two conditions in this 
test, shallow ground water table for the critical 
condition and deep ground water table that 
represents actual field conditions.  

Conditions of shallow ground water table can be 
modelled using an impermeable layer on the bottom 
of the porous drainage.  It is made by letting an 
empty space at the bottom of the modeling box filled 
with water. The condition is considered to represent 

a layer of impermeable because the water does not 
flow out and the water that seeps through the 
physical modeling test stuck in the bottom layer. 
Meanwhile, to simulate actual field conditions, the 
water valve at the bottom of the box was opened and 
the flow rate is set in accordance with the soil 
conditions in the field. Permeable layer conditions 
on the bottom of the porous drainage are made by 
making a puddle in advance at the box support as 
high as the bottom limit of the soil layer, then open 
the valve outlet of 8.7 ml/sec with assumption that 
the value of the discharge that comes out of the 
valve outlet is the same discharge in the modeling 
test. At the same time simulation of rain still running. 

The observations focused on the direction of 
water flow and time to achieve the highest 
inundation level at 75% of the drainage capacity in 
saturated soil conditions. Changes of water content 
to determine the saturated condition was maintained 
by using soil moisture sensor devices. Groundwater 
flow direction can be visually seen when conducting 
this physical modeling. When the rain simulation 
equipment conducted, the time monitoring start. 
Furthermore, every inundation of 2 cm in porous 
drainage, the elapsed time is recorded until the 
altitude target. The simulation equipment was 
stopped when rain inundation on a porous drainage 
has reached 75% of the porous drainage height, then 
the elapsed time is recorded. 

RESULTS AND DISCUSSIONS 

In the shallow ground water level conditions, 
when rainwater simulation equipment was 
conducted and the surface of the soil in physical 
modeling start to wet, at that time the rain time 
calculation begins. The valve is opened by setting a 
constant flow of 14 ml/sec. This value is obtained 
from the calculation using 5 times of the rain 
intensity on the field that is equal to 70 mm/hour (> 
60 mm/hour) and classified as the category of very 
heavy rain [5]. It used 5 times of the normal 
intensity because the intensity of rainfall simulation 
equipment was limited, so it used the higher rain 
intensity that can be seen visually and the represent 
the rain in the field. The process of physical 
modeling test is executed when the soil reaches the 
saturated condition and based layers as deep as 20 
cm below the drainage porous considered 
impermeable. This impermeable layer is an 
interpretation of extreme field conditions where the 
soil is saturated with a high water level.  

The results of the physical modeling test are time 
and water level contained in porous drainage. 
Observation of the water level in porous drainage 
every 2 cm to 26 cm, obtained from the 75% of the 
drainage capacity. The observations are then made 
in the form of a graph as shown in Fig. 6. 
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Fig. 6  Recapitulation of physical modeling 
observations with impermeable layer 

Fig. 7  Recapitulation of physical modeling 
observations with permeable layer 

Fig. 8  Testing results of the decreasing water level 
in porous drainage with permeable layer 

From Fig. 6, it can be seen that the time required 
for the water level every 2 cm is not constant. It 
appears there was a decrease in significant time 
when the water level of 6 cm to 8 cm and shows the 
water flowing into the drainage porous faster. After 
the water level height above 8 cm time required 
every 2 cm relatively constant, although there are up 
and some going down but not too significantly. The 
test data obtained from the time required for porous 
drainage inundation heights of 26 cm for 2 hours 23 
minutes or 2.383 hours with rainfall intensity 5 times 
the normal intensity that is equal to 70.55 mm/hour. 
Data on the average duration of rainfall that 
occurred in the first yard of  Prambanan Temple 
based on previous research that is over 2,375 hours. 
Thus the porous drainage system can be said to be 
effective for the treatment of inundation occurred in 
the first yard of Prambanan Temple despite heavy 
rain conditions (intensity of> 60 mm/hour). 

On the deep ground water level condition, after 
the rainwater discharge valve is opened to discharge 
of 14 ml/sec with the intensity of 72 mm/hour 
interval of ± 10 minutes the water had penetrated the 
upper surface of porous drainage. With the soil 
conditions in the experimental test equipment were 
saturated and the water level at the bottom has been 
setting the limit as high as the bottom layer of soil, 
the results showed after waiting 1.5 hours, ground 
water level touches the bottom of the porous 
drainage. After the water reached the base of the 
porous drainage, then did a calculation of increasing 
inundation over time as shown in Fig. 7. 

Based on Fig. 7, it can be seen every change of 
time elevation of inundation rose by 2 cm, and then 
averaged summed it takes about 20 minutes per 
increment inundation of 2 cm on porous drainage. 
So the speed of inundation in porous drainage was 
0.1 cm/min. Of the total duration of the rain occurs 
about 2 hours 11 minutes gained inundation height 
on drainage pore of 7.5 cm from the inner surface 
drainage. So, in a case of rain with an intensity of 72 
mm/hour for 2 hours 11 minutes, the condition is 
still very efficient drainage as a reservoir and 
seepage of rain. It is shown at an inundation height 
still 20% of the total of the level. 

Decreasing water level is only performed on a 
permeable layer, which assumed that the water could 
flow down. Water level decreasing test in porous 
drainage, simulating when the rain was stopped but 
the discharge outlet remains open in accordance 
flow of water in the soil is 8 ml/sec and the position 
of the state remain saturated soil conditions. The test 
results can be seen in the graph shown in Fig. 8 
below concluded that the rate of decreasing water 
level per 0.5 cm takes 1.203 minutes. From the 
results of this study concluded drainage catchment 
speed is 0.416 cm/min. 

In decrease testing inundation in the porous 
drainage, rain simulation was stopped but the 
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discharge outlet remains open in accordance 
groundwater flow that is 8 ml/sec and the position of 
the state remain saturated soil conditions. The test 
results can be seen in the graph below, inundation 
concluded that the decrease rate every 0.5 cm takes 
1.203 minutes. It can be concluded from the speed of 
the drainage catchment is 0.416 cm/min. 

Fig. 9 shows in the direction of flow that occurs 
in the physical modeling of the porous drainage 
system. Running physical modeling to determine 
groundwater flow direction was made during a field 
dry conditions up to saturated soil conditions. Based 
on visual observations, the direction of flow on 
physical and mathematical modeling there is no 
significant difference, with it can be assumed that 
the input and output physical modeling and 
numerical modeling is correct. Conditions on 
groundwater flow above using rain discharge of 20 
ml/sec to the direction of flow as shown above. In 
the picture, shown in number 1-6 as the change in 
shape of the flow of time. The initial condition is 
shown in number 1 and number 6 shows the final 
condition. In numerical modeling using Finite 
Element Method is modeled with the same soil 
conditions such as conditions on the modeling of 
physical test equipment. Results of running the 
software SEEP/W is shown in Fig. 10. It was 
concluded from a comparison of both models show 
the direction of flow which is not much different 
shape. 

CONCLUSIONS 

After testing on modeling of porous drainage 
system with the condition of the ground water level 
in accordance with the conditions of the field, the 
results obtained by 7 cm water level from lower 
surface drainage within 139 minutes. This shows 
that the porous drainage system used is quite 
efficient in streaming and storage of rain water 
runoff intensity 5 times the average rainfall intensity 
in the field. The time required for each increase of 
the water level in the drainage porous 1 cm nearly 
constant. This is possible because of the influence 
horizontal water flow coming into the porous 
drainage changed and influenced also by the already 
saturated ground conditions. The duration for the 
decrease in drainage porous inundation with a height 
of 0.5 cm takes 1.203 minutes. This is possible 
because the permeability of the non-sand concrete 
drainage density is very high and the soil density 
that is not so dense.  

On the condition of the shallow ground water 
table below the drainage system obtained results 
height of inundation by 26 cm within 2.383 hours of 
this suggests that the drainage system is porous 
enough used effectively in reservoir drainage and 
water runoff. The time required for each increase of 
the water level in the drainage of 2 cm is not 

constant and even tends to decrease. This is possible 
because of the influence of the horizontal flow of 
water coming into the porous drainage increased. 
Comparison of flow direction on physical modeling 
with Finite Element Method is not too significant. 

Fig. 9  Pictures direction of flow in modeling tools 
experimental test 

Fig. 10  Vector direction of water seepage on 
numerical modeling 
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EFFECT OF HEATING-WETTING CYCLES ON ROCK 
PERMEABILITY  

Ivan Gratchev1, Jeremy Stephens 2 and Dong Hyun Kim 3 
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ABSTRACT 

High temperatures that exist in rock mass can affect the properties of rocks, resulting in the formation of new 
discontinuities or expansion of the existing cracks. Such changes in the rock structure would likely influence the 
water flow in rock mass, which may undermine the rock storage capacity. This study seeks to investigate the effect 
of high temperatures on rock permeability. Fresh and weathered rock samples of argillite were subjected to heating 
and wetting cycles under the laboratory conditions to simulate the impact of high temperatures on rock mass. After 
each cycle the rock permeability was determined and compared with its initial value. It was found that as the 
number of heating-wetting cycles increased the coefficient of permeability of rock specimens also increased. 
However, this change depended on the initial rock properties and the number of heating-wetting cycles. The 
observed increase in permeability was attributed to the changes in the rock structure caused by the heating-wetting 
process. 

Keywords: Rock permeability, Heating-wetting procedure, Laboratory testing, Argillite 

INTRODUCTION 

Variations in temperature and moisture content 
tend to affect the mechanical properties of rocks 
through the initiation of new or developing already 
existing cracks [1]. It is already known that 1) heating 
and cooling of rock can generate fractures through the 
thermal expansion and contraction [2], and 2) this 
process can close or open the existing fractures [3]. A 
better understanding of the effect of temperature on 
rock material is extremely important for underground 
waste repositories including nuclear waste. It is vital 
to contain the waste by preventing any leakage of 
hazardous material that can contaminate the 
surrounding environment. Although rocks are 
generally considered hard material with very low 
permeability, it can increase or decrease depending 
on the behavior of fractures under high temperatures. 
For example, recent studies [4] indicate that 
extremely high temperatures of 800-900C resulted in 
lower values of permeability (by nearly four orders of 
magnitude) as the thermal stresses closed the existing 
fractures.  

It is clear that temperature-induced changes in the 
rock structure would likely influence the fluid flow in 
rock mass, which may affect the rock storage 
capacity. This study seeks to better understand the 
effect of high temperatures on rock permeability.  

TESTING PROCEDURE  

Rock specimens used 

Four borehole core specimens of argillite 

(diameter 50 mm) (Fig. 1) from the Neranleigh–
Fernvale Beds formation [5-6], Gold Coast, Australia 
were used in this research. Two fresh specimens (F1 
and F2) and two slightly weathered specimens (W1 
and W2) were subjected to the same testing procedure 
that consisted of 3 heating and wetting cycles.  

Fresh rock

Weathered rock

Fig. 1 A view of the fresh and slightly weathered 
rock used in this study. 

Before testing, each specimen was enclosed in a 
concrete mould (diameter 150 mm) with fiber 
reinforcement as shown in Fig. 2. Silicone sealant 
was used to separate the rock from the concrete mould 
to ensure that the specimen permeability is not 
affected by the concrete. 

Rock permeability tests 

To conduct a permeability test, the permeability 
apparatus with a 50-mm diameter O-ring was 
positioned on top of the specimen and clamped down 
to the specimen as shown in Fig. 3. To begin the test, 
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a pressure of 500 mBar was applied and the volume 
of water permeated through the rock specimen was 
measured every minute. The test continued for 15 min 
when only limited variation in pressure (less than 1%) 
was observed. 

 
Rock

Concrete mould

Silicone sealant

 
 

Fig. 2 Specimen preparation for the permeability 
tests. 

 

Rock specimen

Clamp

Permeability
 apparatus

 
 

Fig. 3 Experimental setup used for a series of 
permeability tests. 

 
Heating-wetting cycles 

 
After the initial permeability test was conducted, 

the specimen was left to dry before starting the first 
heating cycle. The specimen was placed in an oven 
for 24 h at a temperature of 105C. The specimen was 
then taken out of the oven and left in a controlled 
environment to cool before being submerged in 
distilled water (at a room temperature) for 24 h. The 
final stage of the heating cycle was to remove the 
specimen from the distilled water and let it dry for 24 
h under controlled temperature (20C) conditions. 
After each heating-wetting cycle, a permeability test 
was conducted to investigate the effect of the heating-
wetting process on rock permeability. In addition, 
visual observations of the rock surface were 
performed after each cycle to study the influence of 
high temperatures on the crack formation and 
development. 

 
RESULTS AND DISCUSSIONS 

 
Permeability test results 

 
Three heating-wetting cycles were performed and 

the obtained results for the fresh specimens of F1 and 
F2 are given in Fig. 4 as the variation of coefficient 
of permeability with time. This figure also presents 

the data recorded after each heating-wetting cycle. As 
can be seen in Fig. 4, the initial permeability of the 
rock was relatively low; that is, about 1x10-6 m/s for 
F1 and 5x10-7 m/s for F2. It is also clear from Fig. 4 
that the heating-wetting process resulted in higher 
values of permeability for each specimen. It is 
interesting to note that for F1, a change in the 
permeability was much greater compared to F2. It is 
also evident from this figure that the coefficient of 
permeability of both specimens (F1 and F2) tends to 
increase with an increasing number of heating-
wetting cycles. 
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Fig. 4 Results from a series of permeability tests on 

the fresh specimens of argillite: (a) specimen 
F1, and (b) specimen F2. 

 
A similar tendency was observed for the slightly 

weathered rock specimens (W1 and W2). The initial 
permeability was as low as the one observed for the 
fresh specimens: W1 – 1.4x10-7 m/s, and W2 – 
3.5x10-7 m/s. In addition, the coefficient of 
permeability of both specimens increased as the 
heating-wetting procedure continued. It is noted that 
for W1, a significant increase in the permeability 
occurred after the third heating-wetting cycle while 
for W2, the increase appeared to be more gradual. 
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Fig. 5 Results from a series of permeability tests on 

the slightly weathered specimens of argillite: 
(a) specimen W1, and (b) specimen W2. 

 
The summary of all permeability tests is given in 

Fig. 6 as changes in the coefficient of permeability 
with increasing heating-wetting cycles. It can be 
inferred from this figure that the initial coefficient of 
permeability of all specimens (both fresh and slightly 
weathered) was similar (about 1-3x10-7 m/s), and it 
increased after each heating-wetting cycle.  
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Fig. 6 Summary of permeability tests for the fresh 

and slightly weathered specimens of 
argillite. 

 
Visual observations of rock surface 

 
To better understand the effect of the heating-

wetting process on the permeability of the tested 
rocks, the surface of each specimen was visually 

examined after each cycle. The surface of F1 (the 
specimen that exhibited the largest increase in the 
coefficient of permeability) is shown in Fig. 7a 
(before the heating procedure) and Fig. 7b (after the 
third heating-wetting cycle). The change in the rock 
surface was quite pronounced and can be described as 
follows: a) a central part of the surface was chipped 
due to the heating process, b) some minor cracks 
appeared on the surface as well. Such changes were 
believed to lead to a higher coefficient of 
permeability which was observed for F1. For the 
slightly weathered rock W2 (Fig. 7c), discoloration 
and some increase in the crack length were observed 
as a result of heating-wetting (Fig. 7d). 

 

New cracks

Surface breakage

Discolouration

Crack 
development

(a) (b)

(c) (d)  
 

Fig. 7 A view of the specimen surface. F1: a) 
before the heating-wetting cycles, and b) 
after the third heating-wetting cycle. W2: c) 
before the heating-wetting cycles, and d) 
after the third heating-wetting cycle. 

 
CONCLUSION 
 

A series of permeability tests were performed on 
core specimens of argillite which were subjected to 
three cycles of heating and wetting. The following 
conclusions can be drawn: 

- The permeability of the tested rocks, 
regardless of their weathering degree (fresh 
or slightly weathered), was found to be low, 
in the range of 1 to 3x10-7 m/s. 

- The heating-wetting process caused some 
increase in rock permeability 
(approximately by one order of magnitude). 
This increase was observed for all tested 
rocks. 

- The increase in the coefficient of 
permeability was mainly attributed to the 
formation of new cracks or extension of the 
existing ones. These cracks were observed 
on the surface of each tested specimen. 
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A SIMPLIFIED METHOD FOR ESTIMATING COEFFICIENT OF 
EARTH PRESSURE AT REST (K0) IN COHESIVE SOILS  

 
Premkamol Thuennadee and *Kritika Trakoolngam 

Faculty of Technology, Khon Kaen University, Thailand 

ABSTRACT 
     Various geotechnical engineering problems require the value of coefficient of earth pressure at rest (K0) for 
determining the in situ stress and designing engineering structures. At present, most available empirical 
methods for estimating this value are based either on the plasticity index or friction angle. These methods are 
widely used and proven to be quite accurate. In this paper, we propose a more simplified method to estimate 
K0. The parameters of basic physical properties that influence the value of K0 were statistically analyzed using 
data from 3,900 cohesive soil samples. An empirical formula was developed based on the water content, 
specific gravity, and bulk density. The finalized relationship shows that the value of K0 is a function of the 
specific volume. Values of K0 resulting from the new equation were compared to that from the equation 
proposed by Massarsch (1979) which is based on the plasticity index. The maximum, minimum, and average 
error is 5.00%, 0.00%, and 2.00%, respectively. In conclusion, this new empirical method can estimate K0 
values in a much simpler way using the soil’s specific volume without the need to determine the plasticity 
index or the friction angle. 
 
Keywords: Coefficient of lateral earth pressure, Cohesive soil, Empirical method 
 

 
INTRODUCTION 
 

The coefficient of lateral earth pressure at rest 
(K0) is a parameter required for determining the in 
situ lateral earth pressure which is necessary for 
designing many underground engineering works. 
The values of K0 can be obtained from laboratory 
tests, in situ tests, theoretical analysis, or empirical 
method. The latter is the most popular approach 
since it is most convenient and inexpensive. 

Theoretically, the value of K0 can be determined 
from an elastic solution based on the Poisson’s ratio 
( ) as in 

 

0 1
K







 (1) 

 
The first empirical solution for determining the 

value of K0 was proposed for cohesionless soils by 
Jaky [1] in 1944 which was then simplified, 
allowing for some loss in accuracy, in 1948 [2]. 
Both solutions are based on the friction angle of the 
material. To date, Jaky’s simplified solution is still 
the most widely used although there have been 
several authors presenting solutions based on the 
friction angle of the soil as well [3]-[7]. 

For overconsolidated clays, the first solution 
was presented by Schmidt in 1966 [8] which was 
based on the Overconsolidation Ratio (OCR), the 
friction angle, and the K0 in its normally 
consolidated state. Later on, other formulas were 
proposed based on the OCR as well but with some 

variations using the Rankine active earth pressure 
coefficient [9] and the Poisson’s ratio [10]. 

Interestingly, very few solutions were proposed 
for determining K0 of normally consolidated 
cohesive soils. The first was proposed by Brooker 
and Ireland in 1965 [3] based on the Plasticity Index 
(PI) as 

 
40%-0 = PI ; (PI) 0.007 + 0.04 = 0K  (2) 

80%-40 = PI ; (PI) 0.001 + 0.64 = 0K   (3) 
 
Later in 1979, Massarsch [11] proposed a more 

widely accepted formula which was able to 
determine K0 at all ranges of PI  

 
 0 0.44 0.42 PIK     (4) 

 
RATIONALE  
 

Good predictions of K0 for cohesionless soils 
are obtained from solutions based on the friction 
angle. However, formulas that use friction angles 
are accurate for only cohesionless soils and those 
that are accurate for cohesive soils use the plasticity 
index which are inapplicable to cohesionless soils. 

A formula that can solve for both cohesive and 
cohesionless soils accurately would be preferable. 
Furthermore, being able to account for OCR would 
be ideal. This leads to finding a solution that is not 
dependent on the friction angle nor the plasticity 
index. 

 
OBJECTIVE AND SCOPE 
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Our long term goal is to develop a formula 

which can solve K0 for both cohesive and 
cohesionless soils accurately and is based on basic 
physical properties (independent of friction angle 
and plasticity index). 

In this paper we focus on obtaining a solution 
for cohesive soils first. The concept is to use 
Massarsch’s 1979 solution as a model and derive a 
formula that is comparable. 

 
APPROACH 

 
Data Acquisition and Filtering 
 

Secondary data consisting of laboratory tests 
results were collected from the Geotechnical 
Engineering Department, Mae Moh Mine, 
Electricity Generating Authority of Thailand. The 
data consisted of various soil types, therefore, it had 
to be filtered to obtain cohesive soil samples. The 
initial criteria being samples consisting of clay and 
silt fraction more than 50%. A total of 3,900 records 
of cohesive soil samples were obtained. According 
to the USDA soil texture triangle [12] the samples 
can be classified into 6 types as shown in Table 1. 
Each sample comprises of laboratory test results 
which consist of 9 individual parameters as shown 
in Table 2. 

 
Table 1 Types of soil samples classified according 
to the USDA texture triangle 

 
Soil type Number of samples 

1. Clay 2,358 
2. Clay loam 95 
3. Loam 153 
4. Silty clay 1,137 
5. Silty clay loam 105 
6. Silt loam 52 
Total 3,900 

 
Data Analysis 
 

Each parameter listed in Table 2 was 
statistically analyzed compared to the plasticity 
index which is Massarsch’s main variable for 
determining K0. 

Three parameters were found to strongly 
influence the values of plasticity index and K0, these 
are, bulk density (Db), water content (w), and 
particle density (used as an alternative to the 
specific gravity, GS). 

 
 
 

Table 2 Available laboratory test result for each 

soil sample. 
 

 Soil type Unit 
1 Moisture Content  % 
2 Particle Density   kg/m3 
3 Bulk Density   kg/m3 
4 Dry Density  kg/m3 
5 Plasticity Index   % 

6 Clay  % 

7 Silt  % 

8 Sand  % 

9 Gravel  % 
Note: Parameters not relevant to this study are not 
listed. 
 
RESULT 

 
Proposed Simplified Solution 
 

The resulting formula for determining K0 of 
cohesive soils is found to be based on the bulk 
density (Db), water content (w), and specific gravity 
(GS) as follow 
 

 
0

1
0.38 0.102 S

b

G w
K

D

 
   

 
  (5) 

 
The above equation can be written in the form 

of the specific volume (V) or void ratio whichever 
is preferred 
 

0 0.38 0.102K V     (6) 

 0 0.38 0.102 1K e     (7) 

 
Analysis of the Proposed Solution 
 

Values of K0 from the new solution is compared 
to that of Massarsch’s solution as shown in Fig.1 

The maximum, minimum, and average error of 
K0 from the new solution is 5.00%, 0.00%, and 
2.00%, respectively. In order to confirm the 
accuracy of the solution, an analysis of the error was 
conducted. The dependent variables are plotted 
against the error of K0 as shown in Figs.2 to 5. 

 It can be seen that samples with specific volume 
between 1.20 and 2.00 do not affect the error of K0. 
However, specific volume values are limited due to 
the nature of the soil samples, therefore, it cannot 
yet be concluded that specific volume values higher 
than 2.00 would result differently. Bulk density, 
water content, and specific gravity also do not show 
any influence on the error of K0. However, errors 
may increase at high water content (more than 30%) 
but this is inconclusive with the available data. 
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Fig.1 Comparison between values of K0 obtained 
from Massarsch’s formula and that of the new 
proposed formula. 

 

 
 

Fig.2 Values of specific volume and the resulting 
error of K0 compared to Massarsch’s solution. 

 

 
 

Fig.3 Values of bulk density and the resulting error 
of K0 compared to Massarsch’s solution. 
 
Limitations of the Proposed Solution 
 
5.3.1 Particle Size 
 

The effects of the amount of clay and silt on the 
error of K0 is presented in Figs.6 to 8. Fig.6 shows 
that the error of K0 is not influenced by the amount 
of clay and silt of more than 50%. However, Fig.7 
and 8 show that error increases with clay fraction 
less than 20% and silt fraction more than 60%. 

 
 

Fig.4 Values of water content and the resulting error 
of K0 compared to Massarsch’s solution. 
 

 
 

Fig.5 Values of specific gravity and the resulting 
error of K0 compared to Massarsch’s solution. 
 

 
 

Fig.6 Values of total clay and silt fractions and the 
resulting error of K0 compared to Massarsch’s 
solution. 
 
5.3.2 Activity 
 

The activity of the clays according to Skempton 
[13] was calculated from  

 

%Clay fraction (weight)
PI

A    (7) 
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The samples were found to have activity below 
1.25. Therefore, the soil samples are categorized as 
normal clays. 

 
 

Fig.7 Values of total clay fraction and the resulting 
error of K0 compared to Massarsch’s solution. 
 

 
Fig.8 Values of total silt fraction and the resulting 
error of K0 compared to Massarsch’s solution. 
 
CONCLUSION 
 

A simplified formula for determining the value 
of coefficient of lateral earth pressure at rest (K0) is 
presented in Eq.6. The solution is dependent on the 
specific volume which can be easily determined in 
the laboratory. Since it is not dependent on the 
plasticity index, the application of this formula can 
be extended to cohesionless soils and especially 
soils that are ambiguous in its cohesiveness. There 
are several important notes to be made: 

(1) The maximum, minimum, and average error 
of K0 from the new solution is 5.00%, 0.00%, and 
2.00%, respectively. The accuracy is assumed to 
correspond with the accuracy of Massarsch’s 
solution and currently applies to cohesive soils. 

(2) The formula is applicable to soils with 
normal clays. Active clays are expected to result 
differently, therefore, using this formula is not 
recommended. 

(3) Although K0 values are comparable to those 
obtained by Massarsch’s solution, validation 
against laboratory or in situ data is necessary and is 
an ongoing process. 

(4) The applicability of this solution to 
cohesionless soils is still under investigation. 
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ABSTRACT 
 

In this study, Bubble White was proposed as a new grouting material for a chemical grouting method, which 
is a mixture of silica micro-particles and micro bubble water. By injecting the Bubble White into ground, it was 
expected to increase the effectiveness of preventing ground from liquefaction. However, it is not common to 
improve granular soil by injecting a suspended grout solution containing micro particles since it is difficult to 
secure a sufficient improved diameter by this method. Therefore, the penetration properties of micro particles to 
the ground have not yet been sufficiently clarified. In the previous research, the permeability characteristics under 
a constant pressure were investigated by the injection experiments using unprepared sand specimens. In this report, 
therefore, we examined the penetration characteristics when injected at a constant rate. As a result of the 
experiments, it was confirmed that the permeability of micro particles depended on both injection rate and injection 
volume. 
 
Keywords: Micro-particles, Micro bubble, Liquefaction countermeasures 
 
INTRODUCTION 
 

Since approximately 75% of Japan is mountains 
and forests, the Japanese economy has been 
developed mainly around the coastal areas and 
landfill was used to supplement lacking developable 
plains. However, liquefaction strength of the landfill 
is low. By the Pacific coast of Tohoku Earthquake that 
occurred in 2011, the landfill such as Urayasu city, 
Chiba Prefecture suffered from large-scale 
liquefaction damage and it became a social problem. 

Liquefaction has been a serious problem in Japan 
for a long time and many technical countermeasure 
methods have been developed until now. However, 
since most of the methods generally used for 
liquefaction countermeasures need large-scale 
construction machinery, it is difficult to improve the 
grounds in narrow places such as residential land. In 
addition, the construction in a narrow place requires 
a high cost per unit area in comparison with that in a 
large place [1]. Accordingly, it has been demanded to 
develop a method with a low cost and better 
operability. In this study, Bubble White is proposed as 
a new grouting material for a chemical grouting 
method, which is obtained by mixing silica micro 
particle and micro bubble water.  

It is not common to improve granular soil by 
injecting a suspended grout solution containing micro 
particles since it is difficult to secure a sufficient 
improved diameter by this method. For that reason, it 
is essential to clarify the injection characteristics of 
micro particles and the liquefaction strength in sand 
specimen improved by the micro particles. In the 

previous studies, injection experiments were 
conducted to investigate the injection properties, 
where silica micro particles were injected into 
saturated sand specimens at a constant pressure [2]. 
According to the test results, it was found that when 
the injection pressure was high, the micro particles 
flowed in the voids of the soil particles and permeated 
throughout the specimen, and the concentration 
distribution became substantially uniform. On the 
other hand, when the injection pressure was low, the 
micro particles tended to clog in the voids resulting in 
an increase in the concentration of the micro particles 
near the injection port. In addition, it was also 
revealed that the liquefaction strength improved by 
injecting Bubble White increased compared to the 
unimproved case [3]. Since a constant pressure was 
set for the previous injection experiment, this study 
focused on the injection rate.  

In this report, therefore, a constant rate was 
provided during the injection experiments to get more 
detailed information about the permeability. 

 
NEW GROUTING MATERIAL BUBBLE WHITE 

 
Photo. 1 shows micro bubbles pouring in a beaker. 

As the characteristics of the micro bubbles, the 
surface area of micro bubbles is quite large in 
comparison with that of a normal air bubble with the 
same volume. Also, the bubbles have an advantage 
that they tend to rise slower and accordingly diffuse 
horizontally. The micro bubbles can reduce both 
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saturation degree and pore water pressure in the 
ground during an earthquake [4]. 
 

The silica micro particles are white and powdery, 
containing silicon dioxide as a main component. The 
micro particles used for this experiment were 
industrially produced amorphous silica and classified 
so that the average particle diameters became about 
20μm. By injection of the silica particles, the density 
of ground increases. In addition, the silica particles 
are viscous enough to stay in the voids of ground. 
They can increase the density of ground efficiently. 
Fig.1 shows an image of the improvement effect of 
bubble white. By combining these excellent 
materials: the micro-bubble water and the silica 
micro-particles, it was expected to increase the 
effectiveness of preventing ground from liquefaction 
[5]. 

 
 

 
As described above, although constant pressures 

were applied to the specimens and the injection 
behavior was investigated through the previous 
experiments, the injection characteristics of the micro 
particles have not yet been sufficiently clarified. This 
time, therefore, focusing on the injection rate, the 
purpose of the experiments was set to confirm the 
injection behavior when the injection rate was 
constant. 

 
 
 
 

ONE-DIMENSIONAL INJECTION EXPERIMENT 
 

Conditions of Experiment 
 
A series of experiments were carried out with the 

aim of confirming the difference in injection behavior 
when different void ratios and different injection rates 
were provided. During the experiments, silica micro 
particles were injected into saturated sand specimens 
at a constant rate. Fig.2 and Fig.3 show the schematic 
of injection experiment, and grain size accumulation 
curves of micro particles and silica sand #5. Table 1-
3 show the physical properties of silica sand #5, the 
conditions of specimens and the conditions of 
experiments, respectively. The specimens were 
prepared by an air-pluviation method so as to become 
50 cm in height and 5.0 cm in diameter, and the void 
ratios of Case 1 and Case 2 were 0.84, and those of 
Case 3 and Case 4 were 0.80, respectively.  

 In order to prevent from clogging of micro 
particles in pipes of experimental equipment, filter 
media were installed at the top and the bottom of the 
specimen, which are constituted of a plurality of glass 
beads having a diameter of about 1 cm and a plate 
having a large number of holes with a diameter of 
about 1.5 mm. 

Additionally, the specimens were completely 
saturated by permeating CO 2 and degassed water into 
the specimens.  

 

 

Fig. 1 Improvement effect of bubble white 

Photo. 1 Micro bubbles

Fig. 2 Schematic of injection experiment 
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The injection material was a suspended grout 
solution whose concentration of silica fine particles 
dissolved in water was adjusted to 6% by weight. 
Here, the injection rate in Table 2 shows the flow rate 
of water when draining directly from the injection 
device. In addition, in order to measure the change of 
water pressure with time elapsed, water pressure 
gauges were installed at two places; one was the 
connection part between the injection device and the 
specimen and the other was the drain part of the 
specimen. Columns of the specimens can be divided 
by 10cm each and concentration distributions of fine 
particles in pore water were measured after injection 
experiment was completed. 

Results of Experiment 
 

(1) Comparison of cases with low injection rate 
 
Fig. 4 shows the relationship between injection 

volume and pressure head in case of a low injection 
rate. The chain line shown in the figure is a line drawn 
to obtain a gradient of the injection volume at the 
initial stage of injection. At first, the two cases with 
low injection rates were compared. The comparison 
between Case 1 and Case 3 showed very similar 
tendencies, while their void ratios were different. In 
Case 1, although the pressure increased immediately 
after injection started, the increase in pressure began 
to decrease after the injection volume became 300 
cm 3. The previous studies showed that the injected 
particles tended to clog more at a low injection 
pressure rather than at a high injection pressure [2]. 
Therefore, it was assumed that the micro particles 
adhered to the voids of the soil particles were swept 
away due to the high injection pressure at the initial 
stage in Case 1. As the increase in pressure was also 
suppressed after the injection volume reached 300 
cm 3 in Case 3, it was presumed that Case 3 has a 
similar tendency to Case 1. However, a large 
pressure fluctuation was seen even after that point in 
Case 3. It was likely that since the void ratio of Case 
3 was smaller than that of Case 1, the particles tended 
to clog in the voids and flowed intermittently. After 
that, the pore water was completely replaced with the 
injection material and the injection behavior became 
temporarily stabilized. Meanwhile, the micro 
particles were continuously accumulated and 
accordingly the pressure kept on increasing until the 
compressor of the injection device stopped working.    

Fig. 5 shows the relationship between 
concentration ratio and permeation distance in case 
of low injection rate. In this figure, the index C / C0 
is the ratio of C; the concentration of pore water to 
C0; the initial concentration of material in injected 
mixture. From the comparison between Case 1 and 
Case 3, it was confirmed that the concentration ratio 
of Case 3 was lower than that of Case 1. However, 
almost no difference was seen in the final injection 
volume between Case 1 and Case 3. Therefore, this 
result seems to be caused by the fact that the void 
was small and tended to be clogged by micro 
particles in Case 3. That is, there is a possibility that 
they could neither flow through the voids nor 
sufficiently accumulate in some parts of the 
specimens because the fine particles clogged in the 
voids. In addition, high concentration of pore water 
in the vicinity of the injection port of the specimen 
was likely to be caused by clogging of the fine 
particles because the permeability of the micro 
particles appeared to greatly changed influenced by 
the characteristics of the experimental apparatus. 
 
 

Fig. 3 Grain size accumulation curves of micro particles 
and silica sand #5 

Table. 3 Conditions of experiments 

Table. 2 Conditions of specimens 

case case1 case2 case3 case4
sample

diameter (cm)
height (cm) 
void ratio 

void volume (cm3)

silica sand #5
5.0
50.0

e=0.84 e=0.80
448.19 438.58

Table. 1 Physical properties of silica sand #5 
ρ s

(g/cm3)

ρmax

(g/cm3)

ρmin

(g/cm3)
silica sand  #5 2.640 1.555 1.300

case case1 case2 case3 case4
injection material

concentration of
injection material

injection rate (cm3/sec) 4.35 22.21 4.35 22.21

6.0%

silica micro particles
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(2) Comparison of cases with high injection rate 

 
Fig. 6 shows the relationship between injection 

volume and pressure head in case of high injection 
rate. The injection pressure changed after replacing 
pore water with injected material in Case 2. After the 
change of the pressure, although the injection volume 
decreased slightly, it was possible to keep the 

injection volume approximately constant. The total 
volume of injected material was about 2.7 times as 
much as the volume of pore water in the specimen of 
Case 2. In Case 4, on the other hand, sudden pressure 
fluctuation was seen before replacing the pore water 
of the specimen and the compressor of the injection 
device stopped when the pore water was replaced 
with injected material. According to the result of Case 
2, it can be seen that the pressure rose almost 
constantly until the injected material completely 
replaced the pore water of the specimen. Thereafter, 
the pressure fluctuation became large. The pressure 
fluctuation was likely to be caused by the repeated 
phenomenon in which injected micro particles were 
temporarily clogged between sand skeletons, and then 
removed and transported to another place due to high 
pressure injection.  

 
 

 

Fig. 5 Relationship between concentration ratio and 
permeation distance in case of low injection rate 

Fig. 4 Relationship between injection volume and 
pressure head in case of low injection rate

(a) case1 

(b) case3 

Fig. 6 Relationship between injection volume and 
pressure head in case of high injection rate 

(b) case4 

(a) case2 
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 Fig. 7 shows the relationship between 

concentration ratio and permeation distance in case of 
high injection rate. As shown in the figure, the 
variation was large compared with the case where the 
injection rate was low. In the case where the injection 
rate was high, it was presumed that the skeleton of the 
soil particle was disturbed by the flow of the injection 
material because the injection pressure was high. The 
tendency of accumulation of micro particles changed 
due to minute turbulence of the soil particle skeleton 
and therefore the concentration of pore water became 
varied. However, it was confirmed that the micro 
particles penetrated into the specimens sufficiently 
since the concentration ratios were distributed at 
around 1.0 as a whole. 

 
(3) Comparison of permeability of injection material 

 
Fig. 8 shows the relationship between injection 

volume and a coefficient of permeability k’. In this 
figure, the index k’ is defined as the injection rate of 
the injection material divided by the hydraulic 
gradient. Since this value is different from the actual 
coefficient of permeability for water, it is denoted as 
k’.  As shown in the figure, k’ tended to depend on 
injection rate and injection volume. k’ tended to be 
higher as its injection rate became higher. The 
tendency is considered to be due to the fact that the 
micro particles are more likely to become clogged 
because the injection pressure becomes lower as the 
injection rate is lower. The comparison between Case 
1 and Case 3 showed a small difference immediately 
after the start of injection. However, the two cases 
showed similar behavior, and the k’ value almost 
agreed with each other. Similarly to the case with low 
injection rate, the two cases with high injection rate 
showed similar behaviors. In case 4, however, after k’ 
fluctuated largely, the injection became impossible. It 
is thought that the pressure fluctuation showed that 
clogging occurred. 
 

 
 
CONCLUSIONS 

 
In order to investigate the penetrability of micro 

particles, a series of one-dimensional injection 
experiments with a constant injection rate was carried 
out in this paper. The following conclusions were 
obtained from the experiments. 

 
1) Since the pressure increased almost constantly 
when the injection rate was constant, it is presumed 
that the micro particles were continuously 
accumulated. 

 
2) It was suggested that the permeability of micro 
particles varies depending on the injection amount 
since an increasing tendency was seen in the pressure 
at the time when the injection volume reached the 
void volume of the specimen. 

 
3) Although the concentration of injection material 
showed a slightly higher tendency near the injection 
port, the specimens were uniformly improved in the 
cases the flow rates were constant throughout the 
experiments and a sufficient amount of injection 
material was injected into the specimens. 

  
4) It was suggested that there is a possibility that the 
soil skeleton of specimen could be broken by 
injection with a high rate. 

 
 
 
 
 
 
 
 
 
 
 

Fig. 7 Relationship between concentration ratio and 
permeation distance in case of high injection rate 

Fig. 8  Relationship between injection volume and 
coefficient of permeability k’ 
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ABSTRACT 

The benefits of using geogrid for the pavement construction have been reported by many researchers. The well-

known benefits are base course reduction and rut-depth reduction. Currently, the available information is still 

limited for the geogrid-stabilized pavement construction. In this study, the benefits of geogrid stabilization were 

investigated through series of laboratory test. Base-course thickness and reinforcement position of geogrid were 

considered as the control parameters and their influences were analyzed on the surface and subgrade deformations. 

The tests were performed in a rigid square-tank, and the subgrade and base course were modelled by using the fine 

and coarse silica sands. Triangular geogrid was used for the reinforcement. Cyclic loading was applied with the 

variable steps of loading ranging from 100 kPa to 550 kPa. From the test results, it was realized that the surface 

deformation was mainly contributed from the subgrade deformation in the thin base-course sections. In contrast, 

the base-course deterioration dominated and resulted in severe surface deformation in the thick base-course 

sections. This severe deformation was effectively reduced when geogrid location was shifted to the upward 

position inside base course layer. However, this geogrid position has negligible influence on the subgrade 

deformation, which is considerably affected by the base-course thickness. In all test cases, a progressive loss in 

base course thickness was noticed under high footing pressure. This loss is smaller in the thin section, compared 

to thick one. Test results revealed that the benefit of geogrid stabilization is more obvious in the thin section.  

Keywords: Pavement, Base Course, Subgrade, Deformation, Geogrid Position 

INTRODUCTION 

Geosynthetic materials have been widely used in 

the geotechnical engineering applications due to their 

beneficial improvements. Depending on the 

applications and purposes, there are several types of 

geosynthetic materials, such as geocell, geotextile 

and geogrid. Among them, geotextile and geogrid are 

mainly applied in the flexible pavement constructions 

in order that the design service life of pavement could 

be extended and/or the amount of base course 

materials could be reduced. 

The key functions of geotextiles in improving 

flexible pavement performance are separation, 

reinforcement, and filtration [1]. Unlike geotextile, 

the reinforcement function is the main function of 

geogrid for the flexible pavement. Reinforcement 

refers to the mechanism(s) by which the engineering 

properties of the composite soil/aggregate are 

mechanically improved [2]. Geogrid reinforcement 

mechanisms can be distinguished into lateral restraint, 

improved bearing capacity and tensioned membrane 

effect [3]. From these mechanisms, the lateral 

restraint, also known as “confinement”, has been 

identified as the primary reinforcement mechanisms 

of geogrid [2] [3]. This is the ability of the aperture 

geometry of a grid to confine the aggregate particles 

within the plane of the material [3]. Hence, the 

geometry of geogrid aperture and the average particle 

size of aggregate material become important for the 

lateral restraint mechanism. 

Since there are several types of geogrid, such as 

uniaxial geogrid, biaxial geogrid and triangular 

geogrid (also called multiaxial geogrid), lateral 

restraint mechanism will be different depending on 

the geogrid type. For the recently developed 

triangular geogrid, there is limited information 

regarding the reinforcement mechanisms. Therefore, 

it becomes necessary to know the reinforcement 

behavior of this triangular geogrid. In this study, a 

commercially available triangular geogrid (TX160) 

was selected and its reinforcement behavior was 

examined by conducting large scale laboratory model 

test. Regarding the reinforcement position in base-

course layer, the optimal placement position of the 

geosynthetic depends on the thickness of the base-

course layer and the applied load magnitude, 

according to S. W. Perkins [4]. Thus, current study 

also focused on the reinforcement position in the 

granular layer in order to know the optimum use of 

geogrid in the unbound granular layer, together with 

different base-course thicknesses under the cyclic 

loading of variable load magnitudes. 

EXPERIMENTAL PROGRAM 

In this study, seven cyclic loading tests were 

performed, considering base-course thickness, 
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geogrid reinforcement position in base-course layer 

and the applied stress levels. For no reinforcement, 

base-course thicknesses were 10 cm, 20 cm and 30 

cm. In geogrid-reinforced tests, base course 

thicknesses were 10 cm and 20 cm. For 20 cm thick 

base course, the reinforcement positions were 

considered as the reinforcement depth ratios (a/h) of 

1.0, 0.75 and 0.5 which were obtained when the depth 

of reinforcement (a) was divided by the base-course 

thickness (i.e. h = 20 cm). Test conditions are 

summarized in Table 1. 

Table 1 Test conditions 

Test ID 

*BC

thickness 

(cm) 

Reinforcement **a/h 

10X 10 Non - 

20X 20 Non - 

30X 30 Non - 

10T 10 TX160 1.0 

20T1.0 20 TX160 1.0 

20T0.75 20 TX160 0.75 

20T0.5 20 TX160 0.5 

* base course

** reinforcement depth ratio 

Remarks: 

1) Subgrade was modelled by fine uniform sand

and prepared by sand raining method.

2) BC was modelled by coarse uniform sand and

prepared by compaction.

3) In each test, cyclic load was applied with

varying magnitudes ranging from 100 kPa to

550 kPa (500 cycles for each loading step).

MATERIALS 

Subgrade and Base Course 

Silica Sand No.5 and No.1 were used for the 

model subgrade and base course preparation. These 

sands are commercially available in Japan. These 

sands were selected because they have uniform 

gradation, and, hence, there would be minimum 

variation in the particle size distribution in each test. 

The model subgrade sand has the following index 

properties: the specific gravity Gs = 2.675, the 

average particle size D50 =0.488 mm, coefficient of 

uniformity Cu = 1.98, coefficient of curvature Cc = 

0.943, maximum dry density ρmax = 1.628 g/cm3, 

minimum dry density ρmin = 1.338 g/cm3. Model base 

course has the average particle size D50 of 3.735 mm, 

uniformity coefficient Cu of 1.904 and curvature 

coefficient Cc of 0.879. Since Cu and Cc values of both 

sands are not in the range (Cu > 6 and 1 < Cc < 3) 

specified by Unified Soil Classification System 

(USCS), they can be regarded as poorly graded sand 

(SP) [5]. The particle size distribution curves of these 

sands are presented in Fig. 1. 

Reinforcement Material 

In this study, the commercially available 

triangular geogrid (trade name TX160, product of 

Tensar) was used for the reinforcement purpose. This 

geogrid has the tensile strength of 10 kN/m in the 

cross-machine direction and diagonal directions, 

pitch length of 40 mm along each side of triangular 

aperture, and unit weight of 245 g/m2. The 

dimensions of TX160 geogrid are illustrated in Fig. 2. 

Fig. 1      Particle size distribution curves 

Fig. 2 Dimensions of triangular geogrid (TX160) 

EXPERIMENTAL SETUP AND TESTING 

In this experimental study, a large square 

container (100 cm x 100 cm x 80 cm) was used for 

the preparation of model pavement sections. A rigid 

circular steel plate, diameter = 17.5 cm, was used as 

a model footing. Since the total depth of subgrade and 

base course was greater than 70 cm in each test, the 

boundary influence from the tank base would be 

negligible according to Boussinesq Stress 

Distribution Analysis. In addition to this, the 

influences from the tank walls would be minimal on 

the test data because the size ratio between tank and 

footing diameter is considerably large (100/17.5 ≈ 6) 

[6] [7]. 

In order to model the subgrade soil, the sand 

raining method was adopted and used in accordance 

with the literatures [8] [9] [10]. A large raining box 
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was developed so that the sand raining area covered 

over the plan area of tank. By using this raining 

method, the relatively high density was achieved in 

each test, ranging from 1.54 g/cm3 to 1.66 g/cm3. 

These densities were calculated from the total mass 

of sand and the obtained average thickness. 

After subgrade layer was prepared, a small plastic 

plate was placed at the predefined location where 

subgrade deformation was monitored, directly 

beneath the footing. Then, a small aluminum tube was 

set above this plate and was hold in vertical position 

with the help of supporting system. After that, coarse 

silica sand was spread over the subgrade layer in case 

of no reinforcement, while geogrid was placed in case 

of reinforcement. After the mass of 80 kg coarse sand 

have been filled, the compaction was manually 

conducted through the wooden plate in order to 

minimize the breakage of material. The obtained 

thickness was about 5 cm as an average after 

compaction. The same procedure was continued until 

the desired base-course thickness was obtained. The 

experimental layout is shown in Fig 3. 

Fig.3     Experimental layout and test setup 

The model footing was set after the preparation of 

subgrade and base course layers. One linear variable 

displacement transducer was set on the footing to 

monitor surface deformation, while another 

transducer was used to monitor subgrade deformation 

through the small aluminum tube. To simulate 

trafficked loading, a trapezoidal load pulse with a 

frequency of 0.1 Hz was applied with the help of 

function generator, E-P transducer and pneumatic 

pressure via Bellofram cylinder. The generated 

voltage from function generator and the resulting load 

pulse are shown in Fig. 3. In each test, cyclic load was 

applied with variable amplitudes ranging from 100 

kPa to 550 kPa. Each loading step was allowed until 

500 load cycles. Load and deformations at the surface 

and subgrade were recorded by the data acquisition 

system at every 1 second.  

RESULTS AND DISCUSSION 

Influence of Base Course Thickness 

The influence of base-course thickness was 

analyzed on the surface and subgrade deformations of 

geogrid-stabilized sections and non-stabilized 

sections. These are shown in Fig.4 and Fig.5, in which 

the legends represent the test conditions, as presented 

in Table 1. 

Fig.4 Influence of base-course thickness on surface 

deformation 

Fig.5 Influence of base-course thickness on subgrade 

deformation 

0 500 1000 1500 2000 2500

0

10

20

30

40

50

60

70

Load cycle

S
u
rf

a
c
e
 d

e
fo

rm
a
ti

o
n
 (

m
m

)

10X

20X

30X

Pressure (kPa)

100 200 300 400 550

10T

20T1.0

0 500 1000 1500 2000 2500

0

10

20

30

40

50

60

70

Load cycle

S
u
rf

a
c
e
 d

e
fo

rm
a
ti

o
n
 (

m
m

)

10X

20X

30X

Pressure (kPa)

100 200 300 400 550

10T

20T1.0

0

1

2

3

0 5 10 15 20 25 30

L
o
ad

 (
k

N
)

Time (Sec)



GEOMATE - Mie, Japan, Nov. 21-24, 2017 

151 

As seen in Fig.4, the largest surface deformation 

was observed in the 10cm thick non-stabilized section 

(10X) since initial loading. Under 300 kPa pressure, 

this section suddenly failed just after few load cycles. 

This sudden deformation attributed to the bearing 

capacity failure of subgrade layer, shown in Fig.5. For 

10 cm thick geogrid-stabilized section (10T), the 

significant improvement was observed under all 

loading stages, and this became more obvious with 

the increase in the stress levels. Though the surface 

deformation of 10T was much smaller than that of the 

corresponding non-stabilized section 10X, the 

subgrade deformations were similar to each other 

under 100 kPa pressure. For this test section, the 

reduction in subgrade deformation was started notice 

under 200 kPa pressure together with load cycles, 

shown in Fig.5. Thus, it can be assumed that the 

reinforcement action of geogrid might not have been 

fully mobilized under 100 kPa. However, the smaller 

surface deformation in 10T revealed that this 

improvement would have been contributed from the 

lateral confinement action of geogrid. This also 

implied that the confinement action of geogrid first 

appeared as soon as load was applied, and the full 

reinforcement mobilization would have been 

achieved with increasing load magnitudes. For 10 cm 

thick base-course, the benefit of geogrid stabilization 

was more significant with the increase in pressure and 

with load cycles. 

When base-course thickness was increased to 20 

cm, the improvement was noticed in case of non-

stabilized sections (10X and 20X in Fig.4). However, 

this improvement was negligible when the base 

course was further increased to 30 cm (30X), in which 

a slight improvement was observed under 300 kPa 

pressure. Then, this 30cm thick section suddenly 

failed due to the lateral flow of aggregate materials 

under 400 kPa pressure. For the geogrid-stabilized 

sections, there was no obvious improvement when the 

base course was increased from 10 cm to 20 cm (10T 

and 20T1.0). Similar to 30X test, the sudden failure 

was found in 20T1.0 test. That might be due to the 

lateral flow of aggregate materials under 400 kPa 

pressure, before the reinforcement action of geogrid 

was fully mobilized. 

Regarding the behavior of subgrade deformation, 

the deformations were minimal in thick base-course 

sections: 20X, 30X and 20T1.0, regardless of 

geogrid-stabilized conditions. Though base-thickness 

was increased to 30 cm in non-stabilized section, 

there was no obvious reduction in subgrade 

deformation, compared to 20 cm thick section (20X). 

This might be due to the nature of uniformity of 

aggregate. Because of uniform characteristic of this 

aggregate, the internal friction angel would be small 

and, the resulting stress distribution angle might also 

be small. Qian et al. also reported that the stress 

distribution angle became smaller with the number of 

load cycle [11]. Hence, the influence of base-course 

thickness might have been smaller with the increasing 

load cycles. 

Interestingly, the geogrid-stabilized section 

20T1.0 behaved like 30 cm thick non-stabilized one 

(30X) in both surface and subgrade deformation 

characteristics. For the 10cm thick geogrid-stabilized 

section, it showed even better performance than that 

of 20X section, especially after 200 kPa stage. Hence, 

it was realized that the effect of geogrid inclusion in 

base-course layer was equivalent to the 10cm 

thickness of the given type of aggregate material. 

Thus, the required amount of aggregate could be 

reduced by mean of geogrid stabilization. Due to this 

aggregate uniformity, however, geogrid stabilization 

could be effective only in thin base course if geogrid 

was placed at the boundary between subgrade and 

base course (10T in Fig.4). 

Effect of Geogrid Position in Base-Course Layer 

Since a flow-type deformation was observed in 20 

cm thick geogrid-stabilized base course, this 

thickness was selected to investigate the effect of 

geogrid position in the base course layer. Two more 

tests were performed; one with geogrid laid in the 

bottom-third of base course (a/h = 0.75) and the other 

in the middle of base course (a/h = 0.5). The surface 

and subgrade deformations were illustrated in Fig. 6 

and Fig.7. 

Fig.6  Surface deformation (geogrid position) 

From Fig.6, it can be clearly seen that the surface 

deformation was effectively reduced at all level of 

loadings when a/h ratio became smaller. The 

improvement due to the smaller a/h ratio was more 

pronounced under high pressure levels (400 kPa and 

550 kPa). Interestingly, the subgrade deformations 

were similar in these tests though there were obvious 

differences between the respective surface 

deformations. Thus, it was realized that the effect of 

geogrid position is insignificant on the subgrade 

deformation behavior. 
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Fig.7    Subgrade deformation (geogrid position) 

When geogrid was placed inside base-course layer 

rather than above the subgrade layer, the geogrid 

would have confined the aggregate materials on both 

sides of the layer. As a result, the base course layer 

became stiffer and the improved bearing resistance 

would be achieved, sustaining until the end of 550 

kPa loading stage, shown in Fig.6. In addition, the 

lateral flow potential of aggregate material was 

effectively reduced with smaller a/h ratio due to 

optimal confinement effect on both sides of geogrid. 

Loss in Base Course Thickness 

In order to investigate the benefit of geogrid 

stabilization, the loss in base-course thickness (LBC) 

was calculated under each pressure level. This was 

simply formulated considering the difference in the 

rates of deformation between surface and subgrade, 

shown in Eq. (1). 

   sgf ddLBC  (1) 

Where, 

fd : rate of surface deformation 

sgd : rate of subgrade deformation 

The variation in the loss of base-course thickness 

is shown in Fig.8, in which the presented data were 

taken after 500 cycles of loading. As seen in Fig.8, 

the loss in base-course thickness was successfully 

reduced at all pressure levels with the inclusion of 

geogrid. In all cases, the loss in base-course thickness 

became more obvious with increasing pressure level. 

Sun et al. also reported the similar behavior in their 

study [12]. 

When LBC values were compared between non-

stabilized (10X) and stabilized (10T) sections, the 

geogrid-stabilized section reduced about 5 mm under 

given pressure level, though it was known that the 

surface deformations were attributed to the subgrade 

deformations in both tests. On the other hand, the 

non-stabilized sections: 20X (20 cm thick) and 30X 

(30 cm thick), and geogrid-stabilized sections: 

20T1.0 (20 cm thick, a/h = 1.0) and 20T0.75 (20 cm 

thick, a/h = 0.75) showed similar values of LBC under 

low pressure levels (< = 200 kPa). Among these tests, 

the slight reductions in LBC were noticed with base-

course thickness (20X to 30X) and geogrid position 

(20T1.0 to 20T0.5) under 300 kPa pressure, after 

which the sudden failures were observed in 30X and 

20T1.0. These failures were mainly contributed from 

the lateral flow of aggregate materials. 

Fig.8  Loss in base-course thickness 

For the geogrid stabilized sections: 10T (10 cm 

thick) and 20T0.5 (20 cm thick, a/h = 0.5), LBC 

values were almost same under the pressures of 100 

kPa, 200 kPa and 300 kPa. However, a larger value of 

LBC was noticed in 20T0.5 than in 10T under 400 kPa 

pressure. This could be explained from the subgrade 

deformation behavior. The rate of subgrade 

deformation in 10T test had been progressively 

increased under 400 kPa pressure (10T in Fig.5). 

Hence, the resulting surface deformation was mainly 

contributed from this subgrade deformation. In 

addition, the large deformation in subgrade would 

promote to occur the tension membrane mechanism 

in geogrid. This behavior is good in agreement with 

the statement in which the tension membrane effect 

was recognized when permanent deformation was 

larger than 33% of the base thickness, reported by 

Qian et al. [11]. 

On the other hand, the subgrade deformation of 

20T0.5 (a/h = 0.5 in Fig.7) was considerably small, 

compared to that of 10T. Thus, the potential of loss in 

base-course thickness of 20T0.5, due to lateral flow, 

was successively increased under 400 kPa pressure. 

This could result in a linearly increasing trend of 

surface deformation under 400 kPa pressure, shown 

in Fig.6 (a/h = 0.5). A concave trend of this curve was 

observed under 550 kPa pressure. This means that the 

rate of surface deformation became slower with load 

cycles, unlike the linear trend under 400 kPa. This 
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slower rate might have been resulted from the certain 

progressive rate of subgrade deformation (a/h = 0.5 in 

Fig.7). Hence, tension membrane action would have 

been initiated in the geogrid together with the 

subgrade deformation, resulting in the larger 

confinement effect and in the lower rate of increase in 

LBC values, as seen in Fig.8. From these test data, it 

is generally realized that the loss or deterioration of 

base course is mainly related to the applied stress 

level, and this can be effectively reduced by changing 

the geogrid position inside the base course layer. 

CONCLUSIONS 

The behavior of geogrid inclusion in the unbound 

granular layer was studied through large scale model 

tests. The uniform silica sands No.5 and No.1 were 

used as model subgrade and base-course layers. The 

cyclic loading with varying load magnitudes was 

applied through the circular rigid footing. From this 

study, the followings were summarized as: 

(1) For the given type of granular material, the 

effective improvement due to geogrid-

stabilization was observed in thin base-course 

section, if geogrid was placed at the boundary 

between subgrade and base-course layer. 

(2) The surface and subgrade deformations were 

optimally reduced with the geogrid stabilization. 

However, this reduction was insignificant with the 

increase in base-course thickness. 

(3) In thin base-course section, surface deformation 

was mainly contributed from the subgrade 

deformation, while lateral flow dominated in thick 

section. 

(4) Flow type deformation was obviously minimized 

with the smaller reinforcement depth ratios. The 

optimum depth was known when geogrid was laid 

at the middle of base course. 

(5) The influence of reinforcement position was 

negligible on the subgrade deformation behavior. 

(6) Loss in base-course thickness (LBC) or base 

course deterioration is smaller in the thinner base 

course, while this is larger in thick section. This 

LBC can be successfully minimized with the 

smaller reinforcement depth ratios. 

(7) In all tests, the increase in LBC was noticed with 

increasing pressure levels. 

ACKNOWLEDGEMENTS 

This study was collaborated with NIPPO 

CORPORATION and MITSUI CHEMICALS 

INDUSTRIAL PRODUCTS LTD. Their supports are 

highly appreciated. 

REFERENCES 

[1]  I. L. Al-Qadi, T. L. Brandon, R. J. Valentine, B. 

 A. Lacina and T. E. Smith, "Laboratory 

Evaluation of Geosynthetic-Reinforced 

Pavement Sections," Transportation Research 

Record, vol. 1439, no. 1439, pp. 25-31, 

September 1994.  

[2]  R. P. Anderson, "Geogrid Separation," in 

Proceedings of International Conference on 

New Developments in Geoenvironmental and 

Geotechnical Engineering, Incheon, Republic 

of Korea, 2006.  

[3]  Stephen Archer, P.E., "Subgrade Improvement 

for Paved and Unpaved Surfaces Using 

Geogrids," CE News Professional 

Development Hours, 2008. 

[4]  S. W. Perkins, "Mechanical Response of 

geosynthetic-reinforced flexible pavements," 

Geosynthetics International, vol. 6, no. 5, pp. 

347-382, 1999.  

[5]  J.-P. Bardet, Experimental Soil Mechanics, 

Upper Saddle River, New Jersey: Prentice-Hall 

Inc., 1997.  

[6]  H. A. Alawaji, "Settlement and bearing 

capacity of geogrid-reinforced sand over 

collapsible soil," Geotextiles and 

Geomembranes, vol. 19, pp. 75-88, 2001.  

[7]  T. Yetimoglu, J. T. H. Wu and A. Saglamer, 

"Bearing Capacity of Rectangular Footings on 

Geogrid-Reinforced Sand," Journal of 

Geotechnical Engineering, ASCE, vol. 120, no. 

12, pp. 2083-2099, December 1994.  

[8]  S. Miura and S. Toki, "A sample preparation 

method and its effect on static and cyclic 

deformation-strength properties of sand," Soils 

and Foundations, vol. 22, no. 1, pp. 61-77, 

March 1982.  

[9]  Y. P. Vaid and D. Negussey, "Technical Note: 

Relative density of pluviated sand samples," 

Soils and Foundations, vol. 24, no. 2, pp. 101-

105, 1984.  

[10]  T. N. Dave and S. M. Dasaka, "Assessment of 

portable travelling pluviator to prepare 

reconstituted sand specimens," Geomechanics 

and Engineering, vol. 4, no. 2, pp. 79-90, 2012.  

[11]  Y. Qian, J. Han, S. K. Pokharel and R. L. 

Parsons, "Performance of Triangular Aperture 

Geogrid-Reinforced Base Courses Over Weak 

Subgrade under Cyclic Loading," Journal of 

Materials in Civil Engineering, vol. 25, no. 8, 

pp. 1013-1021, August 2013.  

[12]  X. Sun, J. Han, J. Kwon, R. L. Parsons and M. 

H. Wayne, "Radial stresses and resilient 

deformations of geogrid-stablized unpaved 

roads under cyclic plate loading tests," 

Geotextiles and Geomembranes, vol. 43, no. 5, 

pp. 440-449, 10 2015.  



 

154 
 

Seventh International Conference on Geotechnique, Construction Materials and 
Environment, Mie, Japan, Nov. 21-24, 2017, ISBN: 978-4-9905958-8-3 C3051 

LONG-TIME STRENGTH PREDICTION METHOD OF CHEMICAL GROUT 
SPECIMEN WITH HEAT CURING 

 
 

Shunsuke Takiura, Naoaki Suemasa and Kazuya Itoh 1, Takamitsu Sasaki 2 and Shunsuke Shimada 3 
1 Urban and Civil Engineering, Tokyo City University, Tokyo, Japan  

2 Research and Development, Kyokado Engineering Co., Ltd, Tokyo, Japan 
3 President, Kyokado Co., Ltd, Tokyo, Japan 

 
ABSTRACT 

 
In Japan, where many large earthquakes have happened, there has been a growing demand for liquefaction 

countermeasures. In this study, a chemical grouting method was focused on as a liquefaction countermeasure 
method because, it is excellent in performance compared to other methods. However, only ten several years have 
passed since the grout having long term durability was developed and accordingly the proof experiments about its 
durability have been carried out only during a period equivalent to it. In this study, the possibility to predict the 
change of long-term strength was examined by a series of short-term laboratory test where heat curing was 
provided for in promoting time variation of the specimens in a thermostatic tank. Here, the acceleration mechanism 
by heat curing was based on the chemical reaction rate theory of Arrhenius. As a result, it was confirmed that it 
was possible to predict the future change of durability with the proposed method in which the Arrhenius plot was 
adopted with unconfined compression test results from heat cure specimens. 
 
Keywords: liquefaction, chemical grouting method, heat curing, Arrhenius plot, predicted values 
 
INTRODUCTION 

 
Liquefaction is the most significant and urgent 

concern in Japan and the countermeasures against 
liquefaction especially for revetments have been 
executed promptly since the 1995 Hyogoken-Nanbu 
earthquake caused serious damage to coastal areas. A 
chemical grouting method was selected as one of 
them. As a reason of the selection, there is less 
vibration and noise than other methods during the 
construction. In addition, this method provides small 
equipment for space saving, which can drill a hole not 
only in a vertical but also in an oblique and a curved 
line. Then, the Pacific coast of Tohoku Earthquake 
occurred on March 11th 2011. The maximum 
acceleration of 2933 gal was recorded in Kurihara 
city in Miyagi prefecture. Liquefaction occurred in 
many coastal regions from Tohoku to Kanto districts 
and the total damage throughout Japan reached 42 
square kilometers. The liquefaction countermeasures 
using a chemical grouting method were performed in 
several places along the Pacific coast in 2008 after the 
2007 Niigata Chuetsu-oki earthquake. It was revealed 
through the damage survey of the 2011 Earthquake 
that the chemical grouting method was quite effective 
as a liquefaction countermeasure [1]. 

 
The principle of the chemical grouting method is 

to prevent both contraction of sand skeletons and a 
rise in excess pore water pressure caused by the 
seismicvibration by replacing pore water between 
sand skeletons with a gelatinous silica compound. In 
addition, the silica compound gives cohesion between 
sand particles and accordingly increases shear 

resistance against earthquake vibration. Fig.1 shows 
a conceptual diagram of strength development 
mechanism of a chemical improved body (Sasaki et 
al. 2011). 

 
The strength increase of an improved specimen 

consists of three parts. In the first place, additional 
confining pressure (P1) would be generated by that 
grout material adheres to sand particles and tends to 
reduce the volume when it is solidified. In the second, 
confining pressure effect (P2) can be expected by 
rigidity of solidified grout material when it is 
deformed by some kind of force. In the third, there is 
confining pressure effect (P3) added by the cohesion 
which the solidified grout material originally has. 

 
As mentioned above, although the permanent 

grout material has been proved to be effective for 
liquefaction countermeasures, the long-term strength 
of the improved soil has been unexplained. One 

 
Fig. 1   Mechanism of improvement by active colloidal silica 
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reason is that most of previous studies on chemical 
grouting have focused on the development or the 
choice of durable infusion materials [2]. The other 
reason is that sufficient proof experiments for the 
materials have not been carried out because it has 
been only ten and several years since the permanent 
grout material was developed. Under these 
circumstances, it is essential to establish a practical 
way to estimate the strength change of the improved 
soil with elapsed time. 

 
Therefore, the method in which the long-term 

strength is able to be verified in a short-term test is 
suggested in this study. In the method, the improved 
soil was provided with a special process to promote 
curing. Additionally, an equation (1) was suggested, 
which can assume unconfined compression strength, 
qus, with internal friction angle, φs, increased by 
effect of the dilatancy increase with gel in void [3]. 

 
௨௦ݍ ൌ

ଶ௦∅ೞ
ଵି௦∅ೞ

ሺଵ  ଶ   ଷሻ                           (1)
 
In the study, a heat and cure process have been 

applied to chemical improved specimens in a 
temperature and humidity testing chamber for 1000 
days. Also, unconfined compression strength tests 
were conducted using the specimens and the strength 
change was reported. In conclusion, the age of the 
materials provided with standard cure was calculated 
from the test results using the specimens provided 
with promotion cure. 

 
EXPERIMENTAL PROCEDURE 

 
 

Toyoura sand was used for this experiment. Table 
1. and Fig. 2 show the Physical characteristics of 
Toyoura sand. 

 
The grout material used for the experiments was 

active colloidal silica and silica sol whose 
concentrations in weight were 29% and 6%, 
respectively. The active silica colloid is one of 
permanent grouts used for a permanent work such as 
liquefaction countermeasures. It is based on the active 
silica obtained by removing alkali from water glass 
by an ion exchange technique in order to exclude its 
deterioration factor. While the silica sol is a grout 
material for temporary constructions such as the 
ground improvement for an excavation construction 
where long term durability is not required. It is based 
on the non-alkaline water glass solution obtained by 
neutralizing alkali of water glass with acid [4]. The 
active colloidal silica has hardly changed in volume 
for a long time. On the other hand, the silica sol has 
remarkably changed in volume immediately after it 
was solidified and therefore, the unconfined 
compression strength of the improved soil tended to 
gradually decrease. It seemed to be because the 
confining pressure and the cohesion of the gel 
decreased or disappeared by the decrease in volume 
[5]. 

 
Two kinds of specimens; sand gel and plain gel, 

were prepared as follows. The specimen of sand gel 
was induration sand infiltrated with chemical grout. 
Toyoura sand was air-pluviated in a mold of 5cm in 
inside diameter so as to be a relative density of 60%. 
The height of samples was set 10cm by putting a 
weight on the top of the samples and tapping sides of 
the molds with a wooden hammer. Then the chemical 
grout deaerated in a vacuum pump was injected into 
the specimens and removed from the molds after 
solidification. Photo.1 describes the situation of 
injecting the chemical grout solution. 

 
The specimen of plain gel was an indurated gel-

formed chemical grout. For the plain gel, 200ml of 

Table 1. Physical properties of Toyoura sand 
 

 
 

 
 

Fig. 2 Grain size accumulation curve of Toyoura sand 
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chemical grout was poured into a glass container with 
5cm in inside diameter and removed from the 
container after solidification. A process of curing was 
carried out under the conditions of three different 
temperatures; 25, 45 and 50 in degrees Celsius. All of 
the specimens wrapped in a wrap film were covered 
with wet papers and put in an airtight container to 
prevent from being dried. As for normal curing, the 
specimen was cured in the room where the 
temperature was constantly controlled at 25 degrees 
with an air conditioner. For heat curing, the 
specimens in the containers were set in the constant 
temperature tanks whose temperatures were 
continuously adjusted at 45 and 55 degrees, 

respectively. Experimental cases are shown in Table 
2. 
RESULTS AND DISCUSSION 

 
Unconfined compression test result 
 

Fig. 3 and Fig. 4 show the changes in unconfined 
compression strength of sand gel and plain gel 
improved by active colloidal silica, respectively. In 
both cases, the strengths of the specimens became 
higher when provided with heating curing rather than 
ordinary temperature curing. From the result, it was 
confirmed that heating curing was capable to promote 
the chemical reaction of chemical grout. 

 
Fig. 5 shows the change in unconfined 

compression strength of sand gel specimens of silica 
sol. The specimens provided with heating curing 
showed lower strength than that with ordinary 
temperature curing and all of them gradually 
decreased in strength. Fig. 6 shows the change in 
unconfined compression strength of plain gel 
specimens of silica sol. In the same way as the sand 
gel, the specimens provided with heating curing 
showed lower strength than that with ordinary 
temperature curing. The specimen with ordinary 
temperature curing gradually increased in strength. 
On the other hand, as for the specimens with heating 
curing, the strength gradually decreased after having 
increased at the initial stage. Therefore, it is assumed 

Table 2. Experiment case 

Test piece
Curing

temperature
site

25℃ A
45℃ B
25℃ C
45℃ D
25℃ E
45℃ F
55℃ G
25℃ H
45℃ I
55℃ J

Silica sol

sand gel

plain gel

Grouting

Active
colloidal silica

sand gel

plain gel

Fig.3  Unconfined compression strength of the active 
colloidal silica sand gel 

Fig.4    Unconfined compression strength of the active 
colloidal silica plain gel 

Fig.5 Unconfined compression strength of silica sol sand 
gel 

 
Fig.6 Unconfined compression strength of silica sol plain 

gel 
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that the strength with ordinary temperature curing 
would gradually decrease afterwards as well as the 
heated ones. 

 
In the sand gel of active colloidal silica, the failure 

mode of the specimen differed between with and 
without the heating curing. The left of Photo.2 shows 
the state of shear failure in the specimen observed in 
its early period. While the specimen provided with a 
long-time heat curing had a tendency of tensile failure 
as shown in the right of Photo.2. The tensile failure in 
the lengthwise direction seems to be caused by the 
tensile strength generated when the specimen was 
compressed in the vertical direction. It is said that the 
higher the strength of specimen becomes, the more 
frequently this phenomenon appears. 
 

 
Volume change of plain gel 
 

Fig. 7 and 8 show the changes over time in the 
volume of plain gel of active colloidal silica and silica 
sol, respectively. As for the active colloidal silica, the 
rates of volume change were constantly near -2.5% in 
all cases of ordinary temperature curing and heating 
curing. While, as for the silica sol, the rate of volume 
change in cases of heating curing grew larger than 
that in case of ordinary temperature curing. In 
addition, when comparing between the specimens 
with heating curing at different temperatures, the rate 
of volume change was larger at a higher temperature. 
Since the silica sol tends to be changeable in volume, 
it appeared that heating curing promoted the volume 
change in silica sol more effectively than ordinary 
temperature curing. 
 
Long age strength estimation 
 

Kaneko and Ozawa (1977) successfully estimated 
the deterioration time of insulating material under the 
condition of standard temperature (by heating curing) 
using the technique based on the chemical reaction 
speed theory of Arrhenius in their previous study [6]. 

It was also supposed by Kaga (1994 and 2000) that it 
was possible to estimate a strength change with time 
elapsed by changing curing temperature, assuming 
that the hardening of infusion compaction sand was 
influenced by a chemical reaction [7]. Kaga studied 
the interrelation between a simpler chemical reaction 
speed and a reaction rate to examine his assumption. 

Equations for a chemical reaction speed base on 
the Arrhenius theory are expressed by logarithm 
indications as follows. 
 
log 

బ
ൌ െ݇(2)                                                               ݐ 

 
log ݇ ൌ log ܥ െ ா

ோ்
                                                             (3) 

 
α ൌ exp	ቂ

ா

ோ
ቀ
ଵ

భ்
െ

ଵ

మ்
ቁቃ                                                          (4) 

 
Where A：density,  A0：initial density,  k：rate 
constant,  t： time,  C：constant,  E：activation 
energy,  R： universal gas constant,  T,T1,T2：
absolute temperature,  α: acceleration factor. 
 

Equation (2) shows the relationship between 
reaction rate, ( A/A0, ) and time. The rate constant, k 
in the equation (2) is dependent on absolute 
temperature as seen in the equation (3). Therefore, 
when temperature at which the chemical reaction is 
performed rises, the rate constant increases, and then 
the period required until the same degree of chemical 

 
 

Photo.2  Failure mode of active colloidal silica sand gel 

 
Fig.7 Volume change in active colloidal silica plain gel 

Fig.8 Volume change in silica sol plain gel 
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reaction is achieved decreases. In general, this 
reaction constant can be substituted with factors such 
as a volume change, a weigth change, an area 
increment and a strength rate which are directly 
proportional to a chemical reaction speed [8]. A 
change rate of specimen strength was adopted for a 
substitution of k in this paper. Accordingly, strength 
change rates obtained from the experiment were 
plotted in a vertical axis of a logarithm indication, and 
curing temperatures were converted to absolute 
temperatures and the reciprocals of the factored 
absolute temperatures, 1000/T, were plotted in a 
horizontal axis. Generally, this plot is called 
“Arrhenius plot”. The plot obtained from the 
experiment results performed at more than two kinds 
of temperatures gives an acceleration factor shown in 
the equation (4), which factor is multiplied by time in 
the heat curing case to predict its future response. In 
accordance with this theory, the strength change of 
active colloidal silica provided with standard curing 
was calculated from the results of promotion curing. 

 
Fig. 9 shows the Arrhenius plot of the same type 

calculated from the results of this experiment. As 
showed in Fig.3, the strength of active colloidal silica 
changed conspicuously from material age of 1 day to 
90 days and became relatively stable after 90 days. 
These two periods, conspicuous change period and 

stable change period, were separately plotted in order 
to get more precise prediction. Fig.10 shows the 
strength of sand gel of active colloidal silica which 
was predicted using the acceleration factor obtained 
from the Arrhenius plot of the same type in Fig.9.  
The predicted strength change showed a similar 
tendency to the measured strength changes from 
materials age 14 days to 1000 days. From the result, 
it was verified that the predicted values were 
equivalent to the measured values. Additionally, the 
strength change applied with standard curing for 3641 
days was predicted using the strength change applied 
with heating curing for 1000-days. 

 
The Arrhenius plot of the same type is shown in 

Fig.11, which was calculated from the unconfined 
compression strength of plain gel of active colloidal 
silica. Also, Fig. 12 shows the strength change of 
plain gel of active colloidal silica, which was 
predicted using the acceleration coefficient obtained 
from Fig.11. In the same way as the sand gel, the 
measured values and the predicted values of plain gel 
showed similar tendencies in strength change. 

 
The efficiency of promotion with heating curing 

was confirmed in all cases through the experiments. 
In addition, the predictive values of sand gel and plain 
gel of active colloidal silica were calculated from the 

 
Fig.9 Arrhenius plot of active colloidal silica sand gel 

Fig.10 Predictive strength of active colloidal silica sand 
gel 
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Fig.11 Arrhenius plot of active colloidal silica plain gel 

Fig.12 Predictive strength of active colloidal silica plain 
gel 
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results of heating curing. Judging from the 
superimposition of the linear approximate curves of 
the predicted and measured values, reliability of 
predicted values are high. Great potential can be 
expected in the strength prediction method with 
heating curing using a constant temperature 
humidistat tank. 

 
CONCLUSION 
  

In the study, a heat and cure process has been 
applied to a chemical grout in a temperature and 
humidity testing chamber and attempted predictive 
calculation in conformity with a chemical reaction 
speed theory of Arrhenius. The values of predicted 
strength change were similar to the measured values. 
In conclusion, long-term prediction was enabled by a 
short-term examination using a constant temperature 
humidistat tank. 
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ABSTRACT 

Fly ash in the recent decades has become abundant resulting to improper waste disposal. However, it is also 
known to be a precursor to the process of geopolymerization which is categorized under waste utilization. 
Geopolymer has become known for being on par with cement and other chemical stabilizers in terms of strength. 
It has been used in numerous studies focusing on concrete and on soil stabilization. This study proposes the use of 
fly-ash-based geopolymer as a stabilizer for silty sand embankment material wherein the process of synthesizing 
geopolymer is through the dry-mix method. The dry-mix method is another way of producing geopolymer, 
requiring the aluminosilicate precursors and alkali activators to be in its dry state, and adding water to the dry-mix 
would result to geopolymerization. The geopolymer was applied on Silty Sand to verify its reaction with the soil 
and to obtain the effective mix that would enable the soil to be stabilized for embankment use. The effectiveness 
of this method in soil stabilization was tested through the following tests, the CBR Test (ASTM D1833) and the 
UCS Test (ASTM D2166). Results have shown improvements of the geopolymer-stabilized soil in terms of the 
CBR index and the UCS value. The effective geopolymer concentration was found to be at 30% geopolymer 
concentration which produced the highest increase for the stabilized soil with a maximum CBR index of 34.32% 
and a maximum UCS value of 1349.74 kPa.

Keywords: Fly Ash; Dry-mix Geopolymer; Embankment Materials; Soil Stabilization 

INTRODUCTION 

In geotechnical works, a site is surveyed whether 
soil conditions meet the design criteria. However, 
most commonly, sites designated for earthworks do 
not reach the minimum standards, such as those with 
soft, highly compressible, or expansive soils lacking 
the desired strength for loading during construction or 
for their serviceability [1]. For this reason, such soils 
are enhanced through soil stabilization, wherein the 
mechanical properties of the soil are improved by 
applying materials that have cementitious properties 
or are considered to be binder materials [2]. The most 
common soil stabilizers used nowadays are OPC 
(ordinary Portland cement) and lime. However, due 
to the CO2 (Carbon Dioxide) emissions produced 
during the manufacturing of aforementioned soil 
stabilizers, which contribute to greenhouse gases, 
other soil stabilizers are being sought out and 
recommended. Studies and tests are being conducted 
in synthesizing alternative and eco-friendly soil 
stabilizers from waste materials, which can allow 
decrease in CO2 emissions and, simultaneously 
decrease cost in earthwork construction [3], [4]. 

Fly ash is an industrial waste produced from the 
combustion of coal into fuel for power generation [5]. 
Globally, fly ash produced by factories and thermal 
power plants has been increasing for the past few 
years. The mass production of fly ash causes disposal 

problems and an increase in expenses for storage in 
available landfills [6], [7]. This eventually poses a 
threat to the environment if it is not properly managed 
[8]. Consequently, several studies [9], [10], [11], [12], 
[13], [14], [15], [16] have been conducted, which is 
aimed towards recycling fly ash and utilizing it in 
various applications. 

An alternative to stabilizing soil is by introducing 
geopolymer. Geopolymer is a product of the alkali 
activation of aluminosilicate materials present in 
industrial waste materials such as fly ash, red mud, 
and furnace slag [1]. The waste material used in the 
study to synthesize geopolymer was fly ash. 

MATERIALS AND METHODS 

Soil 

The soil used in the study was obtained from 
Taguig City. It has a specific gravity of 2.50. The soil 
passing the No. 40 sieve has a liquid limit (LL) of 26 
and a plasticity index (PI) value of 4, which classifies 
the soil to be slightly plastic as per ASTM D4318. 
Referring to Fig. 1, the particle size analysis 
performed on the soil indicates that the soil has 
varying grain sizes since it is composed of 18% gravel, 
55% sand, and 13% silty fines. According to the 
Unified Soil Classification System (USCS) and the 
American Association of State Highway and 



GEOMATE - Mie, Japan, Nov. 21-24, 2017 

161 

Transportation Officials (AASHTO) Soil 
Classification System, the soil is classified as Silty 
Sand (SM) with Gravel and as Silty Gravel and Sand 
(A-2-4), respectively. The standard Proctor test was 
also performed on the soil to determine its maximum 
dry unit weight ( 𝛾",$%& ) and optimum moisture 
content (OMC), which were 17.61 kN/m3 and 15.15%, 
respectively. 

To determine the corresponding AASHTO rating 
of the soil, the California bearing ratio (CBR) test was 
performed. The soil, with a CBR index of 1.68%, was 
rated as Poor for Subgrade use. The unconfined 
compression strength (UCS) test, however, could not 
be performed as the soil could not form UCS samples; 
these samples crumbled after being removed from the 
UCS molds. The two strength tests, UCS and CBR, 
were later on used as bases in verifying the soil 
stabilization caused by the geopolymer in comparison 
to the results of the unstabilized soil. 

Fly Ash 

The fly ash used in geopolymer synthesis was 
obtained from a coal-fired power plant in Mindanao. 
The X-ray Fluorescence (XRF) test was performed on 
the fly ash to determine its chemical compounds as 
shown in Table 1. As per ASTM C168, it is classified 
as Class F. To test whether the fly ash is safe for use 
in the environment with regards to leaching, the 
Toxicity Characterization Leaching Procedure 
(TCLP) and Heavy Metal test was performed. Table 
2 shows that the fly ash is a non-hazardous material 
as its heavy metal content does not exceed the 
permissible limits as per TCLP standards.   

Table 1 XRF results of the fly ash 

Table 2 TCLP results of the fly ash 

Geopolymer Synthesis By Dry Mix Method 

Soil stabilization should be practical when applied 
in the field. For geopolymer, this is solved by using 
the dry mix method. This method requires all 
materials to be in their dry state when initially mixed 
together. Afterwards, water is added to this mixture 
as the final step, which will result to 
geopolymerization. 

The alkali activators used in the study were 
Sodium Hydroxide (NaOH) pellets and Sodium 
Silicate (NaSi2O3) pellets. In other studies [1], [17], 
[18], optimal range of values for activators to fly ash 
ratio, NaSi2O3 to NaOH ratio, and NaOH 
concentration were obtained; the values applied in 
this study were 0.4, 14 M, and 2, respectively. Three 
geopolymer concentrations were tested to stabilize 
the soil. These were in the values of 10%, 20%, and 
30% by percent weight of the sample batch. 

Prior to preparing the specimens, the geopolymer 
paste was produced. In the synthesis of the 
geopolymer paste, the dry alkali activators and the fly 
ash were initially mixed together using a mixer. 
Afterwards, water was then added and mixed for 
approximately 10 minutes. The total water required 
was considered as the water required to reach the 
NaOH concentration (14 M) and the OMC (15.15%) 
of the soil. The said procedure is shown in Fig. 2. This 
geopolymer paste was then added to the soil to 
produce that stabilized specimens.  

Chemical Compounds Fly Ash (%) 
Al2O3 26.50 
SiO2 36.50 
Fe2O3 16.20 

SiO2 plus Al2O3 plus Fe2O3 79.30 
SO3 8.20 
CaO 10.70 

Heavy Metals Permissible Limit Fly Ash 
Cadmium 1.000 Not Detected 
Chromium 5.000 Not Detected 

Lead 5.000 Not Detected 
Iron 0.300 0.06 

Copper 1.000 0.02 
Manganese 0.050 Not Detected 

Zinc 5.000 0.008 

Fig. 1 The particle size distribution of the soil. 

Fig. 2 The dry mix method: (A) dry alkali 
activators, (B) fly ash, (C) water, (C) geopolymer 
paste. 
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Soil Stabilization with Geopoloymer and 
Characterization Tests 

UCS and CBR sample preparation and testing 

 Five samples were made for each geopolymer 
concentration; a total of 15 samples per strength test 
was synthesized. The UCS samples of the stabilized 
soil were compacted into cylindrical PVC molds (40 
mm x 100 mm). Prior to testing, these were cured at 
room temperature for 28 days. For the CBR samples 
which were unsoaked, the stabilized soil was 
compacted into the CBR molds at 5 layers with 56 
blows per layer to obtain a 95% of the desired 𝛾",$%& 
as per ASTM D1883. The CBR samples were cured 
for 7 days prior to testing. 

Statistical analysis of mechanical properties of 
geopolymer stabilized soil 

 The statistical analysis of the data was performed 
in the Design Expert software v7.0. The partial sum 
of squares Type III analysis of variance (ANOVA) 
was applied to test the presence of a main effect 
between the interactions of the model terms in a 
model equation. The model order (linear, quadratic, 
or cubic) was selected based on the coefficient of 
determination (R2) value; whichever model had the 
highest R2 value indicated a great fit for the data 
points. Each term of the model equation was 
determined to be significant if its probability p (Prob 
> F) was less than 0.05. Moreover, the null hypothesis 
is focused on the lack of fit, as it is assumed that there 
is no lack of fit for the data points in a linear equation. 
Small p values, those that are less than 0.05, indicate 
that the null hypothesis is rejected and that a model of 
higher order is required. To verify the model 
equations, equality graphs were made and the 
correlation value (r) between the predicted and actual 
values was calculated. 

Morphological characteristics 

The SEM (scanned electron microscopy) imaging 
test was applied on the fly ash, the soil, and the 
samples of the stabilized soil. These were used to 
verify the formation of geopolymer gels since the dry 
mix method was used which could affect the rate of 
geopolymerization. Moreover, the stabilized soil with 
28 days of curing was used in the SEM imaging test 
to better observe the formation of geopolymer gels 
when compared to the SEM images of the fly ash and 
the soil. Portions of each sample, with a mass of 10 to 
15 grams, were oven-dried before being tested. 

Fourier Transform Infrared (FTIR) spectroscopy 

 The FTIR was performed to further prove the 
geopolymerization in the dry-mix method. The 

samples used in the FTIR tests were the fly ash, the 
soil, the pure geopolymer, and the 30% geopolymer 
concentration stabilized soil. The results were used 
for comparison of the spectra of the samples to check 
for changes when geopolymer is applied to the soil. 

RESULTS AND DISCUSSION 

Mechanical Properties of Geopolymer-Stabilized 
Soil 

In the UCS test, the soil being predominantly of 
sand could not be tested solely due to sand being 
cohesionless as shown in Fig. 3. When geopolymer 
was applied starting at 10% geopolymer 
concentration, UCS samples were able to be 
produced; these samples started to have cohesive 
characteristics. The geopolymer acts as a binder for 
the sand particles and fills the gaps between these 
particles. Moreover, the geopolymer gel formation 
creates a network that binds the soil particles and fly 
ash particles together creating a stronger network of 
particles. Assessing the results in Table 3, the samples 
with 10% geopolymer concentration had a UCS (qu) 
value of 78.29 kPa (Medium consistency), with 20% 
it increased to 247.48 kPa (Very Stiff), and with 30% 
it significantly increased to 1349.74 kPa (Hard). 

Table 3 UCS testing results of the stabilized soil 

These qu values are comparable to a study using 
the wet mix approach of synthesizing geopolymer 
stabilizers. This study [18] used slag-based 
geopolymer to stabilize clayey soil which resulted to 
a qu value of 1223 kPa at 25% geopolymer 
concentration. Other studies [14], [15] which 
stabilized expansive soil using fly ash resulted to 
increase in qu value by 200 to 1400 kPa. In 
comparison to a study which used cement 
stabilization, qu values ranged from 500 kPa (5% 
cement) to 2150 kPa (20% cement) [19] for stabilized 
dredged sediments composed of clay and silt. 

Geopolymer 
Concentration 10% 20% 30% 

Unconfined 
Compressive 

Strength,  qu (kPa) 
78.29 247.48 1349.74 

Consistency Medium Very
Stiff Hard 

Fig. 3 The UCS samples of the pure soil. 
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Considering that these were stabilized with cement, 
the fly-ash-based geopolymer can be considered to 
have advantage over cost since fly ash is free as it is 
a waste material. At 30% geopolymer concentration, 
similar UCS values were obtained. Moreover, it is 
said that the hardness of geopolymer is twice as much 
higher than cement which indicates that geopolymer 
is less deformable and has a higher brittle behavior 
[20]. This behavior was actually observed for the 
stabilized soil at 30% geopolymer concentration 
wherein the cured UCS samples were physically 
similar to concrete during its UCS testing as shown in 
Fig. 4. 

Similarly, the CBR index of the soil improved as 
it was stabilized with geopolymer. The CBR index of 
the stabilized soil increased as the geopolymer 
concentration increased as shown in Table 4. As 
previously discussed, the geopolymer creates a 
stronger soil structure since it acts as a binder between 
the fly ash and the soil. At 10% and 20% geopolymer 
concentration, the stabilized soil had CBR indices of 
9.89% and 16.24%, respectively, which classifies it 
as subbase material. At 30% geopolymer 
concentration, the stabilized soil can be used as base 
material as its CBR index has reached 34.32%. With 
this said, the highest increase in CBR index is 32.64% 
when compared to the pure soil, which is 1.68%. This 
is slightly similar to a local study [11] and, studies in 
Nigeria [12], Germany [13], Sudan [15], USA [16] 
which applied fly ash on several types of soil. These 
studies had results wherein the CBR indices increased 
by 30% to 55%. This suggests the possible use of the 
dry mix geopolymer for stabilizing soil based on the 
improved CBR indices of the pure soil as the 
improvements are similar to other studies. 

Table 4 CBR results of the stabilized soil 

ANOVA Analyses and Geopolymer Equations 

The factor in the equations is the geopolymer 

concentration ranging from 0% to 30%, wherein the 
0% value is considered as the pure soil. The 
independent variables are the strength properties 
which are qu and CBR Index. 

𝑞( = 3135.75𝐺 − 37564.80𝐺5 + 140365𝐺7       (1) 

𝐶𝐵𝑅	𝐼𝑛𝑑𝑒𝑥 = 2.77 + 25.64𝐺 + 257.66𝐺5    (2) 

where qu is the UCS value (kPa), unsoaked CBR 
Index (%), and G is the geopolymer concentration 
(%/100). The data points of both models for Eq. (1) 
and Eq. (2) have p (Prob > F) values of less than 
0.0001 and indicate the rejection of the null 
hypothesis. This means that the data points for both 
the qu and CBR Index have a lack of fit in a linear 
trend and require a higher order polynomial.  

The R2 value of the model equations were 0.9856 
for Eq. (1) and 0.9123 for Eq. (2). These denote a 
good fit for the data points in terms of their respective 
model equations. Referring to Fig. 5 and Fig. 6, the 
equality graphs of both equations are observed to 
have high r values between the predicted values and 
the actual values. This implies that the predicted and 
actual values have a very strong correlation which 
verifies both model equations. 

SEM of Geopolymer-Stabilized Soil 

The SEM images in Fig. 7 show how the 

Geopolymer 10% 20% 30% 
CBR Index (%) 9.89 16.24 34.32 
General Rating Fair Fair Good 

Uses Subbase Subbase Base, 
Subbase 

Fig. 4 The stabilized soil samples at 30% 
geopolymer concentration after UCS testing. 

Fig. 5 The equality graph of the UCS values. 

Fig. 6 The equality graph of the CBR indices. 
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geopolymer gel formation spread throughout the 
microstructure as the geopolymer concentration 
increases. At 10% and 20% geopolymer 
concentration, the fly ash and the soil particles are 
still visible with the presence of geopolymer gels. 
These geopolymer gels have bound the spherical 
particles of the fly ash together with the soil particles 
[21]. Notably, the 30% geopolymer gels barely show 
any particles of both the fly ash and the soil particles. 
The particles of the precursors have been completely 
replaced by the geopolymer matrix caused by the 
increased formation of geopolymer gels. The 
microstructure shows a compact structure wherein the 
particles are not separated; they are connected 
together in the geopolymer matrix. Moreover, the 
30% geopolymer concentration shows the crystalline-
like structure [1], [22] which is commonly found in 
geopolymer. These verify that geopolymerization 
occurs in the dry mix method of synthesizing 
geopolymer stabilizers. 

FTIR of Geopolymer-Stabilized Soil 

The FTIR spectra in Fig. 8 show how the spectra 
of untreated soil change when geopolymer is applied. 
The stretched bands at wavenumbers from 800 to 
1200 cm-1 are considered as the phase change of fly 
ash when geopolymerization takes place. These peaks 
of the bands at that range (800-1200 cm-1) show a 
behavior of shifting to the right or a shifting to lower 
wavelengths from the untreated to treated soil caused 
by geopolymerization [22]. Moreover, the bands of 
the untreated soil at 600 to 800 cm-1, as it is treated 
with geopolymer, shows the vibrations similar to that 
of the pure geopolymer. This indicates the reaction of 
bending and stretching of silicate frameworks [23]. 

CONCLUSION 

The study is aimed towards testing an alternative 
method of synthesizing a geopolymer soil stabilizer, 
which can practically be applied in the field of 
construction.  The SEM images have qualitatively 
verified that geopolymerization occurs in the dry mix 
method. It has shown the formation of geopolymer 
gels in the stabilized soil. These gels are characterized 
by their crystalline-like structure and their binder-like 

feature, connecting and surrounding the fly ash 
particles and soil particles. Moreover, the SEM 
images of the pure soil and the stabilized soil shows 
how the geopolymer changes the morphology of the 
pure soil into a denser soil structure. As for the FTIR 
results, these have further confirmed the 
geopolymerization taking place in the stabilized soil 
which was evident in the change in peaks within the 
spectra. 

The synthesized geopolymer in the study is 
considered to be the most effective at the 
concentration level of 30% since both mechanical 
properties, UCS and CBR Index, increase as the 
geopolymer concentration is increased from 10% to 
30%. For the UCS results, the improvements are 
considered to be significant. The application of 
geopolymer on the soil has allowed the stabilized soil 
to be molded into UCS samples as the soil does not 
have cohesive characteristics due to its sand content. 
The qu values, from 10% to 30% geopolymer 
concentration, increase significantly from 78.29 kPa 
to 1349.74 kPa. As an embankment material, the 
geopolymer has improved the performance of the soil 
based on the CBR Index which has increased to a 
value of 34.32%. The pure soil is rated as Poor for 
Subgrade use, whereas the stabilized soil has 
improved to Good for Base and Subbase use. 

The geopolymer, based on these results, has the 
possibility of being an alternative to conventional soil 
stabilizers such as cement and lime. The main reason 
for this is that the geopolymer in the study was 
synthesized through a different approach rather than 
the method of using liquid activators, which allows 
easier application in the field. Focusing on 
geopolymerization, this further concludes that 
geopolymerization can still occur in the dry mix 
method. 

RECOMMENDATION 

The study has used a limited range of values for 
geopolymer concentration due to the consideration 
that higher concentration values are costlier due to 
requiring more alkali activators. However, since these 

Fig. 7 The SEM images of SM at geopolymer 
concentrations of 10% (left image), 20% (center), 
and 30% (right) at 2000x magnification. 

Fig. 8 The FTIR spectra of the fly ash, the pure 
geopolymer, the soil, and the stabilized soil. 
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are necessary in obtaining an optimal concentration 
value, it is recommended for future studies to take 
into consideration concentration values ranging from 
40% to 90%. This will produce a geopolymer 
concentration that can maximize soil stabilization. 

The method of testing the CBR property of the 
stabilized soil was only through the unsoaked CBR. 
The soaked CBR was not tested due to time 
constraints. The soaked CBR is significant as it 
simulates the strength of soil when saturated or during 
events of flood. This is why it is recommended to test 
the geopolymer stabilizer in terms of the soaked CBR. 

The geotechnical properties of the stabilized soil 
were not tested in the study. The geotechnical 
properties such as gradation and permeability are 
considered to be significant properties. These may 
change when soils are stabilized with geopolymer. As 
such, it is recommended to test these properties to 
further discover the extent of the improvement of 
geopolymer soil stabilization. 
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ABSTRACT 

 
The Civil Engineering Research Institute for Cold Region has been developing a bubble-mixed solidified soil 

that affords soil pressure reductions on civil engineering structures. This technique is one way to effectively use 
soil generated at construction sites. The bubble-mixed solidified soil is created by mixing volcanic ash, water, air 
bubbles, and a soil stabilizer. The volcanic ash is from the suburbs of Sapporo, a city in central Hokkaido, 
Northern Japan. The strength and density of a roughly 24-year-old specimen of bubble-mixed solidified soil 
were measured, and the temporal changes in the strength of the specimen were investigated. Previous data on 
this specimen was examined in comparison with the data from the current measurements. It was found that the 
material had the strength required for the structure. However, the strength of the material was found to increase 
and peak in two years, after which the strength decreased and the material deteriorated. 
 
Keywords: Long-term Strength, Bubble-mixed Solidified Soil, Volcanic Ash, Deterioration, Impact acceleration 
 
 
INTRODUCTION 

 
The Civil Engineering Research Institute for 

Cold Region (CERI) has been engaging in studies on 
bubble- mixed solidified soil [1]. In previous studies, 
the long-term strength of this material has been 
verified, and it has been reported that the material 
has sufficient long-term durability for earth works 
[2]-[3]. CERI measured the strength and density of 
approximately 24-year-old specimens of bubble-
mixed solidified soil, a type of lightweight soil. The 
measurement results and previous data are reported 
in this paper. 

 
BUBBLE-MIXED SOLIDIFIED SOIL 

 
Bubble-mixed solidified soil is a plasticized 

material made by mixing material soil, water, soil 
stabilizer and bubbles as shown in Fig. 1. Various 
soil materials, including poor quality soil generated 
at construction sites, can be used as materials for 
bubble-mixed solidified soil. Bubble-mixed 
solidified soil is a plasticized material and does not 
require compaction, which makes it possible to form 

it in any shape. The light weight of such soil can 
contribute to load reductions on the ground. In 
addition to the above advantages, the solidification 
of this material progresses with time, and the earth 
pressure acting on civil engineering structures can be 
reduced by using this material. Because of these 
advantages, bubble-mixed solidified soil is a 
material that can be used in various areas. 
 
TESTING METHOD 

 
Creation of Slurry 

 
In the experiment of this study, bubble-mixed 

solidified soil was created by using volcanic ash 
(Shikotsu pyroclastic fall deposit) from a site in the 
suburbs of Sapporo, a surfactant foaming agent and 
a cement base solidification material. The basic 
physical properties of the volcanic ash are shown in 
Table 1, and the mix proportion of the bubble-mixed 
solidified soil is shown in Table 2. 

 
Creation of Specimens, and Test Method 

 
To measure the unconfined compressive strength, 

in 1992 specimens were made by pouring slurry in 
PVC pipe molds of 5 cm in diameter and 10 cm in 
height, covering them with plastic wrap and curing 
them at a constant temperature of 20℃ for 1, 7 and 
28 days. Part of the above slurry was poured into an 
experimental soil chamber of 4.5m in length, 4.23m 
in width, and 2.25m in depth. At 28 days, the 
generated onsite solidified bubble-mixed solidified  

 
 
 
 

 
 
 
 
 
Fig. 1 This is how to make the bubble-mixed 

solidified soil 

Soil stabilizer Water Bubble 

Material soil 
Slurry 

Bubble-mixed solidified soil 
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Table 1 This is an basic physical properties of soil  
Sample name Takino 

Soil particle density ρs(g/cm3) 2.402 
Natural water content wn (%) 33.7 

Grain size 
distribution 

≧ 2 mm (%) 17.5 
75 μm - 2 mm (%) 50.2 
≦ 75 μm (%) 32.3 

Consistency limit N.P. 
Classification symbol of the ground 

material 
SV 

 
Table 2 This is a mix proportion of the bubble-

mixed solidified soil 

Mixed 
amount 
per 1m3 

Volcanic ash (kg) 752.06 
Water (kg) 147.94 
Bubble (l) 395.85 
Soil stabilizer (kg) 100 

Target 
value 

Unconfined compressive 
strength after 7-day curing 
(kN/m2) 

150 

Wet density (g/cm3) 1.00 
Adjusted moisture content 
(%) 60 

 
soil was dug out of the chamber and two blocks 
were cut out and formed. They were 0.5m in length, 
0.5m in width and 0.25 in height. These two blocks 
were left uncovered in a room with an average 
annual temperature of about 20℃. This assumes the 
temperature in the soil where bubble-mixed 
solidified soil is to be constructed. In 1994, two 
years after the blocks were created, three cylindrical 
specimens of 5cm in diameter and 10cm in height 
were cut out in the perpendicular direction from one 
of the blocks, and the unconfined compressive 

strength was measured. The other block had been 
left in the room for the roughly 24 years until 
February 2016. The top surface and one of the side 
surfaces of a block were made flat. For these two 
surfaces, the impact acceleration [4] was measured. 
Soil hardness index was also measured on these two 
surfaces by using a soil hardness tester [5]. An 
unconfined compression test was done by using six 
cylindrical specimens (5cm in diameter by 10cm in 
height) that were cut out from the block used for the 
above two measurements. The strength was 
measured using three specimens cut out in the 
perpendicular direction and three specimens cut out 
in the horizontal direction. The unconfined 
compressive strength was determined as an average 
for the values of three specimens for each direction. 
The impact acceleration and Soil hardness index 
were determined as an average of the values 
measured at ten points on the two surfaces of the 
block. The unconfined compressive test was also 
done on six specimens (three specimens for the 
perpendicular direction and three specimens for the 
horizontal direction) after they had been submerged 
in water. The conditions for each test are shown in 
Fig. 2. 

 
TEST RESULTS 

 
The Surface of The Bubble-mixed Solidified Soil 

 
A 24-year-old block of bubble-mixed solidified soil 
is shown in Photo 1. The edges of the block are still 
intact and the surface has not changed from that at 

the formation of the block. In the specimen that was 
cut out from the block for the unconfined 

compression test, the voids clearly maintained their 

 
 
 
 
 
 
 
 
 

24 years curing 
 

         
 
1, 7 and 28  
days curing                                                                             

 
                                                     2 years curing 
 
 
 
 
 

   Fig. 2 This is the conditions of each test 

4.5m in length, 4.23m in 
width, and 2.25m in depth  
(Experimental soil chamber) 

Curing them at a constant 
temperature of 20℃ 

Unconfined compressive 
test 

5cm in diameter by 10cm in 
height (cut out) 
Unconfined compressive test 

5cm in diameter by 10cm in height 
(cut out) 
Unconfined compressive test 
Perpendicularx, horizontal direction 
Submergence non submergence  

Room with an average annual 
temperature of about 20℃ 

Impact acceleration and Soil 
hardness index 
Horizontal and vertical direction 

Slurry 

5cm in diameter by 
10cm in height 

0.5m in width and 0.25 in 
height (blocks) 
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Photo 1 This is a block and a specimen of 24-year-

old bubble-mixed solidified soil 
 
shapes, and no deterioration was found by visual 
observation. 
 
Changes in Density 

 
The temporal changes in the wet density of the 

bubble-mixed solidified soil are shown in Fig. 3. 
The wet density decreases with time. The wet 
density of a 24-year-old specimen submerged in 
water was equal to that of the specimen at its 
formation 24 years earlier. It is considered that even 
when the density of bubble-mixed solidified soil on 
site increases from submergence, a structure near 
that bubble-mixed solidified soil is unaffected by the 
changes in the density of the bubble-mixed solidified 
soil. 

 
Changes in Moisture Content 
 

The moisture content of the bubble-mixed 
solidified soil is shown in Fig. 4. The moisture 
content decreased with time, and became nearly zero 
in 24 years. When the sample was placed in the 

water, the sample started to absorb water 
immediately after being placed in the water and it 
totally submerged in 10 minutes. The final moisture 
content of the sample was roughly 60%, which is the 
adjusted moisture content. The specimen did not 
collapse when submerged in water. The void ratio 
remained almost unchanged for 24 years. 

 
Changes in Strength 

 
The unconfined compressive strength of the 

bubble-mixed solidified soil is shown in Fig. 5. The 
unconfined compressive strength of the sample 
increased for the 2 years since its creation. The 
unconfined compression strength of the 24-year-old 
sample was about the same as that of the 7-day-old 
sample. The unconfined compression strength of the 
sample decreased with time after the initial 2 years. 
Previous studies have reported that deterioration of 
cement-treated soil starts at the surface [6] and that 
the strength of cement-treated coal ash decreases 
when the coal ash is cured for a long time [7]. In the 
case of this study, it was thought that the block of 
bubble-mixed solidified soil had deteriorated from 
weathering. It is thought that the strength of the 
cement-treated soil does not decrease as greatly on 
site as measured in this study, because the cement-
treated soil on site is covered with soil to a certain 
extent. However, in designing cement-treated soil, it 
is necessary to consider the long-term decrease in 
strength. 

Next, the strength of the 24-year-old block in the 
perpendicular and horizontal direct ions was 
determined,and the strength of an internal part of the 
block was determined. The results are shown in 
depending on direction were found. It is thought 
Table 3. No notable differences in strength that the 
direction of placement does not greatly affect the 

 
Fig. 3 This is the days elapsed, and wet density 
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Fig. 4 This is the days elapsed vs water content 
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Table 3 This is the direction vs strength 

Items Vertical Horizontal 
Perpendic

ular 
Unconfined 

compressive strength 
258.4 224.1 - 

Impact acceleration 48.6 47.5 - 
Soil hardness index 27.5 29.4 25.0 

 
strength of bubble-mixed solidified soil. Fig. 6 
shows the relationship between the impact 
acceleration and the unconfined compressive 
strength of the bubble-mixed solidified soil at 
placement in a laboratory soil chamber and the 
relationship between the impact acceleration and the 
unconfined compressive strength of the bubble-
mixed solidified soil at 24 years after placement. 
The relationship between the impact acceleration 
and the unconfined compressive strength for the 24-
year-old sample is similar to that for the sample at 
placement. It is possible to estimate the unconfined 
compressive strength from the impact acceleration 
even after a long time. 

About the bubble-mixed solidified soil made 
from fly ash, it is reported about elution to the 
environment [8]-[9]. However, since volcanic ash is 
a stable material, it is considered that hazardous 
substances do not elute of bubble-mixed solidified 
soil made from volcanic ash into the environment. 

 

SUMMARY 
 
The temporal changes in the properties of 

bubble-mixed solidified soil were investigated in 
this study. The investigation revealed the following. 
 
1) No marked changes were observed by visual 

inspection of 24-year-old bubble-mixed 
solidified soil. 

2) The water content, wet density and strength of 
bubble-mixed solidified soil decreases with time. 
Deterioration was observed in the bubble-mixed 
solidified soil. 

3) The strength of bubble-mixed solidified soil is not 
affected by the direction of placement. 
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Abstract 

Cement milk is used as a grout to fill holes which are resulted from pile extraction. Although cement milk has an 

advantage of being able to perform blending and placing according to circumstance of work on site, cement and 

water cause segregation, so uniform filling is difficult over the entire length of holes. In addition, there is a 

disadvantage that cement milk can’t perform a predetermined strength when diluted by groundwater erosion. 

Sodium carbonate is a substance expected to suppress the segregation of cement milk and to speed up the 

development of strength. In this study, we conducted an indoor mixing test on fillers mixed with sodium carbonate 

into cement milk which is a mixture consisting of water, cement and bentonite, and examined various 

characteristics from the viewpoint of physical and chemical aspects. (1) By mixing sodium carbonate, bleeding of 

cement milk is suppressed. This is considered to be due to increased swelling of bentonite by receiving sodium 

ions. (2) By mixing sodium carbonate, the strength development time of cement milk is advanced and the long-

term strength also increases. This is considered that calcium carbonate is generated at the initial stage of reaction 

from the reaction of bentonite and sodium carbonate. 

Keywords: cement, bentonite, sodium carbonate, bleeding, early strength 

1. Introduction

1.1. Background 

In demolition work, it is necessary to remove existing 

piles in the ground. If new land use is planned, existing 

piles must be removed so as not to interfere with pile 

foundation of newly built-structures. In addition, 

existing piles remaining in the ground are industrial 

waste, so troubles often occur in the land sale 

transaction. Therefore, removal of existing piles is 

indispensable. In order to remove an existing piles, a 

drawing out method is generally adopted. In the 

drawing out method, holes are formed in the ground, 

which adversely affect the ground environment. In the 

vicinity of the hole, it may cause problems such as 

collapse of earth and sand, subduction of the 

surrounding ground, weakening, so it is necessary to 

fill the filling and stabilize the ground quickly. 

Depending on the construction site, the properties 

required for the filling are different, but there is no 

regulation on filling presently. From the above, there 

is a demand for constructing a filler that can reliably 

fill and secure stable strength. 

1.2. Purpose 

We will aim for the development of a filling that 

exhibits uniform strength without causing material 

separation when filling holes generated by pulling out 

existing piles. We aim at sophistication of cement 

bentonite typed cavity filling since it is possible to 

adjust blending filling at the construction site. By 

mixing sodium carbonate (Na2CO3), it is expected that 

the strength development of the cement bentonite type 

cavity filling will be promoted and the bleeding will 

be suppressed. We will examine the improvement and 

usefulness as cavity filling by conducting an indoor 

blending test on cement bentonite and sodium 

carbonate mixed cement bentonite. For examining the 

improvement and usefulness, a comparative test is 

conducted in view of strength characteristics, fluidity 

and material separation. 

1.3. Outline 

In this research, we carried out uniaxial compression 

test, penetration test, bleeding test and flow test on 

cement bentonite and cement bentonite mixing sodium 

carbonate, and examine usefulness of cement 

bentonite typed filling by mixing sodium carbonate. In 

addition, we consider the mechanism of the 

development of various properties exerted by mixing 

sodium carbonate from the physical and chemical 

point of view (Fig.1). 



GEOMATE - Mie, Japan, Nov. 21-24, 2017

173 

2. Method

2.1. Materials and Mixing Conditions 

(1) Cement 

 The type of cement used in this study is ordinary 

portland cement, and one is having a density of 3.16 

g /cm3 and a specific surface of 3200cm2/g. Cement is 

a main component which exerts a curing function as a 

cement bentonite typed cavity filling because it 

reaction with hydration and develops initial and long-

term strength by the formation of ettringite and 

calcium silicate hydrate(C-S-H). 

(2) Bentonite 

 The chemical components of the bentonite used on 

our test are shown in Table 1. Bentonite has the effect 

of suppressing material separation of cement and 

water by swelling property due to take water into the 

one1). Bentonite is a smectite clay mineral containing 

montmorillonite as a main component and has a 

layered structure in which thin plate crystals are 

stacked. The crystal is negatively charged and 

electrical equilibrium is maintained by adsorbing 

cations between crystal layers. The interlayer cations 

of montmorillonite are mainly composed of sodium 

ion (Na+), calcium ion (Ca2+), potassium ion (K+), 

magnesium ion (Mg2+), and the properties of bentonite 

vary depending on the type of the one. The type is 

divided into two types, one is called Na type where a 

large number of monovalent cations such as Na+ and 

K+ are adsorbed, and the other is called Ca type where 

a large number of divalent cations such as Ca2+ and 

Mg2+ are adsorbed2). The bentonite used in this 

experiment is a Na type bentonite having many Na+ in 

interlayer cations. 

(3) Sodium carbonate 

When we mix sodium carbonate as an admixture into 

a cement bentonite typed cavity filling in this 

experiment, we use anhydrous salt obtained by heating 

at a high temperature of 300°C. Table 2 shows the 

chemical components of the admixture, and it contains 

Na2CO3 of 99.41%. Sodium carbonate is expected to 

promote the hydration reaction between cement and 

water and exert the effect of early strength 

development3). 

(4) Mixing condition 

Table 3 shows the mixing conditions of each material 

used in the series of tests. The target strength is set to 

0.5N/mm2 on the mixing condition. In the precast pile 

driving method prescribed in the "Public Building 

Standards Manual"4), since the pile circumferential 

fixing liquid is set to 0.5N/mm2 at the compression 

strength after 28 day material age and is considered to 

be the same as the ground strength, the strength is 

generally adopted as a standard. In blend A and B, 

cement bentonite and cement bentonite mixing sodium 

carbonate whose weight ratios C/B=5, 6 of cement (C) 

and bentonite (B) were prepared, and we investigate 

the properties of cement bentonite mixing sodium 

carbonate perform. In blend C, D, E, F and G, only the 

amount of cement (C) is changed to prepare cement 

Fig.1   Procedure of study 

Table 1 Chemical components of bentonite 

Chemical Components Content (%) 

SiO2 67.1 

Al2O3 16.8 

Fe2O3 3.7 

MgO 3.3 

CaO 2.7 

Na2O 2.2 

K2O 1.3 

Ignition loss 2.9 

Table 2 Chemical components of the admixture 

Chemical Components Content (%) 

Na2Co3 99.41 

NaCl 0.35 

Fe2O3 0.003 or less 

Insoluble matter 0.001or less 

Ignition loss 0.15 

Table 3 Mixing conditions of each material 

No. B 

(kg/m3) 

C 

(kg/m3) 

S 

(kg/m3) 

W 

(kg/m3) 

W/C 

(%) 

A-1 50 240 0 905 377 

A-2 50 240 20 897 374 

B-1 50 300 0 886 295 

B-2 50 300 20 878 293 

C 50 180 20 916 509 

D 50 200 20 910 455 

E 50 220 20 903 410 

F 50 250 20 894 358 

G 50 260 20 891 343 

Research background

Purpose of research 

Indoor mixing test

Arrangement and 

consideration of test results

Investigation of usefulness as

filling

Consideration about

mechanism of upgrading
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bentonite mixing sodium carbonate and the correlation 

between sodium carbonate and cement is examined. In 

the mixing procedure, water (W) and bentonite (B) 

were added to a stirrer having a rotation speed of 1,500 

rpm/min and stirred for 3 minutes, then ordinary 

portland cement (C) was added and stir for 3 minutes 

and sodium carbonate was added and stir for 3 minutes 

(Fig.2). 

2.2. Strength Test 

The strength development of cement bentonite 

mixing sodium carbonate will be examined according 

to the Japanese Industrial Standard (JIS A 1216) 

"uniaxial compression test". Each material is mixed 

according to mixing conditions and it is poured into a 

mold having a diameter of 50mm and a height of 

100mm to prepare a sample. Curing is performed for 

7, 14, 28, 60, 90, 120 days in a thermostatic chamber 

at 20°C, and a uniaxial compression test is performed 

at each curing day (Fig.3).  
In order to investigate the change about the action of 

cement bentonite due to mix sodium carbonate, we 

conduct a simple penetration test on samples of A and 

B. Penetration resistance values in immediately after 

sample mixing and 30 minutes, 1, 2, 3, 4, 5, 6, 7, 8, 12, 

24 hours are measured using a simple measuring 

instrument (Fig.4). 

2.3. Bleeding Test 

A test is carried out according to the JSCE Standards 

(JSCE-F522) "Bleeding Rate and Expansion Rate Test 

Method of grouting Mortar of Prepacked concreat 

(Polyethylene Bag Method)" in order to evaluate 

material separation of water and cement (Fig.5). The 

Sample mixing each material put to a height of 200mm 

in a polyethylene bag with a diameter of 50mm and the 

amount of bleeding water after 1, 3, 24 hours is 

measured, and the bleeding rate is obtained using the 

following formula. 

𝐁𝐫 = (
𝑾𝒃

𝑽
) × 𝟏𝟎𝟎 

Br (%) is the bleeding rate, Wb (ml) is the amount of 

bleeding water at each elapsed time, and V (ml) is the 

volume of the whole sample. 

2.4. Fluidity Test 

The fluidity of cement bentonite mixing sodium 

carbonate is evaluated according to JSCE-F521 

"Fluidity Test Method of grouting Mortar of 

Prepacked concreat (Method of P Funnel)". The 

Sample mixing each material is filled in a P-funnel 

tester having an outflow pipe inner diameter of 13mm, 

an outflow pipe length of 38mm and a funnel portion 

height of 192mm. The sample is allowed to flow by 

releasing a finger from the flow pipe, and we measure 

Fig.2 Mixing and stirring of materials 

Fig.3 Uniaxial compression test 

Fig.4 Simple penetration test 
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the time until the flow of sample is interrupted for the 

first time with a stopwatch (Fig.6). 

3. Consideration

3.1. Consideration on Strength Test 

(1) Initial strength development 

From the uniaxial compression test results in Fig.8 

(a), compare the initial strength of cement bentonite 

and cement bentonite mixing sodium carbonate. A-1 

has the 7th day strength of 0.09N/mm2, and A-2 has a 

seven-day strength of 0.30N/mm2, so A-2 is stronger 

than A-1. Similarly in the comparison between B-1 

and B-2, the 7th day strength of B-1 is 0.37N/mm2 and 

the 7th day strength of B-2 is 0.59 N/mm2, so mixing 

sodium carbonate makes cement bentonite stronger 

than when it does not mix. Therefore, it can be said 

that the initial strength of cement bentonite increases 

by mixing sodium carbonate. In addition, since no 

significant difference is observed in the strength 

development behavior up to the 28th day of age, it is 

thought that sodium carbonate influence the strength 

development before the 7th day of age.  

In Fig.7, the results of the penetration test showed 

that the resistance values of cement bentonite of A-1 

and B-1 rise about 8 hours after mixing and stirring of 

each material, but the values of cement bentonite 

mixing sodium carbonate of A-2 and B-2 rise about 1 

hour after mixing and stirring. Since the setting 

initiation time of cement bentonite is accelerating, it 

can be said that mixing sodium carbonate affects the 

solidification performance at the one-day of age. 

Exercising solidification performance in 1 hour after 

filling prevents the invasion of groundwater in the 

ground and helps developing stable strength cement 

bentonite type cavity filling.   

From the above, mixing sodium carbonate into 

cement bentonite promotes the solidification 

performance immediately after mixing and stirring of 

each material, and exerts a useful effect as a filling. 

(2) Long-term strength 

From the uniaxial compression test results in Fig.8 

(a), compare the long-term strength of cement 

bentonite and cement bentonite mixing sodium 

carbonate. In comparing A-1 and A-2, B-1 and B-2, 

the strength of mixing sodium carbonate is stronger 

than not mixing at any age. However, as for the 

tendency of strength development, there is a tendency 

that the strength increases up to about the 28th day of 

age in any samples, and the strength hardly increase 

after that. In addition, Fig.9 shows the values 

normalized by the strength of 28th day of age 

(hereinafter referred to as compression strength ratio). 

Comparison of each sample from Fig.9 (a) showed no 

significant difference in long-term strength 

development behavior after 28th day of age, and the 

compressive strength ratio is around 1.0, except for 

B-1. There is not effect on the long-term strength 

development due to mix sodium carbonate, so the 

reason why the strength is larger on each age at the 

Fig.5 Bleeding test 

Fig.6 fluidity test 

Fig.7 Result of penetration test 
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time mixing sodium carbonate is considered that the 

increase of the initial strength affects the long-term 

strength development. 

(3) Increase mechanism of initial and long-term 

strength 

The amount of cement is changed in C, D, E, F, and 

G of cement bentonite mixing sodium carbonate. From 

Fig.8 (b), there is a trend that the smaller the water-

cement ratio is, the stronger the strength is at each age. 

In addition, from Fig.9 (b), there is no clear difference 

in the tendency of strength development in any 

samples except for C, and the compressive strength 

ratio at 90th day of age is about 1.15. There is no 

difference in behavior of initial and long-term strength 

development of cement bentonite mixing sodium 

carbonate by difference in cement amount, so it can be 

said that sodium carbonate has no effect on cement. 

Therefore, the initial strength increase of cement 

bentonite by mixing sodium carbonate does not 

promote the hydration reaction between cement and 

water, and it is considered that forms a cured body 

different from cement hydrate. 

Here, attention is paid to sodium carbonate and 

bentonite. Bentonite has different properties 

depending on the type of interlayer cation of 

montmorillonite, but bentonite easily changes its 

properties by ion exchange with other types of cations 

since it has ion exchange properties. The interlayer 

cation exchangeability increases in the following 

order5). 

𝑵+ < 𝑲+ < 𝑪𝒂𝟐+ < 𝑴𝒈𝟐+ 

When sodium carbonate (Na2CO3) dissolve in water, 

it ionizes to sodium ion (2Na+) and carbonate ion 

(CO3
2-).Therefore, Ca2+ contained in the interlayer 

cations in the bentonite and Na+ ionized from the 

sodium carbonate perform ion-exchange, and Ca2+ and 

CO3
2- are bonded to form calcium carbonate (CaCO3). 

Calcium carbonate is a water-insoluble substance, and 

forms a cured body by binding molecules with each 

other. The early strength development of cement 

bentonite by mixing sodium carbonate and the 

increase in long-term strength are attributed to the 

formation of a cured body of calcium carbonate 

immediately after mixing of materials. 

3.2. Consideration on Breathing Test 

Table 4 shows the results of the bleeding test. In 

Cement bentonite of A-1 and B-1, the bleeding rate 

increase with the passage of time, but in cement 

bentonite mixing sodium carbonate of A-2 and B-2, 

about 0.5% bleeding is only confirmed after 1 hour, 

and there is no moisture on the surface of the specimen. 

Similarly, in C, D, E, F, and G, it can be confirmed that 

the bleeding rate becomes 0% within 24 hours from 

the mixing of the materials. The decrease in the 

bleeding rate of cement bentonite due to the mixing 

sodium carbonate is attributed to the increase in the 

swellability of bentonite and the initial strength 

development of cement bentonite. Bentonite exerts 

swellability by interlayer cations of montmorillonite 

(a)  Comparison by mixing sodium carbonate 

(b) Comparison by changing cement amount 

Fig.8 Result of uniaxial compression test 

(a) Comparison by mixing sodium carbonate 

(b) Comparison by changing cement amount 

Fig.9 Compressive strength ratio 
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adsorbing water molecules. As compared with Ca type 

bentonite, the Na type bentonite has a weak electrical 

attraction between the unit layers, and so it is likely to 

swell when adsorbing water molecules. As described 

above, sodium carbonate in water is ionized to 

generate Na+, which is exchanged with Ca2+ contained 

in interlayer cations in bentonite. It is considered that 

the swelling property of bentonite is improved, 

because the interlayer cations become more inclusive 

of Na+. In addition, a hardened body is formed quickly 

since calcium carbonate is produced, and movement of 

water molecules in cement bentonite is inhibited. 

There is also a decrease of the amount of water due to 

the hydration reaction with cement. Therefore, it is 

considered that various phenomena such as increase of 

swellability with bentonite due to mixing of sodium 

carbonate, early strength development of cement 

bentonite, and hydration reaction of cement and water 

are involved, and the bleeding does not occur after 

several hours from mixing. 

3.3. Consideration on Fluidity Test 

Table 4 shows the results of the fluidity test. In each 

sample, the flowing down time is about 7.7s, and no 

decrease in fluidity of cement bentonite due to mixing 

sodium carbonate is observed. As described above, 

since curing started in about one hour after mixing the 

materials, the early strength development performance 

does not affect the fluidity at the time of filling. 

Although there is a possibility that material separation 

may occur due to flowing down, since bleeding hardly 

occurs, it can be said that the samples are having 

moderate fluidity. Therefore, it is able to say that the 

cement bentonite mixing sodium carbonate has 

ensured workability as a cavity filling. 

4. Conclusions

In this study, the usefulness of the cement bentonite 

typed cavity filling mixing sodium carbonate was 

examined from the viewpoint of strength 

characteristics, material separation and fluidity. The 

obtained results are shown below.  

(1) From the uniaxial compression test, mixing 

sodium carbonate increases the initial and long-

term strength of cement bentonite. The early 

strength development helps stabilizing the 

ground as soon as possible. 

(2) From the penetration test, by mixing sodium 

carbonate, cement bentonite exerts curing 

performance from about 1 hour after mixing 

materials. The rapid gelation prevents invasion of 

groundwater into the filling in the ground, and 

the filling can stably exhibit the predetermined 

strength. 

(3) From the bleeding test, bleeding of cement 

bentonite is suppressed by mixing sodium 

carbonate. When it fills into the hole made by 

pulling out piles in the ground, the materials is 

kept homogeneous and the strength is not differ 

depending on the depth direction. 

(4) From the fluidity test, the fluidity of cement 

bentonite is not lost by mixing sodium carbonate. 

Workability is assured in filling holes in the 

ground. 

In the future, it is necessary to clarify the mechanism 

of various characteristics development by verifying 

from a physicochemical point of view. 
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Table 4 Results of bleeding and fluidity test 

No. flowing 

down 

time (s) 

bleeding rate (%) 

1hour 3hour 24hour 

A-1 7.7 3.6 9.3 9.5 

A-2 7.6 0.5 0.0 0.0 

B-1 7.8 4.0 9.5 9.8 

B-2 7.6 0.4 0.0 0.0 

C 7.7 0.9 0.8 0.0 

D 7.7 0.7 0.5 0.0 

E 7.7 0.5 0.0 0.0 

F 7.7 0.5 0.0 0.0 

G 7.7 0.5 0.0 0.0 
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ABSTRACT 
 

In contrast to the mechanical stirring method in which the ground soil and the modifying material are mixed 
and stirred by stirring blades and the improved body is formed in the ground, the high pressure injection stirring 
method is a method in which the improved diameter is changed due to soil condition, etc. There is a possibility 
that it can be changed with, and a method for easily confirming the shape, particularly the improved diameter, is 
highly desired. In this research, we propose and propose a method that can make "visualization" of this improve-
ment situation and confirm the improved diameter in real time. Confirmation was made by measuring water quality 
in multiple items. From the results, it was confirmed that pH and the values of the other 5 items changed at the 
same time. And the change was due to the arrival of the cement slurry. Therefore, it can be said that real-time 
measurement is possible by visualization of improved diameter by water quality measurement conducted this time. 

 
Keywords: real-time checking system, pH, ground improvement, high pressure injection 

INTRODUCTION 
 

Currently as a measure against the Nankai 
Trough Earthquake, strengthening breakwaters is 
urgent in Japan. The main way of present 
reinforcement work is to strengthen the ground by 
making columns with cement. It is an invisible part 
that a soil-cement column is made, so it is important 
to check if the soil-cement column is made as 
planned. Particularly, in contrast to the mechanical 
stirring method, the high pressure injection stirring 
method has a possibility that the improved diameter 
may change depending on the soil conditions and the 
like, therefore, a method of easily confirming the 
diameter is desired [1]. In this research, we propose 
a method to confirm the improvement of the 
diameter in real time by "visualizing" this situation.  

Experiments to confirm the state of improvement 
construction were carried out at the site where 
ground improvement is actually carried out. In this 
research, we focused on improved bodies with 
double pipe type high pressure injection stirring 
method. The high pressure injection stirring method 
is a ground improvement method in which earth and 
cutting agent are mixed and stirred by cutting the 
ground by spraying hardening material and air 
horizontally from an injection nozzle attached to the 
tip of the injection rod [2]. Normally, the injection 

rod is rotated and pulled up by several centimeters at 
regular time intervals to form a columnar 
improvement body. Although it is possible to make 
an improved body with a diameter of 2 to 5 m with a 
small boring, it is very important to confirm that the 
diameter of the improved body is made according to 
the plan as it depends on injection specifications and 
ground strength. 

As an earthquake countermeasure, in addition to 
reinforcement of the tide bank, reinforcement of the 
pile foundation can also be mentioned. However, 
because the reinforcement of pile foundations is in 
the ground and restrictions on sites and restrictions 
on heads, reinforcement methods are currently 
limited. One of the pile foundation reinforcement 
work performed under such conditions is Confining 
Pile Reinforcement Method. This method is a 
construction method that constructs a pile 
foundation structure resistant to earthquakes by 
improving the ground near the middle in the depth 
direction of the pile using cementitious materials. An 
improved body of the Confining Pile Reinforcement 
Method is also produced by the high-pressure 
injection agitation method, but there is a sound 
confirmation method as a method for confirming this 
form. The method is a method in which a guide pipe 
is installed at a planned position to be the outer 
peripheral portion of the improved body, a 
microphone underwater is inserted into the guiding 
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tube, and the arrival of the solidified material is 
judged by the observed sound [3]. 

However, in this study, we focused on 
confirming the arrival of cement directly, so we 
selected water quality measurement. Measurement 
was also conducted based on pH, which is strongly 
related to cement even among water quality. 
 
MATERIALS AND METHODS 
 
Materials 
 

Water quality measurements were conducted 
twice on the site near a certain river in Osaka 
Prefecture using the portable multi-item water 

quality meter WQC-24 shown Fig. 1. This is an 
instrument that can measure multiple items 
simultaneously [4]. 

Fig. 2 and 3 show the boring datas of water 
quality measurement points. 

  
Measurement tool 
 
We used these instruments for the measurement. 

(1) Sensor module WMS-24-1 

(2) Terminal WQC-24-1 

(3) Computer 

(4) Vinyl chloride tubes  
 
Methods 
 

The design of the improved body has a length L 
= 8.4 m and a diameter φ 3500 mm. First, we placed 
three vinyl chloride tubes of different lengths in 
advance as shown in Fig. 4 at a point 1750 mm away 
from the center of the improved body. In the vinyl 
chloride pipe, 17 holes with a diameter of 10 mm 
were installed between the length of 5 cm from the 
bottom, and the strainer portion was provided so that 
the cement slurry could enter. The measurement 

 
 
Fig. 1     Portable multi-item water quality meter 

WQC-24 
 
 

depth(m) soil classification 

 
gravely sand  ¹ 

² 

gravel mixed cobblestone³ 

⁴ 

⁵ 
silt mixed clay 

⁶ 

⁷ 

silty sand ⁸ 

⁹ 

   ¹⁰ 
Fig. 2     Boring data (the first point of measure-

ment) 

depth(m) soil classification 

 

gravel 

¹

²

³

⁴
silt 

⁵

⁶

sand 

⁷

⁸

⁹

¹⁰
Fig. 3     Boring data (the second point of meas-

urement) 



GEOMATE - Mie, Japan, Nov. 21-24, 2017 

180 
 

items were pH, dissolved oxygen, electrical 
conductivity, turbidity, salinity, and water 
temperature. 

 In the first measurement, measurements were 
made by placing three water quality meters 
throughout three vinyl chloride tubes. In the second 
measurement, one water quality meter was moved to 
another vinyl chloride pipe in accordance with the 
arrival of the injection, and measurement was carried 
out while using it.  

The installation depth of the water quality meter 
for both the first and second times was set to three 
places: GL - 9.0 m, GL - 6.0 m, and GL - 3.0 m. The 
notation was 1CH, 2CH, 3CH in order from the 
deepest point. The groundwater level exists in the 
vicinity of 3CH. 

 
RESULTS AND DISCUSSION 
 
Results 

 
 The first measurement was pH only, the second 

measurement was six items of pH, dissolved oxygen, 
electrical conductivity, turbidity, temperature, and 
salinity, and a graph was prepared based on the pH 
measurement value. As expected results, it is 
difficult to predict dissolved oxygen, but for other 

five items the pH rises due to cement influence, 
electric conductivity is difficult to convey electricity 
by cement slurry mixing due to the properties of 
cement. As the cement slurry arrives, the turbidity 
rises rapidly, the temperature rises due to the 
hydration reaction between cement and water, and 
the salinity is almost sea water, so if the cement 
slurry mixes there, the proportion of salt decreases. 

The results of the first water quality 
measurement are shown in Fig. 5. At 1CH, no rise in 
pH was detected after the cement reached the 
measurement point. However, in 2CH and 3CH, 
increase in pH could be confirmed immediately after 
reaching the measurement point. 2 CH rose to about 
11.3 to 13.4, and 3 CH rose to about 10.1 to 12.3. 

The results of the second water quality 
measurement are shown in Fig. 6-10. First, when the 
change in pH is examined, the pH rises by about 3.0 
immediately after the injection arrives in 1CH. 
However, in 2CH and 3CH, only a small amount of 
increase in pH immediately after injection was 
confirmed. Examining the other items, the dissolved 
oxygen decreased in 1CH, the electric conductivity 
decreased, the turbidity increased to the upper limit, 
the temperature increased and the salinity decreased. 
In 2CH and 3CH, because the rise in pH was small, 
other values were small changes accordingly. 

 
Discussion 

 
The reason why the pH of 1 CH did not change 
during the first measurement (Fig. 5) 

 
In 1 CH, no rise in pH was detected after reaching 

the measurement location. The following can be 
considered as the cause. 

(OP: Osaka bay lowest sea level) 
 

 
Fig. 4     Arrangement of measuring instrument 

 
Fig. 5     The results of the first water quality 

measurement (pH only) 
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(1) The solidified material injected at the time of 
making an existing refinement nearby reached the 
vicinity of the vinyl chloride tube following the 
underground water line and closed the tip of the pipe. 
(2) The soil that remained in the ground when we 
dug a hole to stand vinyl chloride tubes closed the tip 
of the pipe. 

 
Reason why the pH of 3CH was high from the begin-
ning (Fig. 5) 

 
It is thought that the cause of the pH of 3CH be-

ing high from the beginning is the gravel layer and 
the influence of the already improved ambient 
groundwater. 
 

 
 
Fig. 6     The results of the second water quality 

measurement (pH and dissolved oxygen) 
 

 
Fig. 7     The results of the second water quality 

measurement (pH and electrical conduc-
tivity) 
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Fig. 8     The results of the second water quality 

measurement (pH and turbidity) 
 

 
 
Fig. 9    The results of the second water quality meas-

urement (pH and temperature) 
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Fig. 10     The results of the second water quality 

measurement (pH and salinity) 
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Summary of the first measurement result 
 

No increase in pH could be confirmed with 1 CH. 
However, in 2CH and 3CH, an increase in pH could 
be confirmed. And in 2CH and 3CH, after vinyl 
chloride tubes was pulled out and the tip part was 
observed, it was confirmed by eyes that cement 
slurry adhered to vinyl chloride tube and high pres-
sure jet reached. Also, although we checked the di-
ameter by excavating the upper part of the improve-
ment body, we could also confirm that even here it 
was made almost as planned. From this, it can be said 
that visualization of improved diameters by pH 
measurement and real-time confirmation are possi-
ble because increase of pH due to arrival of cement 
slurry can be confirmed in the first measurement. 

 
Cause of pH rise less than 1 CH at 2CH and 3CH in 
the second measurement 

 
As shown in the figure, the pH rose by about 3.0 

immediately after reaching the cement slurry in 1 
CH. However, in 2CH and 3CH which are not shown 
in the figure, only a small amount of pH increase of 
about 0.5 to 1.0 could be confirmed immediately af-
ter reaching the cement slurry. The reasons why the 
amount of increase in pH immediately after arrival 
of cement slurry at 2 CH and 3 CH was small may 
be as follows. Unlike 1 CH where the pH rose 
sharply immediately after reaching the cement slurry, 
both 2 CH and 3 CH had already started to raise the 
pH before cement slurry reached. As a result, the pH 
increase in 2CH and 3CH became more gentle than 
the change in 1CH, so the change immediately after 
arrival of the cement slurry became small. As a fun-
damental problem, it seems that the reason why the 
pH rise started before 2CH and 3CH before reaching 
is because a trace amount of cement slurry began to 
enter the vinyl chloride tube before reaching the ce-
ment slurry. This tendency is considered to be par-
ticularly strong in 3CH because the increase in pH 
was more gradual than 2CH. However, as mentioned 
in the measurement method, since we used only one 
water quality meter in the second measurement, it 
was not clear when cement slurry started entering. 
But This problem is thought to be avoidable by pre-
paring the water quality meters for the number of 
tubes and always checking all the CHs at the same 
time, as in the case of the first measurement, instead 
of using one water quality meter at a time. 

 
About items examined by the second measurement 

 
Since the measurement results of 2CH and 3CH 

showed almost no change as described above, 
mainly the change of each item in 1CH will be con-
sidered here. Dissolved oxygen decreased signifi-
cantly in 1 CH as shown in the Fig. 6. However, in 2 
CH, the opposite result was obtained that the pH 

rises at a slightly rising timing. Since it is difficult to 
think that the value will drop to 0 as with 1 CH, dis-
solved oxygen isn't able to say useful only with this 
measurement result alone. On the other hand, elec-
tric conductivity and temperature can be confirmed 
to change according to the properties of cement, so 
it is considered to be useful as a confirmation item 
for visualization of improved diameter. As turbidity 
was also confirmed to increase due to arrival of ce-
ment slurry and earth and sand, turbidity is also con-
sidered to be useful as a confirmation item for visu-
alization of improved diameter. Also, as in this case, 
when salinity is contained in groundwater, salinity is 
considered to be a useful confirmation item for vis-
ualizing the improved diameter. 

 
Summary of the second measurement result 

 
Although only few results were obtained in the 

second measurement, useful data could also be reli-
ably obtained. From the results of this research, it is 
considered that particularly useful items are pH, 
electric conductivity and temperature. Because these 
are indices directly related to cement. Other items 
aren't able to say useful because there are not enough 
samples or the available conditions are limited. 

 
 

CONCLUSIONS 
 

In this research, the relationship with the 
improvement situation was verified by measuring 
the water quality of six items of pH, dissolved 
oxygen, turbidity, electric conductivity, temperature 
and salinity by using the Portable multi - item water 
quality meter. From the two measurement results, it 
was confirmed that the timing at which pH and the 
values of the other 5 items changed, and that the 
change was due to the arrival of the cement slurry. 
Therefore, it can be said that real-time measurement 
is possible by visualization of improved diameter by 
water quality measurement conducted this time. 

In this water quality measurement, visualization 
and real-time measurement are possible, but there is 
a possibility of measurement failure such as clogging 
of the detection tube in 1 CH of the first 
measurement. Therefore, we need to pursue 
measurement methods that can compensate for the 
above weaknesses in the future.  

In this research, we focused on preparing an 
improved body by double pipe type high pressure 
injection stirring method, but this is not the only way 
to improve ground. Therefore, in the future, it is 
necessary to pursue measurement method that can be 
used not only for the double pipe type high pressure 
injection stirring method but also for confirming the 
situation of various soil improvement. In addition to 
being able to use it not only in various sites but also 
it must be made cheaply and easily. 
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ABSTRACT 

Problem statement: The issue of transport and mobility of citizens has always been in the town of principal 
concern cities. However, capacity constraints, traffic urban planning and the use of the available space have pushed 
below the surface cities. However, we can say use of underground transport, the perfect solution for solving traffic 
problems and pollution in big cities. Ensure that the loss of the tunnel during and after implementation and lack of 
surface inappropriate deformation structures, including tunnels are the main objectives of the designers. Thus 
mutual behavior, understanding and tunnels, soil and surface structures are important and should be examined. 
With the aid of a numerical model, variations in the tunnel, and tunnel properties were 
investigated.Approach/methodology: Numerical simulation method with software PLAXIS 3D. With the help of 
a numerical model, various characteristics of the tunnel, soil and foundation were studied. 
Results: The results show that the tunneling drill increases the subsidence and vertical displacements in the model 
the points on the ground surface have the most displacement and subsidence. As the tunnel is pulled away from 
the pile, the tunnel effect on the seating and movement is reduced. As the tunnel radius increases, the amount of 
displacement and settlement has increased.Conclusions: By reducing the gap between the tunnel and the pile group 
the settlement of the pile group increases. Also, the surface subsidence has been increased by increasing the 
diameter of the tunnel. 

Keywords: Tunneling, Pile foundation, Land subsidence, Settlement buildings 

INTRODUCTION 

Due to urbanization and the need to develop 
infrastructure and shortage of land for it, inevitably 
underground space development is considered. An 
excellent example of this development, urban 
tunnels, underground car parks and tunnels in urban 
subway train. On the other hand, many of the 
structures built on the pile foundation and the tunnel 
passage near such structures with the blink of 
computing that such structures based on it were built, 
would be affected the balance of the settlement [1]. 

Mohr-Coulomb investigated. Also, considering 
the pros and cons of different methods and facilities, 
numerical simulation finite element software 
PLAXIS 3Dchosen for this study. With the help of 
numerical models feature different variations of the 
tunnel, the soil around the tunnel and the foundation, 
were examined. The results show: that the tunnel 
excavation increased land subsidence and vertical 
displacement. Points are at ground level have the 
most displacement and land subsidence. The 
horizontal and vertical displacement of deep soil less 
by taking away a tunnel of the pile group tunnel. 
Effect on land subsidence and displacement is low. 
By increasing radius of tunnel increased the amount 

of displacement and land subsidence [2]. However, 
in engineering analysis, problems often involve 
interaction between the construction of tunnels and 
other structures. Such conditions include surface 
structures (such as buildings), existing subsurface 
structures (such as tunnels, urban pipes) or complex 
underground structures such as tunnels and 
underground stations are twins. Rock as a continuum 
that by a limited number of discontinuities is 
interrupted considered, while in theory the batch, the 
rock mass as a combination of blocks, which 
together were considered to be of since the area is 
bearish in this study for soil and environment is 
assumed to be continuous, so numerically using 
finite element method (FEM) is. Plaxis 3D Tunnel 
finite element software package is exclusively for 
the analysis of deformation and stability in 
geotechnical engineering projects have been 
developed [3]. 

The identified parameters 

Elastic-plastic Mohr-Coulomb model includes 5 
parameters E and C and Ǿ ʋ for elasticity and plasticity 
soil and ɯ angle for expansion of the soil. The initial 
estimate of the behavior of soil or rock does. It is the 
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model used in the initial analysis issues. For each layer 
of soil is estimated constant average hardness. Because 
of the difficulty of constant, rapid calculations and basic 
understanding of deformation can be achieved. In the 5 
parameters mentioned, the initial conditions of soil 
(Table 1 and 2) had an important role in most of the 
issues deformation. The initial horizontal stress caused 
the soil using the appropriate values of K0 [4]. 

Table 1:Specifications of soil 

Also, lining profile is as follows: 

Table 2:Specifications of lining 

The geometry of the tunnel 

In this study, it is assumed that the tunnel 
excavation using the TBM Oyster been done 
immediately after casing drilling as lining installed. 

The tunnel excavation is relatively loose soil, the soil 
and fractured nature does not seem to be converging. 
For numerical analysis in the study of three-
dimensional finite element modeling has been used 
on the basis of finite element software PLAXIS 3D 
tunnel works. In engineering analysis, problems 
often involve interaction between the construction of 
tunnels and other structures. Such conditions include 
surface structures (such as buildings), existing 
subsurface structures (such as tunnels, urban pipes) 
or complex underground structures such as tunnels 
and underground stations are twins [1]. Numerical 
modeling possible to reconcile the different 
components provides an analysis of the issues 
involved in the action. Different numerical methods 
based on the theories of continuous and 
discontinuous are presented. In theory, continuum 
rock mass as a continuum that by a limited number 
of discontinuities is interrupted considered, while in 
theory the batch, the rock mass as a combination of 
blocks that together have been put in Taken Since the 
area is bearish in this study for soil and environment 
is assumed to be continuous, so the numerical 
method used a Plaxis 3D tunnel. Is (FEM) and finite 
element method, finite element software package 
exclusively for the analyses of deformation and 
stability in geotechnical engineering projects have 
been developed [6]. 

Numerical Modeling 

A pile of used computer modeling to evaluate the 
performance of the group. The method is that first a 
4×4 and pile with a diameter of 1 m, 8 m and 1 m 
intervals modeled in sandy soil. In this study, all 
piles on all models is constant and equal to the 
diameter of one meter is assumed loaded onto a pile 
on a load of 20 KN m wide and done. The time to 
failure of soil mass gradually increases. This is 
achieved through the ultimate bearing capacity of 
pile group. Then dig a tunnel with a diameter of 10 
meters at a depth of 10 m above ground level change 
and displacement following the settlement to 
examine the group and pile. Of these parameters on 
the results. The first group of piles in sandy soil 
modeling with dimensions of 30×20×10 and 
horizontal and vertical displacements at points A, B, 
C and D obtained. Location points are: A: ground 
and left piles B:ground and the right pile group C: 2 
m below point A D: 2 m below point Bafter 
modeling results were presented as follows: 

As can be seen from the figure 1 and 2 are for areas 
near the border cross points B and D the 
displacement of other points more. It can be seen that 
at the start of the first swell slightly upward and then 
starts the settlement that this phenomenon is due to 
the expansion in the sand. The charts can also be 
seen on the horizontal displacement of the points 
where the Earth's surface and are near the head of the 

Parameter Name Clay DP. 
Clay 

DP. 
Sand 

Unit 

Dry soil weight 𝛾𝛾 𝑑𝑑𝑑𝑑𝑑𝑑 15 16 17 KN/M3 

Wet soil weight 𝛾𝛾 𝑤𝑤𝑤𝑤𝑤𝑤 18 18.5 21 KN/M3 

h. permeability Kx 1.10-4 1.10-2 0.5 KN/M3 

v. permeability Ky 1.10-4 1.10-2 0.5 KN/M3 

Young s modulus Eref 1000 10000 120000 KN/M3 

Increase E Einr 650 - - KN/M3 

Reference level Yref 0 - - M 

Poisson s ratio 𝜇𝜇 0.33 0.33 0.3 - 

Cohesion Cref 5.5 4 1.0 KN/M3 

Friction angle 𝜑𝜑 24 25 33 0 

Dalliance angle 𝜔𝜔 0 0 3.0 0 

Interface strength Rinter rigid 0.7 0.7 - 

Interface perm perm neutral impern impern - 

Parameter Name Value Unite 
Type of behavior Material 

type 
Elastic 

Normal stiffness EA 1.4*107 KN/m3 

Flexural rigidity EL 1.43*105 KNm2/m 

Equivalent thickness d 0.35 m 

Weight w 8.4 KN/m/m 

Poissons ratio v 0.15 - 
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pile the displacement of less than spots that are deep 
in the soil. This is due to the presence of head pile, 
which has prevented them from moving too much. 

Fig1: Vertical displacement 

Fig 2: Horizontal displacement 

The effect of the tunnel excavation on settlement 

In this part of the analysis model was used to dig 
a tunnel with a radius of 5 meters at a depth of 10 
meters at a distance of 9 meters of the pile. Digging 
tunnels and walls of all sections of drilling with 
lining was stabilizing. By drilling underground Held 
settlement curved surface and the central vertical 
addition to the settlement, [Figure 3] but other 
sections vertical to horizontal displacement are. 
When the different parts of the Earth's surface 
horizontal displacement ratios to acquire land under 
tension or horizontal compression occurs. The 

central portion of the compression curve will be 
subsidence and settlement of curves on the sides, 
horizontally placed under tension. 

Fig 3: Land subsidence 

Mohr Coulomb strength parameters in the model by 
selecting any change in ductility by increasing the 
depth of drilling, maximum sat down possible 
reduction in the earth's sat down. While the 
maximum surface hardening soil, advanced model 
with the same selection parameters is possible. The 
hardening soil model, the model elastoplastic model 
is hyperbolic. This model can be used to simulate the 
behavior of granular and cohesive soils used. In the 
following tables parameters used in both models are 
provided. Soil elements were prepared such that the 
lower model boundary condition is closed and there 
is no displacement in horizontal and vertical 
direction, but only in the horizontal direction 
displacement is closed on the flanks. After forming 
geometric modeling, finite element network is 
created that can be seen in 3 Figure Build a network 
of 15 nodes triangular elements were used to model 
the soil, Accordingly, the average size of each side 
of the boundary conditions of the soil at least 4 times 
the diameter of the tunnel and the model has been 
replaced with proper border [7]. 

As can be seen from the figure [4] and [5]to point A 
on the left is a pile group and nearby tunnels land 
subsidence increased a lot. But elsewhere at a depth 
of 2 meters above ground level, with a slight increase 
in their land subsidence occurred.The charts can also 
be seen on the horizontal displacement to point A on 
the left is a pile group and tunnels near the land 
subsidence has increased a lot. But elsewhere at a 
depth of 2 meters above ground level, with a slight 
increase in their land subsidence occurred. In this 
model after the analysis was conducted in the 
presence of tunnel this time we have dug a tunnel 
with a radius of 5 meters at a depth of 10 meters at a 
distance of 11 meters from the ground and the pile. 
Digging tunnels and walls of all sections of drilling 
with lining was stabilizing. As can be seen from the 
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above forms for Point A on the left is a pile group 
and near the tunnels land subsidence is higher than 
elsewhere. But elsewhere at a depth of 2 meters 
above ground level, with a slight increase in their 
land subsidence occurred. 

Fig 4 :Vertical displacement 

Fig 5: Horizontal displacement 

CONCLUSION: 

After modeling and model analysis results were 
presented as follows: 

1. Tunnel increases the vertical displacement sat
on the model.

2. Points where the Earth's surface is moving
further and have a land subsidence.

3. The horizontal and vertical displacement of
deep soil less.

4. The tunnel away from the land subsidence and
the displacement and pile tunnel effect is low.

5. By increasing the radius of the tunnel and land
subsidence increased the amount of
displacement.
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ABSTRACT 

 
 Laboratory model tests have been carried out to explore the behavior of piles subjected to lateral soil movement 
in sand. The results of a single pile test and ten tests on of group piles arranged in a row (perpendicular to the 
direction of soil movement) are presented. Different parameters were utilized in these tests, (e.g., pile spacing, 
number of piles within a group and pile head condition). Group effect was calculated using group factor (Fm) 
which is defined in terms of the measured maximum bending moments of an individual with group and that of 
the single pile. The results showed that the maximum bending moment of group piles decreases from the single 
pile with decreasing pile spacing and the pile behaves essentially the same as a single pile when the pile spacing 
is 7d or more. The maximum  reduction of the maximum bending moments of about (17%) and (28%) as 
compared with that for the standard single pile may be observed for a pile spacing of 3d for the free and capped 
headed condition, respectively. The number of piles does not appear to have significant effect on the group 
factor Fm of piles, except for the free headed inner piles who's the group factors appear to decrease with 
increasing the number of piles within a group.  
 
Keywords: Piles, Sand, Lateral Soil Movement, Instrumentations, Bending Moment  
 
 
INTRODUCTION 
 
       Pile foundations are designed to give resistance 
against active load (i.e., load from structure that is 
directly transferred to the pile foundation by the 
cap). However, in many cases, pile foundations are 
designed to provide resistance against passive load, 
which that is induced from the lateral soil 
movements. Earthquakes, landslides and human 
activities, such as tunneling and deep excavation in 
the vicinity of piles, might cause irreversible soil 
movements [1]). These soil movements can 
generate lateral thrusts on the piles supporting both 
onshore and offshore structures, in a variety of 
circumstances. In all these conditions, the 
externally imposed soil movements will impart 
extra forces, cause increase in bending moments 
and lateral deflections in piles which may finally 
cause problems and even damage to the structure of 
piles [2] and [3].  
  In practice, piles are commonly used in groups. 
When piles are closely spaced in a pile group, the 
presence of loaded piles nearby affects the behavior 
of each individual pile [4]. Many researchers [5]; 
[6];[7] found that the piles within a group may 
suffer some reduction in capacity compared with 
single isolated piles due to interaction effects. The 
behavior of an individual pile within group is 
different from that of single pile, and several factors 
may be influenced on the behavior of group piles 

[8]. 
                                                                                                        

 
      In this study, a series of laboratory tests were 
conducted on some pile groups subjected to lateral 
soil movement for investigating the group effect on 
the lateral response of an individual pile within a 
group. Different parameters were utilized in these 
tests, (e.g., pile spacing, number of piles within a 
group and pile head condition). The piles arranged 
in one row perpendicular to the direction of lateral 
soil movement 

 
SOIL PROPERTIES  
 

Dry sand was used in this study and it was 
sieved on the sieve no. 10 (2 mm) to remove the 
coarse particles. The specific gravity (Gs), the 
maximum and the minimum dry unit weights of the 
soil are 2.65, 16.78  kN/m3 and 14.1 kN/m3 
respectively. For 59% relative density, it was found 
that the angle of internal friction () is (35o).  Fig. 1 
shows the particles size distribution of this sand. 
The coefficients of curvature (Cc) and uniformity 
(Cu) are 1.11 and 2.67 respectively. According to 
the Unified Soil Classification System (USCS), the 
sand can be classified as poorly graded sand (SP). 
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Fig. 1 : Particle size distribution of sand 
 
TEST SET-UP 
 
       A special experimental apparatus was designed 
and manufactured for the current study to 
investigate the effect of lateral soil movement on 
pile foundation. It consists of five main parts, (i.e., 
a steel box, a loading system, a sand raining system, 
an aluminum piles, and a measurements system). 
Fig. 2 shows the overall arrangement of the testing 
apparatus. 
 
The Steel Box 
 
      The designed steel box made of thick steel plate 
having a thickness of (6.5 mm) with internal 
dimensions of (80cm×80cm) and (80cm) height 
was used to apply triangular profile shape of lateral 
soil movements.  Across the width of the box, it was 
divided into two parts, upper part and lower part. 
The two parts were connected by two hinges at the 
mid-height of the box. The upper portion is able to 
rotate while the lower portion is fixed which makes 
the soil in the box is divided into two layers 
(movable and stable). Four wheels were welded at 
the bed of the box in order to allow the box to travel 
from underneath sand raining to under the pile 
jacking system. 
 
Loading System 
 
      Three mechanical jacks with capacity of 3 tons 
(for each one) were used to apply vertical and 
horizontal loadings on the instrumented pile and the 
box respectively. The vertical jack was used to drive 
the pile into the model ground. A load cell with a 
capacity of 5 tons was connected with the vertical 
jack to measure the load required to install the 
model pile into the sand. The base of the first 
horizontal (near) jack was welded perpendicular to 
the near column of the frame in order to apply 
horizontal force on the near upper part of the box. 
A load cell with a capacity of 5 tons was connected 

with this near jack to measure the horizontal force 
acting on the near upper part of the box. By turning 
the near jack, the near upper moveable part of the 
model steel box was forced to rotate around its 
joints, and consequently causes the upper part of the 
soil in the box to move. The moving soil thus is 
subjected to a triangular profile of horizontal 
movement, with the maximum displacement at the 
soil surface and zero displacement at the level of 
joints of the upper and lower parts. The base of the 
second horizontal mechanical jack (rear jack) was 
welded perpendicular to the rear column of the 
frame to control on the movement of the rear upper 
part of the box. 
 
The Details of Pile and Pile Cap 
 
      Hollow aluminum pipes of 30 mm outer 
diameter, 1.4 mm wall thickness and 1000mm total 
length with a bottom plug were utilized as a model 
piles in this study. The flexural stiffness of each 
model pile was calculated by conducting simply 
supported beam test. By measuring the central 
deflection under a known load at the center of the 
beam (model pile), the flexural stiffness of the pile 
was found (0.91 kN.mm2).   The pile caps were 
designed and fabricated from a solid aluminum 
block of 60 mm thick. On one face of the pile cap, 
there were predrilled holes of 30 mm deep, with a 
diameter to fit the piles. The diameter of each hole 
was made 0.5 mm greater than the pile diameter to 
assist the piles to the pile cap connection.  The caps 
were not used just for connecting the pile heads 
together during the test (capped headed case), but 
also for helping the jacking system to drive the piles 
into the sand bed. 
 
 Instrumentations and Measurements 
 

The data logger, strain gauges and load cell 
utilized in this study to determine the strains along 
the pile shaft and load required causing movement 
in the upper movable part of the model box. A 
compact and handheld digital data logger (TC-32K) 
was utilized to measure and store data from strain 
gauge measurement for each pile test. TML strain 
gauges type (FLA-5-23-3L) having a gauge 
resistance of 120 ±0.3 Ohm was used to instrument 
the model piles. The strain gauges were fixed along 
the model piles using cyanoacrylate adhesive (type 
CN). The strain gauges were then coated by 1 mm 
epoxy resin in order to protect from damage during 
the pile driving and testing under lateral soil 
movement. Eight pairs of strain gauges were 
attached along each instrumented pile to measure 
the developed bending moment caused by lateral 
soil movement. The number of instrumented piles 
within the group depends on the number of piles 
within the group. Due to the limited channels 
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existing in the current data loggers (maximum ten 
channels), several separated tests were conducted 
on pile groups to record the bending moments of the 
required individual pile, and the number of these 
separated tests depends on the number of piles.  
 
The Sand Raining  
 
      A sand raining device fabricated from timber 
pieces, having internal dimensions of 790 mm by 
790 mm, and 150 mm in height was used to pour the 
sand in the box. The base of the sand raining 
consists of two timber plates; the bottom is fixed 
while the top is moveable.  The thickness of the 
timber plates was 18 mm and 6 mm for fixed and 
moved respectively. The fixed plate was perforated 
with 6 mm diameter holes on a 40 mm by 40 mm 
grid pattern. The moveable plate can slide along the 
slots on one side of the sand raining. When the top 
moveable plate is pulled out, the sand is discharged 
from the sand raining in model box. The falling 
height of sand was selected as 400 mm, which gave 
a relative density of sand about 59%, and a unit 
weight of 15.6 kN/m3. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 : Test set-up 
 

 
COMPRISON METHOD 
 
      To explore the group effects on the lateral 
response of piles, the pile group results were 
compared with that of the single pile test and hence 
a suitable comparison method was needed to be 
adopted. The group factor in term of bending 
moment (Fm) represents the ratio of the maximum 
bending moment of individual piles within a group 

Mmaxi to the maximum bending moment of single 
pile Mmaxs [9]. 
 
THE RESULTS 
 
      This section describes the results of free headed 
single pile (standard) test and the tests of two, three 
and four piles arranged in one row for free and 
capped headed cases. The results of the effect of pile 
spacing and number of piles on response of piles in 
a row are presented and discussed in the following 
subsections. 
 
Single Pile (Standard)  
 
      This test was performed on free headed single 
pile of 30 mm in diameter; the box was filled with 
sand to the top. The pile length in the upper movable 
part (Lm) was 400 mm, while that in the lower 
stable part was 350 mm. The falling height of sand 
raining was (400mm) gave a relative density of 
about 59%.  Fig. 3 shows the response of pile in 
terms of bending moment. It can be seen that the 
profiles of the bending moment along the pile shaft 
at different values of the lateral soil movements are 
analogous to a parabolic shape. The measured 
bending moment increases with increasing the 
lateral soil movement but the rate of the increase 
reduces, especially when the soil surface movement 
is greater than 60 mm. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 : Bending moment distributions from the 
standard test 

 
Pile Group  
 
      This test was performed on free headed single 
pile of 30 mm in diameter; the box was filled with 
sand to the top. 
 
5.2.1 Effect of pile spacing 
 
      For investigating the effect of pile spacing on 
the lateral response of pile, many tests were carried 
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out on two piles arranged in a row for both free and 
capped headed cases. Three different spacing (i.e., 
3d, 5d and 7d) were adopted in these tests. Due to 
symmetrical arrangements of the piles in this type 
of pile groups, the results of the two piles were 
suggested to be basically identical and hence only 
the re results of one pile were presented. 
      Fig. 4 presents the bending moment profiles for 
free headed pile group for  different pile spacing 
together with that for the single pile test . It can be 
seen that the bending moment profiles are very 
similar in shape for all cases; including the depth of 
the maximum bending moment, but different in the 
magnitudes of the bending moments. It can be also 
seen that the variation of the calculated bending 
moment with pile spacing is mainly within the 
middle part of the pile length (which includes the 
position of the maximum bending moment); while 
the variation is very small in the upper and lower 
portions of pile. Also the maximum bending 
moment decreases from the single pile test with 
decreasing pile spacing. Since each pile in all cases 
was subjected to the same magnitude movement, 
this reduction in the bending moment may be due to 
a reduction of pile–soil contact pressure resulting 
from pile-soil interaction. It can be observed from 
Fig. 4 that a spacing of 7d seems to be large enough 
to eliminate abolish the group effect. It can be 
indicated the pile behaves essentially the same as a 
single pile when the pile spacing is 7d or more. 
 

 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 : Bending moment distributions for free 
headed two piles  

 
      The bending moment profiles for capped 
headed two piles in a row for different pile spacing 
together with that for the single pile test are shown 
in Fig. 5. Although the pile cap tends to develop a 
negative bending moment at the pile head level, the 
value of this negative bending moment was very 
small. Therefore, the bending moment profile for all 
pile spacing was basically the same as that for the 
free headed case, but its magnitude appears to be 

smaller. It can be noticed that, similarly to the free 
headed case, the maximum bending moment 
decreases with decreasing pile spacing. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 : Bending moment distributions for capped 
headed two piles  

 
Fig.6  shows the plot of the group factor Fm   

for both free and capped headed conditions and 
different pile spacing. It can be seen that, (Fm) 
decreases with decreasing pile spacing for both 
headed cases and capped case, and it is smaller than 
unity for all cases. The group factor was also seen 
to be greater for the free headed case than that for 
the capped case, which may be attributed to a 
developed negative bending moment and a larger 
load sharing between the adjacent piles for the 
capped condition.  The maximum  reduction of the 
maximum bending moments of about (17%) and 
about (28%) as compared with that for the standard 
single pile may be observed for a pile spacing of 3d 
for the free headed condition and capped condition, 
respectively. It seems that the provision of a pile cap 
for two piles in a row tends to results in a smaller 
bending moments. Therefore, the provision of a pile 
cap appears to be an advantage for piles in a row 
utilized for resisting soils from moving laterally. 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6 : The group factor against the pile spacing 
for two piles   

5.2.2 Effect of number of piles 
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      To explore the effect of number of piles on the 
lateral response of piles in a row, four tests were 
carried out on three piles and four piles groups for 
both free head and caped cases with pile spacing 3d.  
For both the three piles and four piles groups, the 
outside piles were defined as an outer piles, while 
the inside pile(s) were defined as inner pile(s).  
      Fig.7a presents the bending moment profiles for 
the inner and outer piles for free headed three piles 
group (for 3d pile spacing), together with that of the 
single pile test. It can be noticed that, the shape of 
the bending moment profiles is very similar for each 
pile, but the maximum bending moment for the 
outer pile is larger than the maximum bending 
moment for the inner pile. It can be also seen that 
the bending moments of the inner pile and the outer 
pile are smaller than the bending moment of the 
single pile. The similar trend is also observed for 
bending moment profiles for the four pile groups, 
but the differences in the magnitudes of the bending 
moments for the inner and outer piles appears to be 
greater than for the three piles group, as presented  
in Fig.7b. Also, the bending moments of the inner 
pile and the outer pile are smaller than the bending 
moment of the single pile. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7: Bending moment profiles for free headed 
three and four piles 

      Fig. 8a presents the bending moment profiles 
for the inner and outer piles for capped headed three 
piles group (for 3d pile spacing) together with that 
of the single pile test. Similar to the test of two piles, 

the cap tends to develop a negative bending 
moments at the pile head level piles, but it is value 
is far less than the maximum positive bending 
moment. The bending moment profiles for the inner 
pile and the outer pile for capped headed four piles 
group (for 3d pile spacing) together with that of the 
standard single pile test are presented in Fig. 8b. 
Similar to the case of capped headed three piles 
group, the cap tends to develop a negative bending 
moments at the pile head level piles. The negative 
bending moment appears to increase (but stay less 
than maximum positive bending moment) with 
increasing the number of piles with the group, but 
the maximum positive bending moment is 
approximately constant. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8: Bending moment profiles for capped 
headed three and four piles 

 
      The group factor Fm  is plotted with the number 
of piles to explore the influence of the number of 
piles on the lateral response and the resisting force 
provided by piles. As shown in Fig. 9 the effect of 
the number of piles within a group on the group 
factor Fm , for both the free headed and capped cases 
is seen to be different for the inner pile and outer 
pile due to load sharing which develops between the 
adjacent piles. The number of piles does not appear 
to have significant effect on the group factor Fm of 
piles, except for the free headed inner piles (i.e., the 
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group factors appear to decrease with increasing the 
number of piles within a group). 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9: The group factor against pile spacing for 
piles in a row  

 
CONCLUSIONS 
 
      Laboratory model tests have been conducted on 
group piles arranged in arrow in additional to single 
pile subjected to lateral soil movement in sand to 
investigate the effects of the pile's spacing, number 
of piles and piles headed condition on lateral 
response of piles. The results of the tests indicate 
that the maximum bending moment for both free 
and capped headed cases decreases from the single 
pile with decreasing pile spacing and the group piles 
behaves essentially the same as a single pile when 
the pile spacing is 7d or more. The maximum  
reduction of the maximum bending moments of 
about (17%) and about (28%) as compared with that 
for the standard single pile may be observed for a 
pile spacing of 3d for the free and capped headed 
conditions, respectively. The maximum bending 
moment for the outer pile was larger than the 
maximum bending moment for the inner pile. For 
four piles group, the differences in the magnitudes 
of the bending moments for the inner and outer piles 
appears to be greater than those for the three piles 
group. The number of piles does not appear to have 
significant effect on the group factor Fm of piles, 
except for the free headed inner piles whose the 
group factors appear to decrease with increasing the 
number of piles within a group. 
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CHANGE OF DEBRIS FLOW CHARACTERISTICS DUE TO 
DIFFERENCES IN PHYSICAL CONDITIONS OF LANDSLIDE DAM 
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ABSTRACT 
 
A large-scale collapse can form a landslide dam, which can block a river and create ponds upstream. If a 

landslide dam outburst occurs, the resulting debris flow and flood can also cause serious problems downstream. 
In this paper, based on a numerical analysis, we discuss changes in the debris flow characteristics caused by such 
differences in a landslide dam’s physical conditions, as shape and material. We conducted numerical simulations 
to specify the sediment runoff and the debris flow characteristics, including flow depth, flow velocity and flow 
discharge along the river’s path. Judging from the analytical results, if landslide dams have an identical sediment 
volume, the debris flow scale is so large that the dam height will be high or the amount of the water overflow will 
be large. To predict the scale of the debris flow with sufficient accuracy, we must carefully establish the physical 
conditions that significantly influence sediment mobility. 
 
Keywords: Landslide dam, Dam outburst, Debris flow, Landslide dam’s physical conditions, Numerical simulation 
 
 
INTRODUCTION 

 
A large-scale collapse due to earthquakes or 

heavy rainfall can form landslide dams, which can 
block rivers and create ponds upstream: for example, 
the Imokawa River basin in the Mid Niigata 
Prefecture Earthquake in 2004, the San-hazama River 
basin in the Iwate-Miyagi Nairiku Earthquake in 
2008, and the Akadani River basin in the Kii 
peninsula in the typhoon No.12 in 2011 [1] - [3].  

If a landslide dam outburst occurs, the resulting 
debris flow and flooding can cause serious problems 
downstream. Therefore, many field surveys, 
experimental studies, and numerical analyses on 
landslide dams exist: formation, breakdowns, and 
sediment runoff processes [4] - [6]. 

Naturally, the debris flow’s scale and properties 
due to landslide dam outburst vary by such conditions 
as shape and material. But measuring these 
characteristics at the actual sites is very difficult, 
because this spot is obviously dangerous during a 
natural disaster. 

In this paper, based on numerical analysis, we 
discuss the changes in the debris flow characteristics 
caused by differences in a landslide dam’s physical 
conditions, such as shape and material. We conducted 
numerical simulations to specify the sediment runoff 
and such flow characteristics as flow depth, flow 
velocity and flow discharge along virtual torrents. 

 
RELATIONSHIP BETWEEN LANDSLIDE 
DAM OUTBURSTS AND DEBRIS FLOW 
OCCURRENCES 

 
As shown in Fig. 1, when a huge collapse occurs 

on a mountain slope and a large quantity of sediment 
flows into a river, the river becomes dammed and 

formed a landslide dam. In Japan, earthquakes and 
heavy rainfalls are often geographically generated, 
mountain slopes are topographically steep, and the 
earth’s layer is geologically weak. Japan suffers from 
the conditions under which landslide dams are easily 
formed. 

Landslide dam outbursts are caused by the 
following reasons: 
(1) sliding failures due to infiltration from ponds 
(2) piping by subsurface backward erosion 
(3) overflow from ponds 

Outbursts due to pond overflow cause the large-
scale debris flow and serious downstream damage, 
because overflow occurs when the pond’s water level 
is high. If a landslide dam is formed, draining must be 
quickly installed and draining channel works must be 
promptly constructed. 

For debris flow hazard mitigation, warning and 
evacuation measures are as critical as structure 
measures. The scale and characteristics of the debris 
flow must be predicted and used to determine 
warnings and evacuations. 
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Fig. 1 Debris flow occurrence system 
due to landslide dam outburst 
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METHOD AND PROCEDURE FOR STUDY 
 

Governing Equations for Debris flow 
 

The following are the mass conservation 
equations for the flow mixture and for sediment 
alone: 
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where t is the time, x is the coordinate axis along the 
flow, h is the flow depth, B is the flow width, v is the 
flow velocity, E is the erosion velocity (its negative 
value designates the deposition), c is the sediment 
concentration by volume, ε is the correction factor 
(see Egashira et al. [7], where εc = ct, ct is the 
sediment flux concentration), and c* is the sediment 
concentration of the river-bed layer.  

The following is the momentum conservation 
equation: 
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The second term on the right-hand side in Eq. (3) 
is the pressure gradient and the third is the resistance 
due to sediment erosion. g is the gravity acceleration, 
θis the river-bed slope, P is the pressure, τb is the 
river-bed shear stress, ρm is the mass density of the 
flow mixture defined by Eq. (4), σ  is the mass 
density of gravel, and ρ is the mass density of water.  

The mass conservation equation of river-bed 
sediment takes the following form: 
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where Zb is the river-bed elevation, and θ is 
expressed by Eq. (6). 

Even though E andτb play an important role in 
the above governing equations, no general formulas 
have been developed for them. We used the formulas 
for E andτb developed by Egashira [8], [9]. The 
following is erosion velocity, E: 
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where θ e is the equilibrium river-bed slope 
corresponding to the sediment concentration defined 
by Eq. (8). φs is the internal friction angle of the 
sediment in this equation.  

The following is the formula for τb , developed by 
Egashira et al. [10]: 
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In Eq. (9), τy is the yield stress caused by the 

particle-to-particle contacts defined by Eq. (10), and 
f is the friction factor defined by Eq. (11), where e is 
the restitution coefficient, d is the reference grain 
size, and kf and kg are the coefficients: kf =0.16, kg 
=0.0828. 
 
Virtual torrents 
 

In actual torrents, the flow width and the riverbed 
slope change irregularly, and the sediment that 
becomes the constitution materials of the debris flow 
are partly distributed on the riverbed. These 
geographical conditions greatly influence the 
calculation results of the debris flow characteristics. 
Therefore, we set two virtual torrents to just focus on 
the differences of the landslide dam’s physical 
conditions (Fig. 2): 
 
Case 1: θ=constant=10°，B =constant=30 m, 

total river length, L=1,000 m (horizontal 
distance=985 m, relative height=174 m), 
no sediment that was entrained in the debris 
flow exists on the riverbed. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig.2 Riverbed profile of virtual torrents
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H

L1

L2

Landslide dam

θ

x

Outburst, runoff

Height
H (m) L1 (m) L2 (m)

30 30 30
20 57 20
10 130 10

Length

 
Case 2: θ=constant=15°，B =constant=30 m, 

total river length, L=1,000 m (horizontal 
distance=966 m, relative height=259 m), 
no sediment that was entrained in the debris 
flow exists on the riverbed. 

 
As shown in Fig. 2, a landslide dam is formed at 

the upstream end of the virtual torrent. The landslide 
dam outburst occurs due to pond overflow. The 
sediment flows downstream and is transported as 
debris flows. 
 
Computational Conditions 
 
Shape of landslide dam 
 

In our numerical simulations, our imaged shapes 
of the landslide dams are shown in Fig. 3. In all cases, 
the sediment volume that constitutes a dam is 
approximately 40,000 m3. 
 
Physical conditions of landslide dam material 
 

The physical parameters of the landslide dam 
material necessary for computation are specified as 
follows: 

 
・σ=2.70 g/cm3=constant 

・ c* = 0.50=constant [5], [6] 
・ φs = 30°, 35°, 39°(variable conditions) 
・ d  = 10 cm, 5 cm,  1 cm (variable conditions) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Water supply conditions 
 

The overflow discharge from the pond, Qin , is 
assumed as follows: 
 
・Qin = 10.0 m3/sec, 1.0 m3/sec, 0.5 m3/sec (variable 

conditions) 
 
Relationship between water density and fine sand 
concentration in water 
 

The fine sand concentration in water, cs , is closely 
related to a rise in the water’s density (muddy water). 
Because a rise in the water density increases 
buoyancy, our analysis cannot ignore its influence 
[11]. Therefore, cs is assumed as follows: 
 
・cs = 10 %, 20 %, 30 % (variable conditions) 
 
According to Eq. (4), ρ is calculated follows: 

 
・ρ =1.17 g/cm3 (cs = 10 %), 1.34 g/cm3 (cs = 10 %), 

1.51 g/cm3 (cs = 30 %) (variable conditions) 
 
Numerical analytical conditions 
 

We used the finite difference method (leap-frog 
scheme in Fig. 4). Time and distance are 
discriminated as Δt=0.025 seconds and Δx=5.0 m, 
respectively. 

 
RESULTS AND DISCUSSIONS 
 

Table 1 shows the numerical simulation results of 
the debris flow. Figure 5 shows the temporal change 
of the debris flow characteristics under the conditions 
in Table 1: 
 
・river-bed slope: θ=15° (Case 2) 
・shape of landslide dam: H=30 m, φs =39°,  

d = 5 cm 
・water supply conditions: Qin = 10.0 m3/sec,  
ρ =1.17 g/cm3 (cs = 10%) 

 
Progress of Landslide dam outburst due to 
overflow water from a pond 
 

As shown in Fig. 5(a), the landslide dam began to 
be eroded by the overflow water soon after the water 
supply. The eroded rose rapidly toward the upper 
reaches of the dam. 
 
Change of debris flow characteristics by 
differences in landslide dam shape 
 

According to Table 1, the debris flow scale is so 
large that river-bed slope θ is so big and dam height 

Fig. 3 Shape of landside dam 

 

t

t + 1

t - 1

n + 1n - 1 n

○ the unknown point
● the known point

Fig. 4 Schematic diagram of leap-frog scheme 
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Fig. 5 Example of temporal change of debris flow characteristics 

Table 1 Results of numerical simulation of debris flow 

(b) Landslide dam erosion due to overflow water (a) Temporal change of flow depth 

(d) Temporal change of flow velocity (c) Temporal change of flow discharge 
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Figures 5(b), (c) and (d) show that the sediment-
water mixture has runoff toward the lower reaches 
and accelerated. 
 
Change of debris flow characteristics by 
differences in physical conditions of landslide dam 
material 
 

According to Table 1, flow velocity v is so large 
and flow depth h is so small that internal friction angle 
of sediment φs and relative grain size d are small. 
Therefore, the landslide dam embankment body is so 
loose that φs is small, and friction factor f, defined by 
Eq. (11), is so small that d is small, raising the fluidity 
of the debris flow. However, notice that the influence 
of φs on v is so small that θis big. 

Flow discharge Q is so large that φs is small (v is 
large and h is small), and since d is big (v is small and 
h is large) Q is large. Notice that flow width B is 
constant (B=30 m) in this study, because Q is a 
multiplication of B and v and h. Therefore, the 
increase and decrease of v directly influence the 
increase and decrease of h. 

When B is constant, the influence of the increase 
in h by the decrease in v has a bigger d than φs and 
influences the tendency to change Q. However, B and 
θ  change irregularly in actual torrents and the 
sediment, which becomes the constitution materials 
of the debris flow, is partially distributed on the 
riverbed. We must consider the influence of changes 
of φs and d on the debris flow characteristics. 
 
Change of debris flow characteristics by 
differences in water supply conditions 
 

According to Table 1, h, v, and Q are so large that 
overflow discharge Qin and the fine sand 
concentration in water cs are also large. Qin especially 
affects the change of h and cs affects the change of v. 

They collaborate to greatly increase Q. 
CONCLUSIONS 
 

Table 2 shows the above considerations: 
 

1) If landslide dams have identical sediment volume, 
the debris flow scale is so large that dam height H will 
be high or the amount of overflow water Qin will be 
large.  
 
2) Such physical conditions of landslide dams as 
internal friction angle of sediment φs, relative grain 
size d, fine sand concentration in water cs , and 
overflow discharge Qin lightly influence the debris 
flow scale. To predict the debris flow scale by 
numerical analyses with sufficient accuracy, we must 
carefully establish the physical conditions that 
significantly influence sediment mobility based on 
field survey results. 
 
3) Recently, the temporal changes of landslide dam 
shapes and upstream pond scales can be observed in 
real time by satellite images. Therefore, it is critical 
to get the aims of φs, d, and cs by numerical analyses 
of similar examples of landslide dam outbursts, while 
comparing the local path of the debris flow a 
calculation of the flow depth. 
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FULFILLING DEFORMATION FOLLOWABILITY AND 

UNDERWATER PLACEABILITY 
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ABSTRACT 

For retaining walls composed of structural materials such as steel sheet piles that have been widely used in 
construction works, long term water cutoff performance is sometimes required; infilling work of an impervious 
material is additionally necessary at joints/interfaces of these structural members. Though various engineering 
materials for this purpose have already been developed and put into practice, attempts were made to develop a new 
material that fill the gaps in the precast concrete (PC) wall piles. The authors focus on a soil based impervious 
material with appropriate plasticity, generally used for filling larger spaces because of its low fluidity. Its fluidity 
was improved to maintain sealing performance by optimizing the blending ratio of bentonite, sand, water and 
dispersing agents. As a result, the developed material has the hydraulic conductivity in the order of 10-10 m/s, less 
consolidation settlement, and capability of underwater placement. To confirm whether the material possessed 
deformation followability, the authors conducted two types of permeability tests in which deformations caused by 
shearing and opening of joints/interfaces were taken into account. Underwater placement test with a small pumping 
equipment was also carried out to demonstrate that the material has a high resistance against material segregation. 
From these experiments, the mix proportion of the soil based sealing material was optimized and finally established 
to offer the material fulfilling deformation followability and underwater placeability. 

Keywords: Bentonite, Impervious material, Deformation followability, Shear deformation, Boundary separation 

INTRODUCTION 

Vertical sealing walls built to connect materials 
such as steel sheet piles have been used as earth 
retaining structures in which long term water cutoff 
performance is required. Although these structural 
members themselves are impermeable, it is difficult 
to ensure water cutoff capability in their 
joints/interfaces. Impervious performance at these 
gaps is a key of overall impervious performance of 
the earth retaining wall. Hence, a number of 
impervious materials for this purpose have been 
already developed and put into practical use [1]. 
Impervious materials used for vertical sealing walls 
of important structures that cannot tolerate leakage 
also need to withstand accidental external forces due 
to earthquakes and waves. Even when joints/ 
interfaces are deformed by the displacement of the 
wall member, the material is required to keep the 
same sealing capability. 

This paper deals with a new soil based sealing 
material recently developed for PC wall piles, 
demonstrating its applicability through various 
element tests and underwater placing test by a 
conventional small grout pump. 

BACK GROUND STUDY 

Figure 1 summarizes the characteristics of the 

Fig.1 Characteristic of impervious materials 

Fig.2 Types of structural members 

impervious materials used for gaps between structural 
members, in terms of the size to be sealed and the 
deformation followability of the material. The size of 
sealed parts depends on the types of members used 
for the vertical sealing wall as schematically shown 
in Fig.2.  

The following are the details of the application of 
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impervious materials in terms of the gap size: 
(1) The gaps with several mm to several tens of mm 

High water swelling polymers, water swellable 
rubbers or silicone resins are generally used for the 
small gaps such as steel sheet pile joints.[1] These 
materials expand several times in volume when they 
come in contact with water to complete the gap filling. 
Due to chemical effects, its deformation followability 
is excellent. On the other hand, most of these 
materials are necessary to be pasted or adhered on the 
joint surface beforehand. This is only acceptable 
when the gap size is quite small because the material 
may peel off during construction of the structural 
members, and not acceptable in case joint surface is 
large enough to be exposed to soil during installation 
works.  
(2) The gaps with about a hundred mm 

Concrete mortar is generally used for filling the 
gap of e.g., precast concrete (PC) pile members and 
steel pipe sheet piles.[1] However, if the structural 
members deform due to seismic effects after the 
mortar solidifies, gaps against the members open, and 
cracks may occur in the mortar. As for the workability, 
it has high fluidity at the time of mixing, and it can be 
applied with conventional small pumps. 

For steel sheet piles, asphalt may also be used. 
However, viscosity of asphalt is temperature  
dependent; its viscosity at normal temperature is very 
large. Therefore, filling into narrow spaces is difficult 
without using special pumping facilities equipped 
with a temperature control system. 
(3) The gaps with several hundreds of mm 

Soil based impervious plastic materials and a 
mortar are generally used for relatively large gaps 
such as those in H joints of steel box piles.[1] Soil 
based impervious plastic materials have low fluidity, 
and therefore large pumping facilities as for concrete 
is necessary. After placing, it may get stiffer due to 
consolidation, but deformation followability is still 
high since it does not have a hydration. 

Among these impervious materials, the authors 
focused on the soil based plastic impervious material 
following the strong points described above. 
 

 
DEVELOPMENT OF A NEW IMPERVIOUS 
MATERIAL  

 
Problems of existing soil based impervious 
materials 

 
Existing soil based impervious materials are 

dredged soil mixed with bentonite, and added sand or 
gravel to the mixture for controlling consolidation 
and improved fluidity [1]. These mixtures have 
relatively low fluidity, necessitating to be pumped 
only through a large diameter pipe using a high 
capacity concrete pump. In order to apply them into 
narrower spaces, modification of the mix proportion 

by increasing the amount of unit water would be 
effective. However, this leads to lowering its density, 
resulting in poorer water cutoff performance, 
dispersion resistance and larger consolidation 
settlement.  
 
Materials used for development 

 
In order to improve fluidity without increasing the 

unit water of the material, dispersing agents usually 
used for the stabilizing solution were implemented to 
pore walls. To ensure the fluidity with which material 
can be pumped through a small diameter tube and can 
avoid segregation, the mixing proportion of bentonite, 
sand and water was optimized by assessing the 
blending ratio of the materials. 

In the following study, two types of constituent 
soils were used; a highly swellable powder sodium 
bentonite and a silica sand. As for silica sand, No.5 
(JIS G 5901) was used. The bentonite has many 
applications for water sealing walls, while silica sand 
has been used for improving fluidity to suppress 
consolidation settlement due to its ball bearing effect. 
As a dispersing agent for improving fluidity, a liquid 
polyacrylate type was used. 

 
Test procedure 

 
Firstly, the fluidity was evaluated while adjusting 

the composition of the constituent materials. Cylinder 
flow test (JHS A 313), table flow test (JIS R 5201) 
and P type funnel test (JSCE-F521-1999) were used 
for the evaluation just the same way as for concrete 
or mortar. In addition, falling head permeability tests 
(JIS A 1218) were conducted using some of the 
mixtures to evaluate sealing performance. After 
selecting two mixtures for the following studies, 
incremental loading consolidation tests (JIS A 1217) 
were conducted to optimize a combination which can 
offer good sealing performance. Furthermore, shear 
deformation permeability test and interfacial 
separation permeability test were conducted using the 
optimized mixture to evaluate the deformation 
followability. Finally, underwater placement test by a 
small grout pump was conducted to confirm 
pumpability and segregation resistance. 

 
Target properties 

 
Fluidity criteria of the mixture were set as follows: 

A) Cylinder flow spread more than 160mm 
B) Capability of natural falling down in P type 

funnel 
The criterion A) is a standard of fluidity used in 

fluidized soil cement mixture. The criterion B) is an 
index considering pipe blocking in pumping through 
a small tube. Both criteria were originally set for the 
present study. 
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Table 1 Results of trial mix tests 
 

No. 
Fresh 
water 

Salt 
water 

Silica 
sand 

Bento-
nite 

Disper-
sing 

agent 
Density 

Effective 
clay 

density 

Water 
content 

Cylin- 
der 

flow 

P 
funnel 
time*2 

(kg) (kg) (kg) (kg) (kg) (kg/m3) (kg/m3) (%) (mm) (sec) 
1 650 - 748 100 0 1498 0.15 76.7 115 × 
2 650 - 748 100 6.5 1498 0.15 76.7 230 71 
3 700 - 628 100 0.0 1428 0.14 96.2 147 × 

4 700 - 628 100 3.3 1428 0.14 96.2 311 33 
5 - 470(1%) 1134 150 3.3 1754 0.28 36.6 104 × 

6 - 470(2%) 1134 150 3.3 1754 0.28 36.6 170 200 
7 - 470(3%) 1134 150 3.3 1754 0.28 36.6 183 - 

8 723 - 480 200 182 1390 0.25 133.1 184*1 × 

Notes *1: Measured by table flow test, *2: ×(No flow down), − (Not implemented)  
Numbers are given in the order of the experiment. 

 
TRIAL MIX TEST AND BASIC PROPERTIES 
TESTS 
 
Trial mix tests 

 
To obtain a combination of mixture satisfying the 

above criteria, the blending ratios were adjusted on a 
trial and error basis. The amount of the bentonite was 
predetermined 100 to 200 kg/m3 based on the authors’ 
previous experience. 

Table 1 summarizes the mix proportions tested in 
the present study. No.1 to No.4 were combination 
with fresh water for mixing. By adding 0.25 to 0.5 % 
of the dispersing agent to the whole volume of the 
mixture, the cylinder flow increased by 100 mm or 
more, showing the dispersing agent is effective. 
However, when fresh water is used, montmorillonite 
took in water and swelled; accordingly, the amount of 
unit water had to be kept large to maintain the target 
fluidity. 

Instead, salt water was used for mixing to 
suppress the swelling of bentonite. The salt consisted 
of sodium chloride with a NaCl concentration of 95 % 
or more in weight. No.5 to No.7 were the 
combinations using salt water with concentrations of 
1 %, 2 %, 3 % in weight, respectively. In No. 5, the 
fluidity was low since small concentration of the 
NaCl was less effective, while No.6 and No.7 
satisfied the criteria of fluidity even though the 
difference is only the NaCl concentration. On the 
other hand, a previous study pointed out that 
bentonite flocculates when brought into contact with 
seawater, resulting in material segregation. However, 
bleeding ratio additionally confirmed were 0.0 % and 
0.5 % for No.6 and No.7, respectively. Regarding this 
result, the author’s hypothesis is as follows: salt water 
does not contain bivalent cations such as Mg2+ and 
Ca2+ which have a high contribution to aggregation of 
a sodium bentonite unlike seawater [2]; And the 
effect of dispersion is more predominant than through 
the aggregation of NaCl. As a result, material 

segregation did not occur. 
Finally, No.8 with the most bentonite content, 

equivalent level of effective clay density to No.7 and 
the less content of silica sand was prepared. This was 
to assess the contributions of sand to low 
consolidation settlement and of bentonite to low 
hydraulic conductivity to be discussed below. 
 
Falling head permeability tests 
 

The sealing performance which satisfied the 
criteria of fluidity was confirmed for the four 
combinations by falling head permeability tests. 
Fresh water was used in ordinary permeability tests, 
and we also used 3 % salt water, simulating the 
impervious material used in under sea water 
environment. 

As summarized in Table 2, the combination 
mixing with 2 % salt water (No.6) had a remarkably 
low hydraulic conductivity for pure water flow as 
compared with the combination mixing with fresh 
water cases (No.2 and No.4). This is because the 
effective clay density of the combination of mixing 
with salt water is higher than that with fresh water. 
When 3 % salt water was passed through the 
combination No. 6, the hydraulic conductivity rose by 
about 2 orders of magnitude as compared with pure 
water flow. It could still keep a hydraulic conductivity 
on the order of 10-8 m/s. It was therefore confirmed 
that No.6 gives sufficient sealing performance even 
under sea water environment. 

 
Table 2 Results of falling head permeability test 
 
No. Fresh water (m/s) 3% salt water (m/s)*3 
2 6.31×10-5 － 
4 6.79×10-7 － 
6 1.80×10-10 1.82×10-8 
8 9.15×10-10 3.06×10-9 

*3: －(Not implemented) 
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On the other hand, clay based No. 8 had high 
impervious performance when either pure or salt 
water was passed through. 
 
Incremental loading compression test 
 

Incremental loading compression tests were 
conducted on No.6 and No.8. The load was 
incrementally increased to 30, 60, 120, 240 kN/m2, 
and the end of consolidation was judged by √t method. 

Figure 3 shows changes in vertical displacements 
obtained from the mixtures. Both materials settled in 
the initial stage (30 kN/m2) of loading, however in 
No.8, mainly composed of clay, continued to settle 
even after 48 hours, eventually converging at about 
half the original height. On the other hand, in No.6, 
mainly composed of sand, settled in about 1 hour 
from the time of loading, with little consolidation 
thereafter. Compared to No.8, No.6 had a high 
blending ratio of sand, so that load might have been 
supported by sand particles from the early stage.  

Based on the above tests, No.6 was selected as a 
material that satisfies fluidity, sealing performance 
and consolidation settlement amount. 
 

 
 
Fig. 3 Results of consolidation tests  
 
PERFORMANCE CONFIRMATION TESTS 
 
Outline 

 
Figure 4 schematically shows deformation modes 

occurring in the soil based impervious material filled 
in the joint of the PC wall members. When there is 
deviation between the members, the impervious 
material undergoes shear deformation and cracks may 
occur in the material. On the other hand, when there 

 

 
 
Fig. 4 Deformation of impervious material filled 
between PC wall members (Plan view, see Fig.2 for 
overall figure of PC wall members) 
is a separation between the members, an opening is 

created between the member and the material. 
In this study, the following two permeability tests 

were conducted to reproduce the deformation mode 
shown in Fig. 4. In addition, aside from the 
permeability tests, applicability of conventional small 
pump and underwater placement was examined in a 
laboratory demonstration. 
 
Shear deformation permeability test 

 
The following three tests have been formerly 

developed for confirming followability under shear 
deformation in impervious materials: 

(1) Sampling a specimen at an actual shear plane 
from a box shear test, and conducting a 
permeability test [3]. 

(2) Conducting a permeability test using a specimen 
artificially cutting a specimen [4]. 

(3) Conducting a permeability test under uniform 
shear strain generated across the specimen set in 
a triaxial compression chamber [5]. 

Since the impervious material of this study does 
not solidify due to lack of hydration, it is hard to 
imagine that a clear shear plane occurs. For this 
reason, the above (3) was adopted in which shear 
strain was uniformly generated across the specimen. 

Based on the results of the incremental loading 
compression test, it was assumed that the impervious 
material at a certain depth would deform according to 
overburden pressure. The test specimen was therefore 
prepared with a water content that corresponded to 
the void ratio at 40 kN/m2. The specimen size was 25 
mm in height and 50 mm in diameter, and the upper 
and lower ends were set on the pedestals where 
silicone grease, latex rubber and filter paper were 
placed in order to reduce end friction. 

In the test procedure, firstly deaerated 3 % salt 
water was thoroughly passed. Secondly it was 
consolidated at a back pressure of 100 kN/m2 and a 
cell pressure of 140 kN/m2. Then the hydraulic 
conductivity before shearing was measured. Thirdly 
the specimen was sheared under drainage condition at 
a strain rate of 0.1 %/min to a predetermined shear 
train level stepwisely. During shearing process, the 
cell pressure was gradually decreased so as not to 

 

 
 
Fig. 5 Relationship between shear strain and 
hydraulic conductivity 
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generate any volumetric strain and density change. 
After shearing, the hydraulic conductivity was 
measured after the burette water level became 
constant. After that, the shear process and 
permeability test were repeated until shear strain of 
40 %. 

Figure 5 shows the relationship between shear 
strain and hydraulic conductivity. It was confirmed 
that the hydraulic conductivity did not increase with 
increasing shear strain. It became clear that even 
when shear strain of as much as 40 % occurred, the 
impervious material effectively followed the shear 
deformation to maintain sealing performance. 

 
Interfacial separation permeability test 

 
There have been no studies attempting to 

reproduce the water permeability due to interfacial 
separation in element tests. Therefore, the authors 
developed the following new test method.  

Figure 6 shows the mold used in the permeability 
test designed to reproduce interfacial separation due 
to opening between PC wall members by element 
tests. Figure 7 shows a setup of interfacial separation 
permeability test. The acrylic mold, having 100 mm 
in diameter and 20 or 50 mm in height, was first 
coated with salt on the inner wall. Once this mold was 
filled with the impervious material and water flow 
was started, the salt gradually dissolved and a space 
would be created between the inner wall and the 
impervious material. During the process of gradually 
filling this space by the impervious material, plastic 
deformation was measured by a change in hydraulic 
conductivity. 3 % salt water was used for water flow. 

For interfacial separation in practice, two modes 
are possible: one side and two side separations. They 
were demonstrated both modes by having the salt 
coating on half the perimeter and the entire perimeter 
of the inner wall. The coating thickness was set to 
correspond to 5 % of the mold cross-sectional area in 
both cases when coating with salt. 

Figure 8 shows the change in hydraulic 
conductivity with increasing quantity of water flow. 
The height of the mold was 20 mm. In case half the 
perimeter was coated with salt, the hydraulic 
conductivity was large immediately after the start of 
water flow. Then, the impervious material was 
gradually filled into the space, resulting in the 
decreased conductivity to about 1×10-7 m/s. 

In case the entire perimeter of the inner wall was 
coated with salt, the hydraulic conductivity gradually 
decreased at the initial stage of water flow, followed 
by slight increase after water flow exceeded 200 cm3. 

Because of the test condition in which the height 
of the specimen was small and the overburden 
pressure was not applied, the lateral displacement due 
to plasticity was negligible. Thus, it was thought 
impossible to fill the space. It was consequently 

  
 

Fig. 6 Mold using for interfacial separation 
permeability test 

 

 
 

Fig. 7  Set up of interfacial separation permeability 
test 
 

  
 

Fig. 8 Hydraulic conductivity by interfacial 
separation permeability test 

 

  
 
Fig. 9 Hydraulic conductivity by interfacial 
separation permeability test under loading condition 
 
decided to modify the setup by replacing the top cover 
by a loading device that could simulate the 
overburden pressure. The maximum overburden 
pressure corresponded to the self-weight of the 
impervious material of about 1m high. 
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As shown in Fig. 9, the hydraulic conductivity 
decreased to the order of 10-7 m/s. It is confirmed that 
the impervious material can keep sealing 
performance by plastic deformation induced by its 
own weight. 
 
Underwater placement test 

 
The authors conducted underwater placement test 

by a small grout pump. A squeeze type pump MM 
105 manufactured by ShinMaywa Industries, Ltd. 
was used. The maximum discharge pressure is 2.5 
N/mm2, and the discharge flow rate can be adjusted 
in three stages of 40, 75, 100 cm3/min. Although the 
tube diameter of the grout pump is 50 mm in general, 
the diameter was reduced to 25 mm in the middle of 
the tube line, so that it could be placed in narrower 
spaces between PC wall piles. Setting tube length as 
10 m, the impervious material was pumped through 
the tube and was placed in an acrylic pipe having 100 
mm in diameter and 1.5m in height, which had 
initially been filled with fresh water. During the 
placement, the discharging end of the tube was kept 
in the material. 

Before the actual placement, we made sure the 
impervious material was discharged from the tube. In 
pumping at 100 cm3/min which is the maximum 
discharge rate of the pump, separation and clogging 
was not observed. 

Figure 10 is a photograph to show the state after 
placing impervious material underwater. When the 
discharge rate was set at 40 cm3/min, there was no 
entrapment of water bubbles, nor segregation of the 
material. When the rate was increased to 75 cm3/min, 
the discharged material around the tube periphery was 
disturbed because of too high a discharge rate. As a 
result, the surrounding water was introduced in the 
material during placement, and water bubbles were 
formed in the entire material placed underwater. 

 

 
 

Fig. 10 View of the impervious material after 
underwater placement  
 
CONCLUSIONS 

 
In this study, the authors attempted to develop a 

soil based impervious material to be filled in a 
submerged narrow space with a gap width of about 
hundreds of millimeters. Through the laboratory 
studies the blending ratio of bentonite, sand water and 
the dispersing agent was optimized. Furthermore, 
since there were no studies that had attempted to 

reproduce the water permeability due to interfacial 
separation in element tests available in the literature, 
the authors had devised a new test method and applied 
it to the developed impervious material. From the 
results of the study, the following may be 
summarized: 

(1) Sealing performance  
Fresh water flow: the order of 10-10 m/s 
Salt water flow: the order of 10-8 m/s 

(2) Consolidation 
Amount of consolidation settlement was small 
and it converged early because it contained 
plenty of sand. 

(3) Sealing performance in shear deformation 
Even at a high shear strain of 40 %, water barrier 
was effective, and it effectively followed the 
shear deformation, and sealing performance was 
maintained. 

(4) Sealing performance in opening 
When the overburden pressure that 
corresponded to its own weight was applied, the 
impervious material deformed to the sides, 
filling the spaces. 

(5) Underwater placement 
By appropriately setting the discharge flow rate, 
it was possible to construct a uniform 
impervious material vertically even underwater.  
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ABSTRACT 
 
Past large earthquakes have demonstrated that the seismic performance of reinforced earth walls is 

considerably high. Although 1g shaking table tests and centrifuge tests of reinforced earth walls have been 
carried out to study the reinforcing mechanism, there are no sufficient filed measurements collected during 
earthquake. We newly developed a reinforced earth wall using reinforcement members incorporating both 
friction and bearing resistances. The dynamic behavior of the reinforced earth wall were studied from two 
relatively large aftershocks of the 2011 off the Pacific Coast of Tohoku Earthquake occurred in the construction 
area in 2012 and 2013. In this paper, acceleration response and axial forces of the reinforced earth wall are 
discussed. Numerical simulations of the field measurements were also conducted using a dynamic finite element 
analysis. The simulated axial forces match the field measurements well. The results also explain the effects of 
reinforcements by friction and bearing plates accurately. 
 
Keywords: Reinforced earth wall, Seismic behavior, Bearing resistance, Friction resistance 
 
INTRODUCTION 

 
In recent years, large earthquakes occurred 

frequently in Japan. The Great East Japan 
Earthquake of M9.0 occurred in 2011. A M9.0 
magnitude, wide area and long shaking time were 
the main characteristics of it. An earthquake 
occurred in Kumamoto in 2016 exhibited more than 
once of maximum seismic intensity 6 in a short 
period. Thus, the characteristics of earthquakes are 
different. Therefore, it is important to evaluate the 
seismic performance of each structure. The Great 
Hanshin-Awaji Earthquake occurred in 1995 became 
a turning point for seismic designs in Japan. The 
damages by earthquakes have largely been caused 
due to collapse of the pier of reinforced concrete 
structures and slope failures of embankments. There 
were many cases of collapse of anti-earth pressure 
structures like block stacking. However, reinforced 
earth walls have been less damaged. High 
earthquake performance of reinforced earth walls 
has been proved in laboratory test such as 1-g 
shaking table tests and centrifugal model tests [1]. 
Experiments [1] on gravity retaining wall and 
reinforced earth wall have revealed that deformation 
of reinforced earth walls is smaller. They have also 
indicated that the deformation mechanism of the 
reinforced soil wall is related to the response 
acceleration. Therefore, it is necessary to understand 
the effect of reinforcement to evaluate the seismic 
performance. 

We developed a reinforced earth wall 
incorporating bearing and friction resistances. Axial 
force and response acceleration were measured 
during aftershocks of the Great East Japan 
Earthquake as the seismic observations in 2012 and 

2013. The reinforced earth wall and seismic 
behavior were modelled using a finite element 
analysis to study the interrelation between the 
reinforcement and ground. Then, we compared the 
field measurements of acceleration and axial force 
with the results of numerical simulations. 

 
THE EXPERIMENTAL SET-UP  

 
Front and cross-section views of reinforced earth 

wall are shown in Fig. 1. The reinforced earth wall 
consists of separate lower and upper parts. The 
lower part of earth wall was constructed with 
improved embankment materials by cement to 
simulate the ground. In addition, the lower part was 
reinforced by general and reaming type anchors. The 
cross-section of the general anchors is maintained 
throughout at 90mm. The diameter of the reaming 
anchor is equal to that of the general anchor to a 
predetermined length and the tip end portion is large 
(see Fig. 2). The improved embankment material 
was placed to the length of the general anchor. One 
side of the reinforced earth wall was constructed 
with a cantilever retaining wall. The other side and 
the back side have natural gradients. 

 
Lower Part of Reinforced Earth Wall 

 
The reinforcement details of the lower part are 

given in Table 1. The dimension of the facing panel 
made of reinforced concrete is 1800mm in width, 
1200mm in height and 150mm in thickness. These 
panels are placed at the front of the reinforced earth 
wall. A tibar (core material) of high rigidity is fixed 
o the center of the facing panel by a washer and nut. 
The grout material is filled around the rod. Similar  
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Fig. 1 Front and cross-section picture of reinforced earth wall 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 Lower part of reinforced earth wall 
Table 1 Details of the reinforcements 

 
 
 

 
 

reinforcements are often used in soil nailing [2]. The 
reinforcements are stabilized by friction resistance 
between the fixing material and ground. 

The reaming anchor provides both friction and 
bearing resistances. The reaming anchor has 90mm 
diameter to 3.5m length and the remaining length of 
1.0m is made with 300mm diameter as shown in Fig. 
2. However, the general anchors were constructed 
with 8m length since they provide only frictional 
resistance. Generally, the soil nailing has a gradient 
of facing panel from 3/100 to 5/100. However, the 
wall gradient of this construction is vertical to align 
the wall gradient of the upper part. 

 
Upper Part of Reinforced Earth Wall 

 
The upper part of the reinforced earth wall is 

illustrated in Fig. 3. A high rigidity rod (tibar) used as 
the reinforcement incorporates friction resistance by 
friction plate and bearing resistance by bearing plate. 
The same facing panels used in the lower part are 
used here. The facing panel and reinforcement is 
connected using a hinge. Therefore, the reinforcement 

 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Upper part of reinforced earth wall 
Table 2 Reinforcement specifications 

 
 
 
 
 
 

 
reinforcement follows the embankment settlement, 
and it is possible to reduce stress concentration on 
the facing panel. The specifications of the 
reinforcement in the upper part are given in Table 2. 
The dimension of the friction plate is 450mm wide, 
600mm deep and 15mm thick. Also, ribs of 10mm 
high were placed on the upper surface of the friction 
plate to increase pull-out resistance. The bearing and 
friction plates are made of ultra-high strength fiber 
reinforced concrete. 

 
Embankment and Ground Conditions 

 
An embankment in Tomita-cho, Kurokawa-gun, 

Miyagi Prefecture was used in this study. The grain 
size distribution of embankment material is shown in 
Fig. 4. The material has 1.6kN/m2 of cohesion and 
35.3 degree of internal friction angle. Soil 
compaction test gave 1.68g/cm3 of maximum dry 
density and 18.4% of optimum water content. 

Standard penetration tests, borehole lateral load 
tests and in-situ density tests were performed. 
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Standard penetration test was carried out at 3m and 
8m from the front side of the reinforced earth wall. 
The results of standard penetration test are shown in 
Fig. 5. SPT N-value in the upper part varies from 6-
17, and increases with depth. SPT N-value in the 
lower part varies from 42-43 in the near borehole 
while 12-24 in the far borehole from the facing panel. 
The results indicate that the SPT N-value increases 
near the facing panel due to soil improvement. The 
borehole at 8m can be considered as the boundary 
between the improved and unimproved grounds. 

The positions of the borehole lateral load test 
(LLT) are shown in Fig. 5. The borehole lateral load 
test used the same boreholes constructed for 
standard penetration test. The tests were conducted 
at depths of 2.7 and 9.3m as shown in Fig. 5. The 
test was conducted in compliance with JGS (JGS 
1421-2003) standard. The tests produced the 
deformation coefficient of 5.63MPa at LLT No.1, 
2.42MPa at LLT No.2 and 4.74MPa at LLT No.3. 
The N-values calculated using the deformation 
coefficient are 8.7 for LLT No.1, 3.7 for LLT No.2 
and 7.3 for LLT No.3. The calculated N-values 
agree with the measured SPT N-values as shown in 
Fig. 5. 

In-situ density test was carried out in the upper 
part of the reinforced earth wall. The measurement 
position is about 1m from the facing panel, 
underneath the friction plate and on the front side of 
the bearing plate. The dry density, d varies from 
1.52 to 1.77g/cm3. The degree of compaction, Dc 
(the ratio of the dry density, d and the maximum 
dry density, dmax) varies from 90.3 to 105.3%. The 
water content, w varies from 16.6 to 20.3%. 

 
The Field Measurements 

 
Axial forces and accelerations were measured in 

the constructed reinforced earth wall. The 
measurement positions are shown in Fig. 6. Both 
static and dynamic measurements of axial force were 
measured during and after construction. 
Deformation such as embankment settlement may 
induce bending stress in tie bars. A strain gauge was 
installed on the upper and lower surfaces of the tibar 
to cancel such bending stress. However, if bearing 
plate and facing panel is completely fixed, tension 
induced by bending of tie bars is calculated as axial 
force. As shown in Fig. 7, the strain gauges for static 
axial force (TB3 - TB6, TC3 - TC6) was placed at the 
front of the bearing plate (C3 - C6) and the front of 
the friction plate (B3 - B6). The strain gauge for 
seismic axial force was set at the same positions and 
500mm from the back of the facing panel (A3 - A6). 
Friction resistance may mobilize between tibars and 
ground during earthquakes [3]. Therefore, the strain 

gauges were added since the behavior of axial force 
at the front of the friction plate and back of the 
facing panel are different. 

Acceleration sensors were installed on the 
foundation ground (Acc01), above (Acc02) and 
inside the reinforced earth wall (Acc03 - Acc05). 
The Acc04 and Acc05 of sensors were attached to 
the lid of a U-shaped groove and buried in soil. 
Acc03 sensor was attached directly to the facing 
panel. All sensors are water-proof and protected 
with a steel cover. Static measurement was taken at 
1hr intervals. Dynamic measurement can be started 
and stored automatically when an acceleration 
sensor exceeds the set value by occurring earthquake. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 Grain size distribution curve 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 5 Results of standard penetration test 

 
 
 
 
 
 
 
 
 

 
 
 
 

 
Fig. 6 Measurement positions 
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NUMERICAL SIMULATIONS 

 
The analytical conditions are given in Table 3. 

The foundation ground has a height of 5m and a 
width of 80m. An elastic constitutive model was 
assigned. The elastic coefficient was calculated 
assuming a 300m/s of shear wave velocity. It was 
assumed that the ground is strong and elastic 
constitutive law was assigned since the lower part of 
reinforced earth wall is constructed with improved 
soil. The upper part of the reinforced earth wall was 
assigned the Mohr-Coulomb law. All the 
constructional members were considered as elastic 
bodies. The boundary condition was set as the 
foundation ground, the bottom of the ground is a 
free boundary and the side is a viscous boundary. 
The earthquakes considered in this study occurred 
on 30 August 2012 (hereinafter H24) and 4 August 
2013 (hereinafter H25). The earthquake waves were 
applied to the bottom of the foundation ground. 
However, the measurement was taken above the 
foundation ground (Acc01). Therefore, a pull-back 
calculation was carried out using K-SHAKE to 
determine the earthquake waves to induce on the 
bottom of the foundation ground. Acceleration is 
measured for 30 seconds or more, but 4s including 
the maximum acceleration was used in the analysis,.  

The earthquake waves from the field 
measurements and the pull-back calculation are 
shown in Fig. 7. In Fig. 7, the acceleration direction 
is negative on the embankment side and positive on 
the facing panel side. The maximum acceleration 
from at Acc01 is 155cm/s2 from H24 and 95cm/s2 
from H25. The amplitude of the earthquake waves 
from the pull-back calculation is smaller. However, 
the phases are almost identical. 

 
Acceleration 

 
The accelerations are shown in Fig. 8. The phase 

and amplitude of the acceleration on the foundation 
ground are consistent with each other. The 
accelerations of the facing panel (Acc01) and the 
inside of the reinforced earth wall (Acc04, Acc05) 
are almost identical in phase. However, the 
numerical simulations gave a slightly higher 
acceleration. Therefore, we can say that the 
reinforced earth wall can be modeled with 
acceptable accuracy. 

The results of Fourier spectrum analysis of the 
acceleration are shown in Fig. 9. The frequencies on 
the foundation ground shown in Figs. 9(a) and 9(e) 
are dominated by 5-6Hz and 7-8Hz at H24 and 2-
3Hz at H25. The Fourier spectrum results agree well 
with the field measurements. Therefore, we can 
confirm that earthquake wave from the pull-back 
calculation is accurate. The field measurements of 
the facing panel and the inside of the reinforced 

earth wall shown in Figs. 9(b) to 9(h) excluding 9(e) 
at H25. The numerical results indicate that 5-6Hz is 
dominant at 5-6Hz at H24, 2-3 and 5-6 Hz and 7-
8Hz are dominant at H24. It also suggests that 2-3Hz 
and 4-5Hz are dominant at H25. Although there is a 
slight difference in the phase, they tend to agree well. 

 
Static Measurement of Axial Force 

 
The static measurement of axial force is shown 

in Fig. 10. Axial force during the construction 
increases with its progress. The axial force after 
construction suggests a constant value. The axial 
force is smaller on the front of the bearing plate (C3 

Table 3 Analytical conditions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 7 Field and calculated earthquake waves 
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Fig. 8 Accelerations at the measurement points 
- C6) TC3~TC6 than the front of the friction plate (B3 
- B6) TB3~TB6. The difference in axial force between 
the friction and bearing plates is the resistance 
mobilized by the friction plate. The axial force on 
the bearing plate is the resistance mobilized by it. It  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9 Results of Fourier spectrum analysis 
 
 
 
 
 
 
 
 
 

 
 
 

Fig. 10 Static measurement of axial force 

was confirmed that friction and bearing plates 
mobilized their resistance force from the start of 
construction [4]. Here, the burden ratio of the total 
resistance by the friction resistance after 
construction has changed from 30 to 50%. 

 
Seismic Measurement of Axial Force 

 
The variation of axial force during an 

earthquake is shown in Fig. 11. Here, axial force 
indicates that the change since the earthquake 
occurred. Also, axial forces TBi~TCi (i=1~3) are the 
values measured by Bi~Ci (i=1~3). It can be seen 
that the axial force is larger at sixth stage (TB6, TC6) 
than third stage (TB3, TC3). It also indicates that the 
axial force of friction plate is higher than the bearing 
plate. This trend is similar to the static measurement 
as well. The axial force on front of the bearing plate 
suggests a different tendency only at third stage TC3 
that the phase was different and the value increased 
monotonously. This may be attributed to the 
difference in deformation since the improved soil is 
used in the lower part of the reinforced earth wall. 
The results also suggest that the numerical 
simulation gave slightly smaller axial forces, 
although the phases are generally identical. 

 
Seismic Behavior of Each Resistance 

The variation of each resistance with time is 
shown in Fig. 12. In Fig. 12, the change from 
PB3~PB6 in bearing resistance is corresponding to 
the change in axial force from TC3~TC6 at the front of 
the bearing plate. The change from PF3~PF6 in 
friction resistance is corresponding to the change in 
the difference in axial force between TC3~TC6 on the 
front of bearing plate and TB3~TB6 on the front of 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 11 The seismic measurement of axial force 
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Fig. 12 Results of seismic measurement of each resistance 
friction plate. It can be seen that the change in 
bearing resistance from PB3~PB6 is larger at sixth 
stage than third stage. The change in friction 
resistance from PF3~PF6 is larger at third stage 
than sixth stage. The resistance by the friction plate 
is larger at third stage than sixth stage. Therefore, we 
can confirm that bearing and friction plates mobilise 
their resistance even when an earthquake occurs. It 
also indicates that the reinforcements at shallow 
depth increases the resistance by friction plate, and 
the reinforcements at deep depth increases the 
resistance by bearing plate. 

The numerical simulations give slightly smaller 
axial forces than the field measurements, although 
the phases are almost identical. Therefore, we can 
conclude that it is possible to simulate the resistance 
of bearing and friction plates by this analysis model 
quite accurately. 

 
CONCLUSIONS 

 
In this paper, the seismic measurements of axial 

force of a reinforced earth wall and accelerations 
from the 2012 and 2013 earthquake were discussed, 
and compared them with analysis results. In addition, 
the results from a numerical simulation of the 
reinforced earth wall were compared with the field 
measurements. The following conclusions were 
drawn from the study. 
1. The earthquake occurred on 30 August 2012 was 

dominated by frequencies of 5~6Hz and 7~8Hz. 
The earthquake occurred on 4 August 2013 was 
dominated by frequency of 4~5Hz. 

2.  The results revealed that the resistance forces 
mobilised by bearing and friction plates during the 
earthquake effectively demonstrate each 

resistance force. 
3. The results from the numerical model are 

consistent with the field measurement of axial 
force and acceleration. Thus, we can conclude that 
the reinforced earth wall can be simulated 
accurately. 

4. The numerical model could be validated. In future 
works, we will examine the stability and seismic 
behavior of the reinforced earth wall by applying 
other earthquake motions. 
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ABSTRACT 

High early strength Portland cement (HPC) generates more hydrated cement products than ordinary Portland 

cement (OPC) in early age. It suggests that we can utilize the pozzolanic reaction between clay particles and 

hydrated cement products by using HPC in order to achieve high compressive strength of cement-treated soils in 

early age. Therefore, the objective of this study is to investigate strength development of cement-treated soils using 

two types of cement (OPC) and HPC). Two soil specimen types (i.e. sand and sandloam mixtures) were cured 

under sealed condition at 20C and 40C and then unconfined uniaxial compressive test and thermal analysis were 

conducted. The results showed that the compressive strength of specimen using HPC under 20C was 50% and 

24% higher than that of specimen using OPC for the sand and sandloam mixtures, respectively. However, the 

results by thermal analysis did not provide clear evidence for explaining this unique behavior of HPC. In addition, 

for the specimen using OPC, the compressive strength under 40C was 6% and 10% higher than that under 20C 

for the sand and sandloam mixture, respectively; but, for the specimen using HPC, the compressive strength 

under 40C was 15% and 48% lower than that under 20C for the sand and sandloam, respectively. The further 

investigations on microstructure and mineralogy are needed to clarify the strength development mechanism of 

cement-treated soils using several types of cement under various curing temperature. 

Keywords: Cement Hydration, Pozzolanic Reaction, High Temperature Curing, Cement Types, Cement-Treated 

Soils.  

INTRODUCTION 

Cement-treated soils or cement-mixed soils have 

been applied popularly to soft soil improvement, 

especially for deep mixing treatment. It is known that 

the compressive strength of cement-treated soils still 

increases considerably for several years [1, 2]. The 

short-term strength is produced by cement hydration 

and long-term strength is mostly attributed to 

pozzolanic reaction. The deep mixing method usually 

uses big size of soil-cement column. Previous study 

on temperature history of field deep mixing column 

revealed that temperature in the core of column 

generated from cement hydration reached 

approximately 50C and maintained at that 

temperature for several months [3]. It implies that the 

core of soil-cement column was subjected to high 

temperature. This high temperature may also promote 

hydration and pozzolanic reaction process. Previous 

studies on cement-stabilized clay found that the 

strengths in both short and long-term increase under 

high temperature curing [46].  

In the field of concrete engineering, the high 

strength at early age was accelerated by high 

temperature curing because cement hydration process 

is promoted under that condition [79]. However, it 

was stated that long-term strength of concrete 

decreases under high temperature curing because 

main hydrated cement products formed have no time 

to arrange suitably, and this caused a loss of strength, 

this behavior had been called as the crossover effect 

[1013].  

It is known that high early strength Portland 

cement (HPC) has been applied to concrete and 

mortar for promoting cement hydration process, the 

heat generated from HPC at early age is larger than 

that from ordinary Portland cement (OPC) [14, 15]. 

As a result, the compressive strength at early age 

(until 7 days) of the specimens using HPC was 20% 

higher than that of the specimens using OPC. It 

suggests that HPC could be applied for cement-

treated soils for producing high heat at early age that 

may activate the pozzolanic reaction between 

hydrated cement products and soil particles. Thus, we 
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can use HPC for cement-treated soils to promote 

cement hydration and utilize pozzolanic reaction in 

order to achieve high early strength development.  

Therefore, the objective of this study is to 

investigate the strength development of cement-

treated soils by using two types of cement (OPC and 

HPC) cured under the sealed condition at different 

temperatures (20C and 40C). The compressive 

strength was measured by the unconfined 

compression test. Thermal analysis was applied to 

examine the change in chemical reaction progress for 

explaining strength development.  

MATERIALS AND METHODS 

Materials 

Two types of soil were used in this study 

including: Toyoura silica sand and Toyoura silica 

sandloam mixtures. Toyoura silica sand was chosen 

because of its recognition as a natural standard sand 

for experiments in Japan that has low pozzolanic 

reactivity (166 mg of CaO consumed by 1 g of sand 

determined by the French standard for the modified 

Chapelle test NF P18-513). Meanwhile, the Kanto 

loam produced in Kasama (Japan) is a kind of 

volcanic cohesive clay that exhibits a high pozzolanic 

reactivity (580 mg of CaO consumed by 1 g of loam 

determined by the Chapelle test [16]). Ordinary 

Portland cement (OPC) and high early strength 

Portland cement from Denka (Japan) were used. The 

specific densities of the Toyoura silica sand, 

OPC/HPC, and loam are 2.65 ×103, 3.15/3.14 ×103 

and 2.79 ×103 kg/m3, respectively. The designed 

values of the specimens are listed in Table 1.  

Table 1 Designed values of cement-treated soil 

specimens. 

Mixture 

Sand 

content 

(wt.%) 

Loam 

content 

(wt.%) 

Cement/soil  

(wt.%) 

Water/cement 

(wt.%) 

Sand 100 0 8 100 

Sand–

loam 
95 5 8 100 

Specimen preparation 

First, soil and water were mixed using a 

mechanical mixer for 1 min to control the water 

content. Next, the mixtures were mixed again for 1 

min by hand to remove the materials attached to the 

bowl and paddle of the mixer. Then, the mixtures 

were mixed again for 1 min by using the mixer. 

Subsequently, cement was added and mixed for 1 min 

using the mixer. Finally, the materials were mixed 

again for 1 min using the mixer after 1 min of mixing 

by hand to achieve higher homogeneity. In the case 

of the sandloam mixture, before mixing the soil with 

water, the loam and Toyoura silica sand were mixed 

together for 1 min by using the mixer. After mixing, 

cylindrical specimens 50 mm in diameter and 100 

mm in height were cast by compaction by using a 

rammer with a weight of 1.5 kg based on JCAS L-

01:2006 standard. Each specimen had three layers; 

the height of each layer was around 1/3rd the height 

of the specimen. The rammer was dropped 12 times 

from a height of 200 mm on each layer of each 

specimen. 

Specimens were cured under the sealed condition. 

The reproducibility of measurements after five times 

of curing (1, 3, 7, 14, and 28 days) was tested 

systematically on three similar specimens. For all 

specimens obtained after casting into tin molds, the 

top surfaces were immediately sealed with aluminum 

tape and cured in a room at a constant temperature of 

20°C and 40°C for the prescribed curing period. To 

ensure the drying and carbonation did not occur, the 

weights of the specimens under the sealed condition 

were measured and found to have constant values for 

the entire curing period.  

Methods 

The compressive strength of the specimens was 

measured by the unconfined compression test [17]. At 

each age of curing under tested condition, three 

specimens were used for the compression test. The 

tests were performed at a constant loading rate of 0.1 

mm/min using a hydraulic universal system testing 

machine from Shimadzu Corporation (Japan) with 

maximum load capacity of 50 kN.  

The amounts of chemically bound water and 

Ca(OH)2 were measured by TG-DTA. The mass loss 

due to chemical reactions was taken by the loss of the 

temperature range (1051000C). The amounts of 

Ca(OH)2 were determined from the values of mass 

loss obtained from thermalgravimetry analysis curve 

(TGA) based on the initial and final temperatures (C) 

of the DTA peaks (between 400C and 460C). 

RESULTS AND DISCUSSION 

Compressive Strength 

Fig. 1 shows the compressive strength of the sand 

mixture specimens using different cement types. In 

the case of OPC specimens, the compressive strength 

of the specimens cured under 20C and 40C 

increased rapidly until 7 days, then it slightly 

increased from 7 to 28 days. For that curing period, 

the compressive strength of the specimens cured 

under 40C was 6% higher than that of the specimens 

cured under 20C. Thus, we can conclude that high 

temperature curing could increase the compressive 

strength of the sand mixture. This increase in strength 

was caused by pozzolanic reaction between sand 
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particles and hydrated cement products, which can fill 

into porous structures of the sand mixture. This will 

be explained in thermal analysis section. 

With regard to the HPC’s specimens, the 

compressive strengths increased quickly until 7 days 

under both 20C and 40C, then they increased 

slightly. At the age of 1 day the compressive strength 

of the specimen cured under 40C was 48% higher 

than that of the specimen cured under 20C. However, 

after 1 day, the tendency was different, at 28 days the 

strength of the specimens cured under 40C was 15% 

lower than that of the specimens cured under 20C, 

this behaviour was similar to concrete, which was 

called as the crossover effect [1013]. Because the 

specimens used HPC itself has quick hydration 

process, and under high temperature curing the 

hydration process can be promoted more rapidly that 

leads to crossover effect happened strongly. 

It was interesting that the observed compressive 

strength at 28 days of the specimen used HPC under 

20°C was 50% and 42% higher than those of the 

specimens used OPC under both 20C and 40C, 

respectively. Particularly the compressive strength of 

the specimen using HPC at 3 days under 20C was 

14% higher than that of the specimens using OPC at 

28 days. It suggests that using HPC could achieve 

high strength at early age. 

Fig. 1 Compressive strength of the sand mixture 

specimens used different cement types and 

cured under different curing temperatures. 

The compressive strength of the sandloam 

mixture using OPC and HPC cured under 20C and 

40C is shown as in Fig. 2. Similar to the sand mixture, 

in term of OPC, the compressive strength increased 

gradually until 28 days. At 28 days the compressive 

strength of the specimens under 40C was 10% larger 

than that of the specimens under 20C. It can be 

explained that under high temperature curing, the 

cement hydration and pozzolanic reaction could be 

promoted, leading the increase in compressive 

strength. 

For the case of HPC, the high temperature curing 

had negative effect on strength development. The 

compressive strength under 40C was not only 48% 

lower than that under 20C but also significant lower 

than those of the specimens using OPC. This may be 

explained by the combined effect of high temperature 

curing and rapid hydration process of HPC that could 

promote crossover effect. At 28 days, the 

compressive strength of the specimens using HPC 

under 20C was 24% and 12% higher than that of the 

specimen using OPC under 20C and 40C, 

respectively, as observed in the sand mixture.  

In both the sand and sand-loam mixtures, the 

compressive strengths of the specimens using HPC at 

28 days under 20C were 50% and 24% higher than 

those of the specimens using OPC, respectively. This 

is a unique behavior that was different from mortar 

and concrete.  

Fig. 2 Compressive strength of the sandloam 

mixture specimens used different cement types and 

cured under different curing temperatures. 

Thermal Analysis 

The amounts of the chemically bound water and 

Ca(OH)2 were measured to examine chemical 

reaction progresses for explaining strength 

development. 

Fig. 3 shows the chemically bound water of the 

sand mixture. It was observed that the chemically 

bound waters increased rapidly until 7 days, then they 

were almost stable until 28 days. The chemically 

bound water of the specimen using HPC and OPC 

under 40C were 22% and 31% higher than those of 

the specimen using OPC under 20C, respectively. 

The higher chemically bound water are, the more 

hydrated cement products generated. The higher 

chemically bound water in the specimens using HPC 

may explain for the difference between strength of the 

specimens using HPC and OPC. 
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Fig. 3 The chemically bound water in the sand 

mixture 

Fig. 4 presents the amount of Ca(OH)2 in the sand 

mixture. In the case of the specimen using OPC, 

under 20C, the amount of Ca(OH)2 increased 

gradually until 28 days. However, under 40C, the 

amount of Ca(OH)2 increased rapidly until 7 days due 

to cement hydration caused by high temperature. 

Then, the amount of Ca(OH)2 was almost constant 

from 7 to 28 days. At early age (until 14 days), the 

amount of Ca(OH)2 in the specimen under 40C was 

6% higher than that in the specimen under 20C. 

Nevertheless, at 28 days the amount of Ca(OH)2 in 

the specimen under 40C was 4% lower than that in 

the specimen under 20C. This is explained by 

pozzolanic reaction between sand particles and 

hydrated cement products, which can explain for the 

compressive strength at that age.   

Regarding the specimens using HPC, the amount 

of Ca(OH)2 increased rapidly until 7 days under both 

20C and 40C, then it increased slightly in the 

specimen under 20C, but it was almost stable in the 

specimen under 40C. It is clear that, at 28 days the 

amount of Ca(OH)2 in the specimens using HPC 

under 20C was 14% greater than that in the specimen 

using OPC. It implies that cement hydration process 

in HPC can be 14% larger than that in OPC until 28 

days. 

Fig. 4 The amount of Ca(OH)2 in the sand mixture. 

The chemically bound water of the sandloam 

mixture is shown in Fig. 5. For the specimen using 

OPC, at 28 days the amount of chemically bound 

water under 40C was 21% higher than that under 

20C. This is caused by high curing temperature that 

could promote cement hydration process. Similarly, 

for the specimen using HPC, the amount of the 

chemically bound water under 40C was higher than 

that under 20C until 28 days. The amount of the 

chemically bound water in the specimen using HPC 

was almost as same as that in the specimen using OPC 

under 20C. The chemically bound water and amount 

of Ca(OH)2 could not explain for the higher strength 

in the specimens using HPC under 20C. 

Fig. 5 The chemically bound water in the sandloam 

mixture. 

Fig. 6 shows the amount of Ca(OH)2 in the sand-

loam mixture. It can be seen that, in both the 

specimens using HPC and OPC, the amounts of 

Ca(OH)2 at 28 days under 40C were 34% and 13% 

lower than those under 20C, respectively. It indicates 

that pozzolanic reaction was accelerated under high 

temperature curing. This pozzolanic reaction could 

explain for the 10% higher strength achieved under 

40C in the specimen using OPC. However, for the 

specimen using HPC, under 40C the pozzolanic 

reaction could not produce an increase in compressive 

strength because of negative effect of high 

temperature curing that made strength under this 

temperature was lower than that in other cases.  

Fig. 6 The amount of Ca(OH)2 in the sandloam 

mixture. 
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CONCLUSIONS 

This study shows the effects of cement types on 

strength development of cement-treated soils using 

two types of soil cured under the sealed condition at 

20C and 40C. The following conclusions could be 

made from the experimental results. 

1. For the sand mixture, the compressive

strength of the specimens using HPC under

20C was 50% and 42% larger than that of

the specimens using OPC under 20C and

40C, respectively. For the sandloam

mixture, the compressive strength of the

specimens using HPC under 20C was 24%

and 12% larger than that of the specimens

using OPC under 20C and 40C,

respectively.  But, the results by thermal

analysis did not provide clear evidence for

explaining this unique behavior of HPC.

2. For the specimen using HPC, the

compressive strength under 40C was 15%

and 48% lower than that under 20C for the

sand and sandloam, respectively. This may

be caused by the combined effects of high

temperature curing and rapid hydration

process of HPC, which could lead to the

decrease in compressive strength.

3. For the specimen using OPC, the

compressive strength under 40C was 6%

and 10% higher than those under 20C for

the sand and sandloam mixture, 

respectively. Because, under high 

temperature curing, cement hydration and

pozzolanic reaction could be accelerated.

The findings in this study suggest that we can use 

HPC for cement-treated soils to achieve high early 

strength. The detail evidence is needed to investigate 

using X-ray diffraction, mercury intrusion 

porosimetry, and scan electronic microscopy tests to 

explain the higher strength in HPC. In addition, high 

temperature curing is recommended to apply for OPC 

in order to achieve high strength at early age. This 

study will be extended for long curing age (until 1 

year) and higher temperature as well as various soil 

types. 
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ABSTRACT 
 

      The use of long piles to support construction loads has been recognized for thousands years. At the last 
century it has been introduced the use of pressure for embedding pile foundations that is named injected piles. 
In field implementations, if the design depth of the piles is long enough then additional piles are required to 
be connected. It needs time delay to connect between the earlier embedded pile to the additional one. The 
time delay can be also caused by other things such as equipment problems, unwilling bad weather etc. Based 
on the experience of pile injection records, due to the time delay there is a temporary increase in pile bearing 
capacity, so it takes more effort to continue pile penetrations until the specified length. In this study, the 
effects of erection time delays on piles are investigated. This study is conducted using experimental injected-
pile models at the laboratory. The initial depth of earlier piles prior to further injection is set the relatively 
same, while the time delays are varied. The injection loads for penetration are recorded as well as the depth 
of penetration. The results of the experiments in terms of variation of time delays and additional penetration 
loads show that there are 'jump loads' at the initial last depth due to time delay until a certain period. It can be 
concluded that the time delay on the pile can increase the bearing capacity and must be limited to a certain 
time in case of pile connection work on site.  
 
Keywords: bearing capacity, injection pile, time delay, pile foundation 
 
 
INTRODUCTION 
 

Pile foundations have been used to transfer the 
building load to the underlying soil layer since the 
earlier the first century [1]. Based on their load 
transfer mechanism, piles may be classified by 
end-bearing and friction piles or combination one. 
End-bearing piles develop most of their bearing 
capacity mainly at the tip of the pile. Friction piles 
transfer the load to the surrounding soil along the 
pile length by friction between the pile surface and 
the soil. Piles also can be differed by the method of 
construction that are driven piles (or displacement) 
and bore piles (or replacement). The driven pile 
may be placed into the ground by displaced 
surrounding soil by hammer, injected, vibrated or 
screwed. Bored piles are placed into the ground by 
replacing soil in bore holes with pile materials. In 
this paper the piles may classified as injected end-
bearing piles. 

The pile tip resistance can be calculated based 
on a traditional formula using the cohesion and 
internal friction angle parameters of the soil. If the 
soil at the end of the pile consist of sands only, 
then the cohesion parameter can be avoided in the 
calculation, so that the end bearing capacity 
formula becomes: 
 
 

 
Qu = qu Ap (1) 
 
with 
 
qu = q' Nq + 1/2  B Nγ 
 
Where: Qu = ultimate axial load 
 q'  = effective overburden 

B  = pile tip diameter  
  = unit volume of underneath soil 
Nq and Nγ = bearing capacity factors   

 
The effective overburden stress is the 

difference between total overburden stress with the 
pore water pressure. Under static conditions, the 
effective stress may be the result of reduction by 
hydrostatic pressure. The pore water pressure a 
dynamic condition may exceed the hydrostatic 
pressure. The excess pore water pressure in 
dynamic condition may generated during the pile 
placement into the ground using dynamic way 
such as jacking and driving. The effective 
overburden then can be written as: 
 
q' = qtot - u (2) 
 
Where  qtot = total overburden stress 
 u = excess pore water pressure  

Seventh International Conference on Geotechnique, Construction Materials and 
Environment, Mie, Japan, Nov. 21-24, 2017, ISBN: 978-4-9905958-8-3 C3051 



GEOMATE - Mie, Japan, Nov. 21-24, 2017 

219 
 

Besides static bearing capacity of pile 
foundation, there are many problems must be 
considered during the design. Some problems that 
might be taken into account in the used of piles are 
potential consequences of liquefaction, differential 
settlement, lateral loads and movement and 
possibility on soil bearing capacity reduction [2]. 
Pile foundations may not only subjected to static 
loads but also dynamic loads simultaneously. The 
study on dynamic response of a single concrete 
pile in soft clay subjected to static and dynamic 
simultaneously has been presented [3]. The 
connection between pile to the cap also may be 
investigated to understand its behavior respected to 
the applied loads. The investigation of the moment 
capacity and load-displacement relationship of 
laterally loaded the pile to cap connection with 
different connection details has been reported [4] 

On site pile work in order to achieve sufficient 
bearing capacity at the certain depth, often pile 
connection work is needed. The pile to pile 
connection thus become a special consideration in 
practical works. The required pile to pile 
connection in some cases are caused by the 
manufacture limitations at the factory and/or 
transportation problem of piles from the factory to 
the site. Extremely long piles will be difficult to be 
distributed from factory to the site. Very long piles 
also create difficulties on their mobilization on site. 

The pile connection process may need the time 
and the driving process must be stopped 
temporarily. The most popular pile connection in 
Indonesia is mainly done by welding to joint the 
pile ends. Each pile then has the end that made of 
steel which may function as a pad/base for pre-
stressed wire of pile reinforcement. The steel pads 
are then to connect the embedded and the 
subsequent piles on the site. 

 
 

ON FIELD DATA 
 

The soil sediment in the field consists of a 
layer of sand and silty sand until 20m of depth and 
gravelly sand for deeper. Groundwater in the field 
is at depth 2m from the ground surface. This 
indicates that the soil beneath the groundwater 
table is under saturated condition. The mechanical 
properties of the soil layers are shown in Table 1. 
Based on standard penetration test data on site 
(Fig.1), the design depth of the 60cm of diameter 
piles were about 26 to 30 m. 

The spun-piles had been used to support the 
Public Work Building in Padang. The piles came 
from the factory have the length of  10m and 12m. 
Consequently they were needed pile connection 
work to complete penetration every point on site. 
During the penetration of piles on site, the applied 
loads on every single pile was monitored and 

recorded (Fig.2). 
 
Table 1 Properties of the soils 

Depth 
(m) 

Type 
(Code) 

Mechanical Properties 

  c  
(t/m2) 

  
(t/m3) 

4.0-4.4 Sand  
(S) 33.6   1.5 

14.-14.5 
Silty 
sand 
(SM)

29 4.5 1.4 

24-24.5 
Gravelly 

sand  
(SG) 

35.4 
  

1.9 
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Fig.1 Nspt values on the site 

 
It can be seen that the first joining work at the 

depth of 11m was finished within 16 minutes. The 
increment of penetration load after 16 minutes 
increased until 339t then came down to 226t for 
the next record. It means for 16 minutes delay time, 
the load of penetration increased until 113t. The 
same thing happened after pile connection work at 
the depth of 21m, the penetration load increase by 
85t for 14 minutes delay. 

There was also a unwilling case due to damage 
penetration tools that cause penetration process 
was stopped. The repair work by replacement of 
broken spare part took a few days. When the 
penetration was continued, the loads have shown 
the value that exceeded the maximum capacity of 
the pile injection tool. The depth of  the pile at that 
point has not reached the specified depth. In order 
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to continue penetration, the pile the was pulled 
first, the it pushed again into the ground to 
continue penetrating to the specified depth. This 
case indicates that the dissipated pore water 
pressure within a few days may result in an 
increase the effective stress in soil mass so 
consequently increases the pile bearing capacity.  
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Fig.2 Penetration load record on site 
 
 

 
LABORATORY TESTS  
 

In order to understand the increment of load 
due to the excess pore water pressure during the 
pile penetration, a series of laboratory test is 
conducted. This test is carried out using a small 
scale pile model. A pile model  has dimension of 
length 30 cm and the cone tip with diameter of 1 
cm (Fig. 3). The soil is made up of fine sands that 
sieved pass trough sieve no 40. The soil is in 
saturated condition with dry unit volume of 1.53 
t/m3 which produces relative density of about 
30%. The strength parameter of the sand is 
obtained from laboratory direct shear test, that give 
internal friction angle of  = 30 degree. With the 
purpose to avoid result differences due to soil 
differences, the tests were conducted using the 
same soil for every desired time delay.  

The pile model is pushed into the soil to have 
tip resistant. The sleeve of the pile model has 
casing that keep staying still during the tests.  
Consequently, the skin friction on the pile model 
can be ignored in these tests. So, the applied load 

to injecting pile is considered equal to the tip 
resistant of the pile only.  

The test procedure of piles are started injecting 
the pile into the soil to the depth of 25cm. During 
the initial injection, the given loads for every unit 
length are recorded. The next procedures are 
purposed to record the additional load due to the 
time interval between the first injection to the next 
one. The results of the test procedure are shown in 
Table 2 and plotted in Fig.4 as well. 

 

 
Fig.3 Dimension of the pile model 

 
 
Table 2 Laboratory test results  
 

Depth (cm) 25.10 25.26 25.44 25.54 25.62
Time interval 

(mnt)    1   10   20    30  60 

Increment (kg) 1.02 4.10 6.15 7.17 7.17
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Fig.4 Load increment .vs. time 
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From the time-load graph it can be seen that 

the increment load increased with the time delay 
and reached the maximum after reach time delay 
about 30 minutes (Fig.5). This graph indicated that 
the excess pore pressure due to the pile injection 
was fully dissipated after 30 minutes in this test. In 
the field, if this delay time may be happened due to 
the joining work of piles or other injection 
disturbance. In the real work on site, the delay time 
may cause the more efforts to continue penetrating 
the pile are needed. 
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Fig.5 Delay time-load relationship  
 
 
CONCLUSION 
 

F Due to the time delay on pile injection on site, 
the pile experienced a temporary increase in the 
bearing capacity. The effects of time delay on pile 
bearing capacity then can be understood by a series 
of laboratory experiments. The experimental work 
using pile model on saturated sand has succeeded 

demonstrating the load increment on penetration 
due to time delay. The results of the experiments 
with of time delay variation show that the 
increment loads will stop until a certain periods. In 
practical work, the time delay on the pile 
penetration must be limited to a certain time to 
avoid difficulty for continuing pile penetration. 
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ABSTRACT 

 
        Indonesia has many islands that are suffer from beach abrasion. This phenomenon has been often 
happening and it categorized in one of the National Disasters. West Sumatra beaches with the total length of 
about 600 km stretch along the west side of Sumatra Island where directly opposite to the Indian Ocean. The 
waves from the Indian Ocean in any circumstance may cause abrasion to damage houses and public facilities. 
Factors that effect coastal abrasion include coastal geometry, wave parameters, soil sediment and beach 
plantations. An investigation on the plant species and soil sediment on the West Sumatra beach has been 
done. The effects of the last tow factors on beach abrasion are then elaborated in this paper. It is found that 
some beach vegetations have shown remarkable role to reduce abrasion impact. Meanwhile the type of soil 
sediments in which associated to physical properties showed also significant effect. From this study it was 
found that vegetation roots will protect the beaches together with the soils. This investigation also concludes 
that coastal endemic plants in the West Sumatra need to be explored as a mitigation action to reduce the 
abrasion impact.  
 
Keywords: Abrasion, Marine Vegetation, Plantation Effect, Soil Effect, Disaster Mitigation  
 
 
INTRODUCTION 
 

Indonesia is one of the largest countries with 
many islands which has very long coastlines. The 
Indonesian Geospatial Information Agency 
reported that the total length of the Indonesian 
coastline reaches about 100,000 kilometers [1]. 
There are many potential natural treasures and 
beautiful sceneries along the coastline. Indonesian 
beaches are often used as tourist destination for 
local and international tourists. However recent 
condition of the coastal areas of Indonesia are 
worrying due to the abrasion. It has been reported 
that about 100 locations in 17 Provinces with 
coastline length of approximately 400 km have 
experienced terrible coastal erosion [2]. The list of 
coastal areas in Indonesia that are at high risk for 
abrasion disasters in 2013 including South Aceh, 
Banda Aceh, Medan City, Surrounding Padang 
City in Sumatra Island, North Jakarta, Rembang 
Regency in Java Island, Bali Island, Sikka 
Regency in East Nusa Tenggara and Selayar in 
Sulawesi Island [3]. 

Beach abrasion that is essentially a coastal 
dynamics influenced by seawater waves has 
caused many disadvantages such as cutting the 
accesses, destruction of houses and even the loss 
of such a beautiful sandy beach (Fig.1). For that 
reasons the Indonesian government has included 
abrasion into one of national disaster [4]. Abrasion 
is part of the phenomenon of erosion and 
sedimentation cycles along the coastline. To deal 
with abrasion, beaches can be protected by 

providing an engineering construction to reduce 
the incoming wave energy [5]. However, building 
such wave protector to prevent abrasion could not 
restore back the lost of sandy beaches. Further, a 
hard construction on the beach may also result 
unpleasant scenery (Fig.2).  

Abrasion becomes a research interest and is 
extensively studied related to the global warming 
issue. It has been studied relationship between sea 
levels and coastal damage from the 19th to the 
20th centuries [6]. It was strong correlation 
between the global warming on the damage on 
beaches. The damage to the beaches has been 
doubled with the rate of actually sea level rise. It is 
predicted the coastal abrasion problems that 
already look severe in the 20th century will be 
worse in the next century. 

 

 
 

Fig.1 Padang Beach in 1890  [7] 
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Fig.2 The missing sandy beach in Padang 
 

It has been reported there are 14 beaches 
classified in critical condition [8]. The 14 critical 
beaches are Air Bangis, Sasak; Pantai Tiku, Pasir 
Baru, Pariaman, Ketaping, Pasir Jambak, Padang, 
Bungus, Carocok Painan, Luhung, Surantih, 
Kambang and Air Haji beaches. From 420 km of 
the total length of West Sumatera coastline, 45% 
of them (approximately 180 km) have been 
damaged by abrasion. With the many of needs on 
the coastline, the actions are required for 
protecting beaches from abrasion in West Sumatra. 

Abrasion protection has been done by using 
hard structures, but this way is not natural and 
resulting bad effect to the environment. A study on 
the ecological impact to habitat loss due to the 
presence of hard protective structures along the 
coastline has been conducted [9]. It was found the 
surprising drop off the number of seagulls and 
other seabirds on the protected beach. The study 
suggested further studies on natural beach 
protection that including the environmental 
preservation.  The artificial beachrock made of 
sand solidification for coastal protection may be a 
prospects of environmental save solution [10]. 

 

 
 

Fig.3 Simulation of sand-roots interaction 
 

In order to protect beaches from abrasion it is 
necessary to prevent the sea waves from taking the 
beach sand particles away from their place. It can 
be done by constructing wave energy breaker or 
covering the ground such that the seawater cannot 
transport the sands away. However, those ways are 

not natural and less beautiful. The more natural 
way is by planting protective vegetations on the 
beaches. A study to understand the way of those 
vegetation roots in protecting beaches from 
abrasion using numerical simulation has been 
conducted. [11]. The simulations were successfully 
demonstrated the mechanism of roots for 
protecting the sandy beaches against seawater 
erosion (Fig.3). 

Besides the numerical study, the field 
investigation to observe the effect of vegetation 
and soil sediment to abrasion has also been done. 
The field investigations were conducted along the 
West Sumatra coastline. The investigation found 
that some kind of marine vegetations can 
withstand against abrasion or seawater erosion. 
The results of these investigations are further 
described in this paper. 
 
WEST SUMATRA'S MARINE PLANTS  
 

There are marine vegetations found from field 
investigation along West Sumatra coastline that 
empirically can protect beach from abrasion. 
Mainly there are five kind of marine vegetations 
exist in the West Sumatra Beaches,  that are:  

a. Sea-pine,  
b. Coconut palm,  
c. Mangroves,  
d. Pinago, and  
e. Ketaping (Terminalia Cattapa).  

The on site captures of those trees can be seen in 
Fig.4 (a to e). The last two kind of tree seems to be 
in the same family but different species. However 
we do not went deeper in to that kind of biological 
matter.  

The abrasion area will be terminated in the 
zone where there is a vegetation on it. In areas that 
are not planted, seawater took sand away until 
several meters into the mainland. Roots are a most 
important part of vegetation that role the abrasion 
protection. The marine vegetation roots can creep 
up to 4 meters from the main wood. The maximum 
distance of the root extension depends on the soil, 
planting way and species. For the vegetation where 
its soil sides have been removed by abrasion, it is 
found that the roots go only up to about 2.5 meters. 
This is caused the roots have lost the soil where 
they need to grow for, are destroyed and taken by 
the seawater. In order to play as an abrasion 
protector, the roots and the soil has to take part in 
symbiotic mutualism. 

There are two main types of roots according to 



GEOMATE - Mie, Japan, Nov. 21-24, 2017 
 

224 
 

branching pattern as well known: taproot and 
fibrous root. The taproot is deep-rooted compared 
to fibrous one. The marine vegetations that are 
having taproots are Sea-pine, Mangroves, Pinago 
and Ketaping, meanwhile Coconut palms grow 
with the fibrous root. It is believed that the taproot 
may anchor the tree better to the soil and can take 
water from deeper part from ground surface. 
However, the fibrous root is found to be denser 
than the taproot system. This condition give an 
advantage to the root system to keep the 
surrounding soil from being taken by the seawater. 
Then, a coconut tree is better in preventing 
abrasion than a sea pine tree. 

 

  

  a. Sea pine b. Coconut palm 

 

c. Mangroves 

  

 d. Pinago  e. Ketaping  

Fig.4 Marine vegetations in West Sumatra 
 
Based on the study on the mechanism of roots 

as abrasion protection [11], it is found that the 
roots give unification effect to the surrounding soil. 
Further they hold each other and form a bigger 
mass. The denser roots are the better role in 
unifying the soil to prevent abrasion. This 
phenomenon explains the field investigation 

results that the Coconut palms with denser fibrous 
root protecting beaches more than the Sea pines 
with taproot (Fig.5). Even the field observation 
also found the row of coconut palms are also found 
survive better than the sea pine trees (Fig.6). This 
result proves that taproot roots that capable for 
penetrating deeper, are not necessarily better to 
protect abrasion than fiber roots. 

 

  

 
Fig.5 On site condition of Sea pine and Coconut  

 

 

a. Coconut palm beach 

 

b. Sea pine beach 

Fig.6 Beaches with marine vegetations 

For the same species, the density of vegetation 
also determines its resistance to abrasion. The 
vegetations that grow close each other will be 
more resistant to abrasion than grow in distance. 
The closer the spacing, the greater the ability to 
resist abrasion. Clearly that stand-alone tree will be 
easily demolished by the seawater than they in a 
group. The same thing happens for plants that 
grow out of line towards the sea, will easily be turn 
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down by abrasion. Therefore, planting of 
vegetations in the purpose of protection against 
abrasion should be done in groups with a good 
pattern (Fig.7). 

The Field investigation also found that 
reducing the number of plants in natural growing 
mangroves will reduced on abrasion resistance 
(Fig.8). A group of mangroves that experienced a 
reduction in the number, finally in a critical 
condition (Fig.9). Eventually that trees will be 
gone from its original place. So, the density of 
marine vegetation is an important factor to protect 
beaches from abrasion. The spacing which is 
shorter than maximum the root can go, will let the 
roots cross each other in the form of organic net. 
This root net will keep the surrounding soil from 
transported by seawater. While single standing 
plants with roots are not interconnected, 
consequently easy to be overturned by seawater. 

 

  
 

Fig.7 Plants in group and stand alone 
 

 
 

Fig.8 Reduction of mangrove trees for houses 
 

 
 

Fig.9 Reduction of mangrove resulting the dead 

SOIL SEDIMENT OF BEACHES 
 

In order to investigate the effect of soil 
sediment for protecting the beach from abrasion, 
the soil samples have been taken from the beaches 
along West Sumatra coastline. The samples then 
are tested in laboratory to elaborate their physical 
properties. Soil properties are very important 
engineering as indicator of further engineering 
behavior such as gradation, strength and stability. 
Many references have described the testing 
procedures and the meaning of the engineering 
properties of soils [12]. 

The recent study has mentioned that sediments 
with predominantly non-cohesive materials may be 
easily transported by seawater.  The factor that can 
keep the soils staying are gravity and internal 
friction. The coarse grains with greater masses are 
also more difficult to be mobilized than fine grains 
[13]. 

 
The sand samples taken and analyzed in the 

laboratory came from 7 beaches in West Sumatra 
as shown in map Fig.10. The names of each 
location and the dominant species of vegetation are 
as follows: 

1. Teluk Batang, vegetation Coconut palm 
2. Sago Painan, vegetation type: Sea pine 
3. Guguk Kuranji Hilir, vegetation Sea pine 
4. Tarusan, vegetation type: Sea pine 
5. Surantih, vegetation type: Sea pine 
6. Tanjung Mutiara, vegetation type: Sea pine 
7. Bukit Buayo, vegetation type: Ketaping 
 
The sieve analysis results of the samples are 

shown in Fig.11. Furthermore, based on the sieve 
analysis, the sand soils have a low coefficient of 
uniformity (Table 1). This means that the soils are 
in uniform gradations. In general, the soil type 
from the beaches are sandy soil in medium until 
loose density. In Tanjung Mutiara and Tarusan, the 
sediment is dominated by fine silty sand. Since 
those sediments are predominantly non-cohesive 
materials, then they may be easily transported by 
seawater. Since those sediments are predominantly 
non-cohesive materials, then they may be easily 
transported by seawater.   

Based on the findings the sand beaches in West 
Sumatra are composed of sediments that easily 
eroded by seawater that is confirmed with the field 
investigation. The sediments have the relatively 
small the size of fine to medium sands that are 
easily transported by seawater. In addition, the 



GEOMATE - Mie, Japan, Nov. 21-24, 2017 
 

226 
 

gradations of the soils are uniform which indicates 
less advantage in terms of stability. It has been 
explained that the vegetations together with the 
soil can protect the abrasion,  therefore the existing 
vegetation on the beach must be maintained for the 
existence of the beaches in the future. 

 

 
 

Fig.10 Original sites of the soil samples 
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Fig.11 Sieve analysis of sand samples 
 
 
 
 
 

Table 1 Physical properties of sand samples 
 

1 2 3 4 5 6 7
Wet unit volume  1.84 1.95 1.86 1.74 1.85 1.46 1.80 t/m3

Dry unit volume  1.35 1.48 1.48 1.31 1.42 1.03 1.37 t/m3

Void ratio e 0.93 0.87 0.61 0.76 0.76 0.76 0.76
Saturated water content w 32.58 31.24 28.14 36.80 32.68 46.77 32.30 %

Gravel 4.97 0.10 0.00 0.00 0.00 0.00 0.13 %
Sand 95.00 98.90 99.43 76.93 98.53 65.80 99.30 %
Clay 0.03 1.00 0.57 23.07 1.47 34.20 0.57 %

Mean size D50 0.7 0.49 0.35 0.21 0.42 0.18 0.31 mm
Coef. Uniformity Cu 4.29 2.89 2.80 2.94 2.11
Coef. Curvature Cc 1.07 0.92 0.77 0.92 0.71

Unit

Sieve analysis

Location numberParameter Symbol

 

CONCLUSIONS 
 

Indonesian government decided that abrasion 
has become one of national disasters that resulted 
in disadvantage coastline changes. Based on the 
field investigation that has been done there are 
several marine vegetations that can grow up in 
decades. The field study also found that the marine 
vegetations were effectively able to protect 
beaches against abrasion. At least there are five 
species of endemic marine vegetations found along 
the West Sumatra coastline.  

This study showed that the beach sediments in 
West Sumatra are composed of fine to medium 
sands that easily eroded by seawater. It has been 
explained using finite element that the roots play a 
role to unify the soil mass that hold each other to 
prevent abrasion. Therefore, it is necessary to 
conserve the existing coastal vegetations as well as 
planting new specific trees so they will protect the 
beaches together with the soils. The absence of 
vegetations on the beaches consequently will result 
higher vulnerability to abrasion. 
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ABSTRACT 

 
The construction of the freeway system has nearly been completed in Taiwan currently, and many freeways 

have entered the maintenance stage. Therefore, a series of slope service and maintenance mechanism are 
established for the National Freeway Bureau for the slope anchors. This paper describes the lift-off test briefly 
and the performance evaluation of the test results. The purpose of the lift-off test is to obtain the residual tensile 
load of the existing anchor. The test process is applying tension force in stages, when the pulling out load is 
greater than the residual tensile load, the load-displacement curve would produce a significant turning point, 
which is so called the lift-off value. According to the definition proposed by the National Freeway Bureau, the 
results of anchor lift-off test can be divided into 5 groups, namely D (normal), C (acceptable), B (poor), A (very 
poor), and X (damage). Through the results of anchor ratings, officers and engineers can be immediately 
informed of the current conditions of the slope anchors. The results of the lift-off test shows that level D counted 
for the overall 42.25%, level C counted for the overall 24.72%, level B counted for the overall 12.17%, level A 
counted for the overall 11.04%, and level X counted for the overall 9.83% in this study. It is found that about 
67% of the evaluation results of the lift-off tests are in the decent range, but some anchors need to be further 
monitored to explore the loss of the pre-stress value as well as the reason. This paper provides clearly and 
directly understanding on the freeway slope anchor for their service performance.  
 
Keywords: Anchor, Lift-off Test, Slope, Freeway 
 
 
INTRODUCTION 

The effect of frequent activities between the 
Eurasian plate and the Philippine plate gives birth to 
a rich and unique terrain condition of Taiwan, which 
is located in the southeast of Asia. In the distinctive 
natural environment, there are 2,565 slopes along the 
freeways, of which there are 1,638 embankment 
slopes and 927 cutting slopes. In the case of cutting 
slope construction, a large number of anchors are 
used to stabilize the slopes in Taiwan, so that the 
freeway project can be completed smoothly and the 
safeties of the car drivers are ensured. The 
construction of the freeway has been nearly 
completed and many roads have reached the 
maintenance stage. In order to improve the quality of 
transportation and guarantee the safety of driver, the 
freeway bureau has established a series of slope 
maintenance mechanisms. The government sets up 
three district engineering office in the north, central 
and south respectively with a total number of 13 
branch stations to perform slope maintenance 
management. At present, the total number of 
freeway anchors is 26,802 as shown in Figure 1. 
With the help of regular slope inspection, ground 
anchor detection, and the implementation of the 
maintenance mechanism, the installation rate of the 
slope anchors is slowed down year by year. 

In recent years, the concept of life cycle has been 

put forward. Planning, designing, constructing, 
operating and dismantling of engineering project are 
considered as a lifecycle. Most of the public 
construction is currently entering an important stage 
of operational management and maintenance, and 
the freeway system is not an exception. Therefore, 
the establishment of freeway life cycle system, such 
as recording slope anchor facilities, monitoring 
systems, and slope inspection data, are implanted 
under the concept of life cycle at the same time. The 
anchor detection of the four major groups, including 
anchor head appearance, anchor head assembly, 
endoscopic, and lift-off tests, contain all anchor 
detection data and performance results. 

The results of the inspection data are defined to 
the severity of the development of D level (normal), 
C level (acceptable), B level (poor), A level (very 
poor) and X level (damaged). Comprehensive 
assessment of the anchor appearance as well as the 
anchor performance provides recommendations 
based on the follow-up review. 

Because the mechanical behavior inside the 
anchor cannot be seen by the appearance of the 
inspection, lift-off test is the technique to obtain the 
residual tensile load of the anchor. When the applied 
pull-out load is greater than the anchor actually 
existing load, anchor head with the bearing plate 
provide obvious displacement to assess the residual 
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tensile loading. The result of the lift-off test is the 
most direct representation of the current anchor at 
this stage, but also the focus of attention from the 
point view of engineers. This paper describes the test 
methods and processes of the anchor lift-off test, the 
classification of the test results for description 
purpose, the results of the test analysis with 
comprehensive discussion, to optimize and improve 
the management measures for achieving the freeway 
slope sustainable management objective. 

 

 
 

Fig.1 Total number of cutting slopes and anchors 
 

PRINCIPLE AND PROCESS OF ANCHOR 
LIFT-OFF TEST 

 
During the planning of the slope stability project, 

the anchor has an initial design load (Tw). After 4 to 
5 years of service period, the anchor is re-pulled to 
find the residual load (Tr), and compared with the 
design load. In the progressing of lift-off test, when 
anchor has "lift-off" phenomenon, the displacement-
load curve will present a more obvious turning 
situation (Figure 2, point A), which provides the 
value of the anchor residual load. The results of the 
current test and the results of the previous lift-off 
tests can be compared to obtain the differences in the 
residual load. The compared result and other 
monitoring instruments can be used to assess the 
overall safety of the slope. 

 

 
 

Fig.2 Load-displacement curve of lift-off test 

It is an important part for choosing the suitable 
anchor to carry out the lift-off test. In order to 
confirm the average and randomness of the anchor 
samples, it is recommended by the freeway bureau 
to adopt the characteristics of the "uniform 
distribution selection" of the anchor selection 
principle. The main tools of the lift-off test include: 
anchor head fixture, jack chair, hydraulic jack, load 
cell, displacement gauge, etc. The lift-off test of 
anchor is operated according to the process of stage 
pull out. 

Anchor detection frequency is performed for 
every 4 to 5 years. The anchor detection content 
includes: anchor head appearance, anchor head 
assembly, endoscopic, and lift-off test. However, the 
anchor free-end are filled with cement paste as the 
second grouting, this work makes it impossible to 
observe the internal strand by the endoscope 
anymore. Therefore, the results of the lift-off test are 
much more significant to show the status of the 
residual load, and through the lift-off of the test 
displacement-load curve to understand the situation 
of the anchor in the slope stratum with the serving 
time. 

 
Lift-off Test Principle 
 

After the anchor was fixed, in general, some 
factors will cause the strand and displacement 
changes. The main reasons include: the sliding loss 
of the strand during the fixing, the friction loss of the 
protection tube and the strand, strand relaxation, 
stratum creep behavior, stratum compaction, 
influence of proximity to engineering construction, 
temperature change, various impact, as well as 
changes in stress state of rock and soil. 

There are many possible factors for the loss of 
anchor force, it is not very easy to point out and 
explain the exact reason. By employing the lift-off 
test at the actual site, engineers can obtain the 
displacement-load curve to interpret the residual 
load data. The principle of the lift-off the test is 
based on the existing load (Tr, or the residual load) 
of the anchor, and the anchor will have obvious 
characteristics of displacement to evaluate the 
existing load value of the anchor. An lift-off test of 
displacement-load curve as an example can be seen 
in Figure 2 for anchor design load 45T and strand 
length 25m (anchor fixed length 8m and free length 
17m). 

During the test process, the fixtures and clips is 
used to fix the anchor head first, and then the 
hydraulic jack is installed in the jack chair so that 
the tensile strand state is set (Figure 4). When the 
tension of the strand gradually leave out of the 
pressure plate (Figure 2, ۯ۽തതതത ), the drawing the 
displacement-load curve is plotting at the same time. 
With the test moving on, we can find the anchor 
appears "lift-off" phenomenon when the curve has a 
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significant turning point (Figure 2, A point). Lift-off 
phenomenon of anchor means the strand load is 
completely provided by the hydraulic jack at this 
time, there will be another oblique line (Figure 2, 
 ۰തതതത) after that. The safety and health of the anchorۯ
can be evaluated comprehensively, according to the 
lift-off test results obtained from the displacement-
load curve. 

 
 

 

 

 
Fig.3 Loading conditions during anchor lift-off test 
 

 
 

Fig.4 Lift-off test 
 

In the case where the strand are stressed (Fig. 3-
a), P0 is the original anchor for the existence of the 
load, which is the anchor of strand pull force so the 
direction of the direction to the underground anchor 
section. P is applied by the hydraulic jack to pull out 
strand for the lift-off test, thus the force direction of 
P is opposite. Prior to anchor lift-off test, the strand 
only bears the original anchor load and the 
appearance of the anchor head is totally attached to 
the bearing plate.  

However, when the lift-off test was progressed 
(Fig. 3-b), the applied loads of the strand is from two 
different directions. One, the original load of the 
original anchor (P0), due to the initial pre-stressed 
loading, the steel strand locked to the bearing plate, 
resulting in the direction of the anchor force for the 
anchor phase direction. The other force (P) is in the 

direction of the hydraulic jack to carry out the test in 
the direction of the anchor head gradually applied to 
the load. Therefore, the appearance of the anchor 
head is not much change until P = P0 (Fig. 3-b and 
Figure 5). While the load of the hydraulic jack is 
equal to the original existing load of the anchor, the 
original position of the anchor head happens to leave 
the bearing plate by the process of full loading 
conversion at this moment. This phenomenon is so 
called the anchor head lift-off. 

As a final point, after lift-off (turning point) 
phenomenon (Figure 3-c), the force behavior of the 
internal strand of the anchor is provided entirely by 
the hydraulic jack. When the pull out load, the 
phenomenon has been lift-off, is less than the anchor 
design load (Tw), the test load is stop at the 1.1 the 
design load (Tw) and then record the existing load 
(Tr). Alternatively, when the pull out load is equal to 
1.2 the design load (Tw) but the anchor is still not 
lift-off, the test is stopped and the existing load (Tr) 
is recorded as the same.  

 

 
 

Fig.5 "Lift-off" of phenomenon for anchor head and 
bearing plate separation 

 
Experimental procedure 
 

The implementation of the anchor lift-off test 
attempts not to destroy the existing anchor as the 
principle. Carrying out the test is under the 
consideration with the principle of selection to the 
requirements of the "Freeway Maintenance Manual". 
It is depending on the slope of the anchor by the 
status of the anchor distribution, with the 
requirement that at least one per row of each stage 
with no more than 15 ones per row; and at least 6 
lift-off tests per anchored slope. In addition, the 
abnormal appearance of the anchor head (such as 
corrosion, rust traces, efflorescence, or pre-cast 
anchor beam and ground separation) is selected for 
the priority detection object. Nevertheless, if the 
appearance can be judged as significant damage 
(such as the strand has been pulled) would not be 
tested. The remaining anchors with normal 
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appearance are randomly sampling to understand the 
situation of the existing anchor loadings. 

In the course of the lift-off test, experimental 
quality is no doubt the key issue for the residual load 
of anchor. The test equipment consist of anchor head 
fixture, clip, pull-out rod, hydraulic jack, load cell, 
and displacement gauge (Figure 4). Among them, 
the latter three instruments for the lift-off test need 
laboratory correction before entering the test site. 
The procedure of lift-off test as follows:  

1. Select the anchor to lift-off test according to 
the provisions of the maintenance manual or 
the contract. 

2. Open the galvanized protective cover to 
remove corrosion and grease, and as 
appropriate, to trim the excess strand. 

3. To clamp and clip fixed anchor head, and fitted 
with support rod and Jack chair. 

4. Installation of test equipment, hydraulic jack, 
load cell and displacement gauge, etc. Pull out 
strand and measure the initial anchor head 
displacement as a reference value. 

5. According to pull out procedures to start the 
lift-off test and increase load with the sitting 
time for recording test data. 

 
The lift-off test is based on the above five steps. 

During the test process, one needs to consider the 
different in-situ problems as well as ground anchor 
has been completed for some time, the function may 
have some degree of loss, in order to avoid the test 
load caused excessive anchor damage and to keep 
construction safety concerns. Therefore, the 
maximum load is set to 1.25 times the design load 
(Tw) or the anchor head displacement of 20mm in 
order to avoid excessive displacement. 

If the test result shows that the residual load of 
the anchor is smaller than the design load, i.e., when 
the anchor head and the bearing plate has been 
separated before Tw, it will be the case to insert 
some different thickness of the steel sheets between 
the anchor head and bearing plate to effectively 
increase the anchor force to enhance the anchor 
function. The test procedure will then be 
decompressed in 5 steps to the residual load (Tr), 
and the final step is applied load again to the locked 
load.  

During the process of executing the anchor lift-
off test, the load of the internal strand of the anchor 
is very large and there is a risk of operation. 
Therefore, it is necessary to pay attention to the 
procedure of pull out load and the process of pull out 
load sitting time. The maximum increasing tensile 
force per minute of the test is not greater than 0.1 
times the residual load prior to the test tension (T) 
exceeding the residual load (Tr). After the strand 
tensile force exceeds the residual load (Tr), the idea 
is taking to 5 steps to reach the maximum test strand, 
and the maintenance time of each step is at least 1 

minute. When reaching maximum test load (T), in 
principle, the test load is supposed to maintain 1 to 
15 minutes, if necessary, depending on the status of 
the situation to extend the sitting time, and record 
the creep displacement as well. 

 
THE GRADING STANDARDS AND TEST 
RESULTS OF ANCHOR LIFT-OFF 

 
Anchor inspection is an important part of 

preservation and maintenance and also responds the 
concept of slope life cycle. Thus establishing a series 
of basic information about the anchor facilities 
associated with the slope is essential. However, 
before the start of the in-situ test procedure, the 
slope location, geological condition, slope protection 
structure and drainage facilities are needed to carry 
out for the investigation records. The main anchor 
information, including design load, panel type, 
ground anchor length, strand, etc. That is to say, the 
slope conditions and the anchor initial design must 
be thoroughly understood in the beginning. 

The lift-off tests are carried out according to the 
provisions of the maintenance selection principle by 
the freeway bureau. The total number of anchors for 
the lift-off test was 1,323 distributed in five levels, D 
(▓ normal), C (▓ acceptable), B (▓ poor), A (▓ very 

poor), and X (▓ damage). 
The residual load grading standards is illustrated 

in Figure 6. If the residual load is between 0.8 ~ 1.2 
design load (0.8 Tw <Tr <1.2 Tw), then rated as D 
(▓ normal). If the residual load is between 0.5 and 
0.8, the design load (0.5 Tw <Tr <0.8 Tw) is rated as 
C (▓ acceptable). If the residual load is between 0.2 
~ 0.5 design load (0.2 Tw <Tr <0.5 Tw), then rated 
as B (▓ poor). If the residual load is greater than 1.2 
design load or less than 0.2 design load (Tr> 1.2 Tw 
or Tr <0.2 Tw), then rated as A (▓ very poor). If 
during pull off process of the anchor test, the strand 
is broken or damaged, then rated as X level (▓ 
damage). 
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Fig.6 The lift-off test grading standards 

 
The lift-off test results for anchor on the freeway 

slope are comprehensively assessed in this study. 
After a detailed statistical data analyzed, it can be 
found that a total of 1,323 anchors are ranked into 5 
levels. There are 559 anchors rated as D (▓ normal), 
accounting as 42.25%; there are 327 anchors rated as 
C (▓ acceptable), accounting as 24.72%; there are 

161 anchors rated as B (▓ poor), accounting as 

12.17%; there are 146 anchors rated as A (▓ very 
poor), accounting as 11.04%; finally, there are 130 
anchors rated as X (▓  damage or function loss), 
accounting to the overall as 9.83%. The results can 
be presented into the pie chart to show the 
proportion of anchor detection project grading 
situation. 

The total number of anchors of the national 
freeway is 26,802 in our database, while the total 
number of anchors for lift-off test was 1,323. The 
residual load in the 1,323 anchor data is divided by 
the original anchor design load, and the percentage 
of residual load can be obtained and the percentage 
of residual load can be clearly seen at the present 
stage as a pie chart (Figure 7). From the pie chart, it 
can be learned that the residual load of the anchors is 
about 67% maintained the values of 51~120% of the 
anchor design load. The residual load of the anchors 
is about 12% fell to values of 21~50% of the design 
load. The residual load of the anchor is about 11% of 
the total number of anchors larger than the design 
load of 120% or less than 20%. While about 10% of 
the anchors are evaluated as damage. This finding 
indicates that the current anchorage does not 
seriously affect the safety of the slope, but also 
shows that the more attention must be paid for 
national freeway anchored slopes. 

 

 
Fig.7 Pie chart for grading of anchor lift-off test 

 
 
CONCLUSION 

 
The construction of the freeway has been almost 

completed in Taiwan, and many roads have entered 
the maintenance stage. At present, the number of 
existing anchors is 26,802 in total, while the number 
of new anchors is slowing down year by year. 
Recently, a total number of 1,323 anchors were 
conducted the lift-off test. It is found that 559 anchor 
scores were rated D (▓ normal), accounting for 
42.25% of the total; 327 anchor scores were rated as 
grade C (▓ acceptable), accounting for the overall 
24.72%. The percentage number of anchors in the D 
level and C level (within the design loads of 51% to 
120%) is about 67% of the number of tested anchors. 
This shows that the current anchor performance does 
not seriously affect the safety of the slope but extra 
attention is recommended. 
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ABSTRACT 

 
Liquefaction occurred in filled grounds and embankments in the 2011 Tohoku-Pacific Ocean Earthquake and in 

the 2016 Kumamoto earthquake. In New Zealand, medium and small type structures on spread foundations were 
damaged by uneven settlement and lateral spreading induced by liquefaction in the 2010-2011 Canterbury 
earthquake sequence. Many studies have been done in the past to elucidate such liquefaction phenomena. Among 
them, it is necessary to consider the interaction between structures and ground system for liquefaction damage in 
small and medium type buildings. However, there are many unknown points in the dynamic interaction of the 
liquefiable ground and structures. In this study, geotechnical centrifuge shaking table tests were carried out to 
investigate the liquefaction behavior which changed depending on the weight of structures and the distance 
between neighboring structures. For the cases examined in this study, adjacent structures tended to tilt with respect 
to each other during liquefaction. In addition, it was confirmed that the inclination of the structures during shaking 
was different from that after shaking as the distance between the structures changed. 
 
Keywords: Liquefaction, geotechnical centrifuge shaking table test, soil foundation structure interaction, spread 

foundation 
 
INTRODUCTION 

 
Japan is a nation of earthquakes where many 

liquefaction-induced damages have occurred on 
ground and structures every several years. 
Devastating liquefaction occurred in filled grounds 
and embankments in the 2011 Tohoku-Pacific Ocean 
Earthquake. In recent years, wooden small houses 
were damaged by soil liquefaction in the 2016 
Kumamoto earthquake. In New Zealand, small and 
medium size buildings on spread foundations were 
damaged by uneven settlement and lateral spreading 
induced by liquefaction in the 2010-2011 Canterbury 
earthquake sequence. Methods to predict such 
liquefaction damage include simplified methods, 
such as the FL method shown in the Architectural 
Basic Design Guidance [1]. However, the assessment 
method makes judgment on the liquefaction potential 
of the ground itself. According to the review of the 
literature conducted on the topic regarding liquefiable 
soil and structure interaction, liquefaction is less 
likely to occur in the ground directly under heavy 
structures [2] and the behavior after liquefaction 
differs depending on the distance between structures 
[3]. Several liquefaction countermeasure methods 
have been actually suggested. For example, Shibata 
et al. [4] carried out a large-scale shaking table test to 
verify the effectiveness of a countermeasure which 
utilizes both the shear deformation suppression effect 
and the confining pressure increment effect. It is 

necessary to examine dynamic interaction between 
structures and the liquefiable ground since there are 
still many unexplained issues.  
In this study, four cases of geotechnical centrifuge 

shaking table tests were carried out. One was a free 
field case and the second has two separated structures 
with different weights set on top of the soil. The third 
and the fourth cases involved two adjacent structures 
with the same and different weights installed. Each 
behavior was investigated and the mechanism of 
liquefaction-induced settlement was verified 
throughout the tests. 
 

GEOTECHNICAL CENTRIFUGE MODEL 
TESTS   

 
Studying the phenomenon of soil liquefaction is 

difficult due to the fact that earthquake occurs 
relatively infrequently and this makes it more difficult 
to predict the damage that may be caused by the 
liquefaction with high accuracy. As an alternative to 
actual earthquakes, dynamic centrifuge modelling 
can be used to study the effects of shaking on soil and, 
in particular, the failure mechanism involving 
liquefaction. In this study, a geotechnical centrifuge 
facility was used to investigate the mechanism of 
liquefiable soil and structures interactions. All the 
tests were conducted on the JNIOSH Mark II 
Centrifuge [5] owned by National Institute of 
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Occupational Safety and Health, Japan (JNIOSH). 
Unlike other centrifuges, its arms (forms) are 
asymmetric, which is one of its special features. One 
side of the arm is provided with a bridge plate where 
a swinging platform is fixed to its inner end plate with 
the help of a pair of hydraulic suspension jacks when 
the platform is lifted up (dynamic platform). In order 
to balance this portion (weight of the end plate) of the 
dynamic side arm while swinging, two counter 
weights are overhung on the two sides of opposite 
arm which is used for non-shaking or static tests 
(static platform). A model ground was made on a 
scale of 1/50 and geotechnical centrifuge shaking 
table tests were carried out under 50G. The results of 
the experiments were based on the scaling factor 
shown in Table 1, which theoretically represents the 
relation between a prototype and a model [6]. 
 
EXPERIMENTAL SETUP 
 
In the experiments, liquefaction behavior was 

examined under four conditions; the ground without 
any structures (Case 1), two separated structures with 
different weights (Case 2), two adjacent structures 
with the same weight (Case 3) and two adjacent 
structures with different weights (Case 4). Fig. 1 
shows a layout of Case 2 where structures and sensors 
were set in the model ground and Table 2 shows the 
experiment conditions, including the distance 
between structures and the values converted to 
prototype scale. A and B in the positional relationship 
of the structures shown in Table 2 indicate the 
locations of A and B shown in Fig.1. A laminar box 
was used for the model container to reduce refraction 
waves from side walls as a boundary condition and to 
reproduce the phenomenon of liquefaction in an 
infinite ground. The soil used for the model ground 
was air-dried Toyoura sand. The main properties of 
this sand are presented in Table 3. 

Table 2.  Experiment condition including distance between structures 

 

Dr [%] 
Sr 

Bearing pressure Positioning structure 

Loose sand Dense sand 
Model scale (kPa)  

[Prototype scale (kPa)] A B 

[%] X Y Model type (cm)/ [ Proto type (m)] 
case1 34.0 91.0 95.0 － － － － 
case2 40.0 73.0 93.0 1.40 [70.0] 2.30 [115] 8.00 [4.00] 12.0 [6.00] 
case3 34.0 86.0 94.0 1.40 [70.0] 1.40 [70.0] 12.5 [6.25] 3.00 [1.50] 
case4 34.0 86.0 97.0 1.40 [70.0] 2.30 [115] 12.5 [6.25] 3.00 [1.50] 

 
Fig. 1 Outline figure of model ground 

 
Table 3. Property of Toyoura sand 

Property Value 

Particle density [g/cm3] 2.638 
Minimum density [g/cm3] 1.343 
Maximum density [g/cm3] 1.601 

Maximum particle size [mm] 0.425 

D50 [mm] 0.106 

 

 

 

 
Fig. 2 Input waveform 

Table 1. Scaling factor 
Parameter Model type Proto type 

Length 
Acceleration 

Times (dynamic) 
Times (consolidation) 

1/N 
N 

1/N 
1/N2 

1 
1 
1 
1 
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The sand was poured from a certain height for 
consistent production of uniform deposit with an 
average dry unit weight of 14.04 kN/m3 and 15.47 
kN/m3, and corresponding average relative densities 
of 70% and 40%. Initially, a bottom layer was spread 
consisting of gravel 30mm thick, then the second 
layer was dense layer (DrD = 65% - 75%) 50mm thick, 
and the third layer was loose layer (DrL = 30% - 40%) 
170mm thick. These layers correspond to prototype 
layer thicknesses of 1.5m, 2.5m and 8.5m, 
respectively. Sensors were installed directly under the 
structures and at the center of the model ground. Nine 
accelerometers, nine pore water pressure sensors and 
two earth pressure sensors in total were installed 
within the loose layer and three pore water pressure 
sensors were placed within the dense layer. The 
setting number and the height from the surface to each 
sensor are shown in Table 4. Here, the depths from 
the ground surface in prototype scale are: -1.0m, -
3.5m, -7.0m, and -9.75m, respectively. In addition, 
displacement sensors were installed in the upper part 
of the model ground to measure the settlement of the 
surface ground by liquefaction. Five vertical linear 

displacement transducers (LVDT’s) were set at both 
edges of the footings and at the middle of the model 
in Case 2 to Case 4. After setting the sensors, the 
model ground was saturated by slow-fast penetration 
with de-aerated silicone oil whose viscosity was 50 
times that of water. After completing saturation, the 
model container was set on the shaking table on the 
centrifuge platform. All instrumentations were set 
and centrifugal acceleration was applied up to 50G, 
allowing self-weight consolidation of the soil. 
Shaking table tests were carried out in which the 
dissipation of excessive pore water pressure was 
confirmed in a 50G centrifugal field before triggering 
the input waves. The applied vibration of the shaking 
table is a harmonic sine wave with 50 Hz frequency 
in model scale. The maximum amplitudes in model 
scale were 115m/s2 for D1, 175m/s2 for D2 and 
255m/s2 for D3, corresponding to 2.2m/s2, 3.2m/s2 
and 5.0m/s2, respectively, in prototype scale. 
Hereafter, all the results of the centrifuge tests are 
presented in terms of prototype scale. 
 
 

Table 4. Number and location of sensors 
Height from the ground surface 

Accelerometer Pore water pressure
 sensor 

Earth pressure 
 sensor Layer Model type Proto type 

 Loose layer 

-2.00cm -1.00m 3  3  2  

-7.00cm -3.50m 3  3  － 

-14.0cm -7.00m 3  3  － 

Dense layer -19.5cm -9.75m － 3  － 
 

Fig. 3 Time history of input acceleration D1 in case1 to case4 
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EXPERIMENTAL RESULTS AND 
DISCUSSION 
 
Response of ground motion during liquefaction 
 
Fig. 3 shows the time histories of input acceleration 

D1 in Case 1 to Case 4 measured at G.L -1.00m, G.L. 
-3.50m, and G.L. -7.00m, respectively. Although 
several acceleration sensors malfunctioned at some 
places, all the other sensors in the depth direction 
worked normally in CH7, CH10 and CH13 located at 
the left side of the laminar box, as described in Fig. 3. 
It can be confirmed that while the input waves were 
constant, the accelerations decreased after t=20 
seconds in almost all cases. It is assumed that the 
shear waves became difficult to be transmitted due to 
the occurrence of liquefaction. The recorded 
acceleration histories sometimes display a few 
acceleration spikes around the onset of liquefaction. 

Then the amplitude largely decreased from the t=20 
seconds in Case 1. 
Fig. 4 shows the time histories of the excess pore 

water pressure when acceleration D1 was the input. 
As for the cases where the structures were installed, 
when calculating the excess pore water pressure 
ratios, the effective stresses were adjusted based on 
the Boussinesq theory [7]. The excess pore water 
pressure ratio in Case 1 quickly reached and then 
slightly exceeded the value of 1.0 during strong 
shaking. In addition, it is confirmed that the 
increment of the excess pore water pressure ratio 
became small at the time when the acceleration 
decreased, as depicted in Fig. 3. When comparing the 
three layers in detail: loose layers with Dr = 30% to 
40% at GL-3.50 m, GL-7.00 m, and at dense layer 
with Dr = 65% to 75% at GL-9.75 m, it appears that 
the excess pore water pressure ratios at GL-3.50 m in 
Case 2 to Case 4 in which the structures were installed 
were much smaller than that in Case 1. At GL-7.00 m 
and GL-9.75 m, on the other hand, those in Case 2 to 
Case 4 showed similar trends to that in Case 1. It is 
likely that the confining pressure increment effect due 
to the structure's weight have effect in counteracting 
liquefaction occurrence. Moreover, as the depth 
becomes deeper, the more the excess pore water 
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Fig. 4 Time histories of excess pore water pressure  
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pressures tended to decrease. Especially those in Case 
2 to Case 4 were the lowest at GL-3.5 m due to the 
structures’ weight. 
 
 

Structural tilt 
 
 Fig. 5 shows the time histories of structural tilt in 

Cases 2 to 4 when acceleration D1 was the input. It is 
defined that the tilt to the left is positive and tilt to the 

 
(1) Case 1, after shaking  

(2) Case 2, after shaking 

 
(3) Case 3, after shaking 

 
(4) Case4, after shaking 

 
Fig. 6 Photographs of ground settlement and structure after experiment 
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right is negative. In Case 4, measurement of the right 
structure with heavier weight was not able to be 
conducted because of defect of the displacement 
sensor (CH41). In Case 2 where two structures were 
set separately, it can be seen that the structures were 
rocked from t=16 to 35 seconds during shaking. Since 
structural tilt was seen after shaking, it is considered 
that strength loss within the loose soil layer led to 
partial bearing capacity failure due to liquefaction 
occurrence. On the other hand, in Case 3 where two 
adjacent structures were installed, it can be seen that 
the structures tilted at the same time as shaking. Also, 
for Case 4 where two structures with different 
weights were set adjacent to each other, the structures 
tilted during shaking in the same way as in Case 3. 
From these results, it was found that the separated 
structures tilt after shaking and adjacent structures tilt 
during shaking regardless of the structures’ weight. 
 
Settlements 
 
Fig. 6 shows the photos of the amount of ground 

settlement and subsidence of the structures in Case 1 
to Case 4 after each shaking event was completed. It 
is understood that the structures subsided in all cases, 
i.e. from Case 2 to Case 4. Fig. 7 shows the settlement 
trend of the ground surface and structures in Case 1 
to Case 4.  In Case 1 and Case 4, one of plots were 
excluded because of malfunctioning of the 
displacement sensor (CH41). First, when looking at 
the diagram for Case 1, the amount of vertical 
displacement on one side was large, which may be 
due to the influence of the non-uniformity of the 
model ground and the direction of excitation. In 
addition, a difference was not observed in the amount 
of settlement despite the increase in input amplitude 
D1, D2, and D3. It is likely that this was due to post-
liquefaction reconsolidation volumetric strains. 
Comparing the settlement for D1 of Case 2 and Case 
4, the settlement of the adjacent structures in Case 4 
was larger than that of the separated structures in Case 
2. In Case 3 and Case 4, the weights of the structures 
were different, however, there was no difference in 
the settlement after D1 event. When D2 and D3 was 
applied thereafter, the proportion of vertical 
displacement was large in Case 4. Comparing case 1 
and case 2, the amount of settlement of case 1 on 
which the structure is not placed was large. The 
confining pressure increment effect due to structure's 
weight have effect in counteracting liquefaction 
occurrence, as shown in Figure 3 and 4. In other 
words, these results suggest that settlement reduces 
for large values of bearing pressure. 
From these observations, it was confirmed that the 

inclination of the structures and the amount of vertical 
displacement of the ground changed after shaking as 
a result of changing the weights of the adjacent 
structures. 
 

CONCLUSIONS 
 
A series of geotechnical centrifuge shaking table 

tests was carried out to investigate the liquefaction 
behavior which changes depending on the weight of 
the structure and the distance between neighboring 
structures. The main observations which were 
clarified by the centrifuge experiment are as follows: 
(1) The increment of confining pressure due to the 

weight of structures was effective in preventing 
the occurrence of liquefaction. 

(2) Adjacent structures tended to tilt with respect to 
each other during liquefaction. 

(3) It was confirmed that the inclination of the 
structures during shaking was different from that 
after shaking as the distance between the 
structures changed. 
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ABSTRACT 

The relations of ultimate bearing capacity for foundations are specified in the guideline published by the 

Architectural Institute of Japan for design of building foundations. The rigid-plastic finite element method 

developed by Tamura and Ohtsuka has been employed to estimate the ultimate bearing capacity of footings. The 

characteristic of this method is that, in contrast to deformation analysis, it applies limited soil constants; only the 

strength parameters, such as cohesion and friction angle, are used since the method deals with the limit state 

directly by disregarding the deformation of the building and ground. In this study, a series of rigid plastic finite 

element analyses were performed to compare the ultimate bearing capacities of spread foundation for clayey 

squeeze breakdown obtained by simulations and the formulae of the Architectural Institute of Japan. The change 

in the failure mode of the ground was discussed considering the geometrical ratio between the width of the 

footing and the surface layer. In addition, inclined load was considered for clayey squeeze breakdown. The 

applicability of rigid plastic FEM to the assessment of ultimate bearing capacity of clayey squeeze breakdown 

was demonstrated.  

Keywords:  Clayey squeeze breakdown, Ultimate bearing capacity, Rigid plastic FEM, Inclined load 

INTRODUCTION 

The calculation of the ultimate bearing capacity 

of soil (Terzaghi et al., 1967) is important when 

designing a building. The ultimate bearing capacity 

formulae for building foundations are specified in 

the guideline published by the Architectural Institute 

of Japan (AIJ). These formulae were proposed based 

on experiments and theoretical considerations 

avoiding risk. However, the inclined bearing 

capacity was not adequately investigated. In this 

research, the bearing capacity of spread foundation 

with a thin clay layer was analyzed using numerical 

simulations. First, the clayey squeeze breakdown 

was simulated (Kaneda et al., 2013), and 

subsequently, the associated inclined bearing 

capacity was discussed. The rigid-plastic finite 

element method (FEM), developed by Tamura and 

Ohtsuka (T. Tamura et al., 1984 and A. Asaoka and 

S. Ohtsuka, 1986), was employed to estimate the 

ultimate bearing capacity of footing. The Drucker–

Prager yield function was adopted as the soil 

constitutive equation and the associate and non-

associate flow rules were introduced to establish the 

configuration relationship of the ultimate state. 

Using this method, the structural safety assessment 

or calculation of soil bearing capacity was evaluated. 

The characteristic of this method is that, in contrast 

with deformation analysis, it applies limited soil 

constants; it only uses the strength parameters, such 

as cohesion and friction angle, because it deals with 

the limit state directly by disregarding the 

deformation of the building and ground. Since 

RPFEM uses the upper bound theorem of plastic 

theory, it becomes slightly larger than the true value. 

SIMULATION OF CLAYEY SQUEEZE 

BREAKDOWN WITHOUT INITIAL LOAD 

What is clayey squeeze breakdown? 

Consider a soft clay upper rigid foundation of 

height H, as shown in figure 1 (H. Yamaguchi, 

1990). When the foundation width B becomes larger 

than the layer height H, the failure mode shifts from 

the general failure mode, specified by Terzaghi 

(Terzaghi et al., 1967), to that of the squeeze 

breakdown, wherein the upper clay layer is pushed 

out to both sides in plastic state. The bearing 

capacity of squeeze breakdown can be expressed as 

the following equation (Meyerhof et al., 1953). 

H

Bc
cq u

uf
2

14.4   (1) 

where qf, cu, B, and H are the ultimate bearing 

capacity of squeeze breakdown (kN/m
2
), undrained 

strength (kN/m
2
), foundation width (m), and clay 

layer height (m), respectively. 

When the relationship between B and H is 

2/ HB                                                                 (2) 

squeeze breakdown occurs. 
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In addition, with regard to the general failure mode, 

AIJ proposed the following equation for ultimate 

bearing capacity. 

 qfqcucu NDiNBiNciq  21  

  (3) 

where qu is the ultimate bearing capacity (kN/m
2
),

Nc, Nγ, Nq are the coefficients of bearing capacity, 

γ1 is the unit weight of soils (kN/m
3
), andγ2 is the

unit weight of the penetration area (kN/m
3
). α,β 

are the shape coefficients, ηis the correction factor 

for the foundation size, ix, iγ, iq are the correction 

factors of inclined load, and Df is the penetration 

length (m). 

Fig. 1 Outline of squeeze breakdown. 

Analysis conditions 

In this work, the formulation of the rigid-plastic 

FEM was omitted; more information can be found in 

the references (Tamura et.al.,1984, Asaoka and 

Otsuka, 1986). Figure 2 shows the numerical mesh, 

which is 150 m wide and 10 m high in the plane 

condition. The foundation widths were set as 10, 14, 

16, 30, 40, and 50 m. Assuming a rigid foundation, 

the strength of foundation was set as cu = 1000000 

kN/m
2
. The soil layer was assumed to be 

homogeneous type c material. The inclined load 

(horizontal load/vertical load (F/V)) was set as 0.1, 

0.2, 0.3, 0.4, and 0.5.  

Analysis results 

Vertical bearing capacity 

Table 1 shows the results of the simulation using 

equation (1). Using equation (2), squeeze breakdown 

was applied to the 14 m-wide foundation (B/H=1.4). 

Figure 3 shows the relationship between Nc and B/H. 

Nc is the value of the result divided by cu = 10 

kN/m
2
. From the simulation results, it can be 

observed that when the foundation width ratio (B/H) 

is large, Nc is also large for the squeeze breakdown. 

Figure 4 shows the pattern of the failure mode 

according the foundation width ratio as per 

Yamaguchi (Yamaguchi, 1982).  The tearing failure 

was accompanied by tensile cracks. It is important to 

clarify the mechanism of tearing; however, it is 

difficult to evaluate the extension strength using the 

Drucker–Prager yield function and would thus be 

future work. In this simulation, it is necessary to 

consider the extension strength. Without it, the 

squeeze breakdown was simulated well using the 

rigid-plastic FEM. Figure 5 shows the contours of 

the shear strain at the point of failure. The general 

failure mode occurred at the foundation width of 10 

m (B/H=1.0), the failure surface touched the bottom 

for the foundation width of 16 m (B/H=1.6), the 

cross-shaped shear surface occurred at 30 m 

foundation width (B/H=3.0). For the 40 m-

foundation width (B/H=4.0), the cross-shaped shear 

surface cannot be seen; squeeze breakdown occurred 

at both sides of the lower end of the foundation. The 

calculation of the bearing capacity of squeeze 

breakdown was performed by assuming that the clay 

under the foundation was pushed to both sides due to 

the application of the upper load. Somewhat 

complicated destruction forms can be seen in figures 

5(e) and (f) that show the occurrence of the fan 

shape failure mode and rigid passive mode at 45°. 

Although the simulation could not correctly provide 

the failure mode shown in figure 4, the other bearing 

capacity values and failure modes obtained with this 

theory were mostly correct.  

Table 1 Comparison of numerical result and 

theoretical value 

Fig. 3 Relationship between Nc and B/H. 
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Fig. 4 Pattern of failure mode according to the 

foundation width ratio. 

(a) B =10.0m 

(b) B =14.0m 

(c) B =16.0m 

(d) B =30.0m 

(e) B =40.0m 

(f) B =50.0m 

(g) B =60.0m 

Fig. 5 Contours of shear strain at the failure. 

Fig. 6 Relationship between Nc and B/H 

(Analysis). 
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(b) B =14.0m 

(c) B =16.0m 

(d) B =30.0m 

(e) B =40.0m 

(f) B =50.0m 

(g) B =60.0m 

Fig. 7 Shear strain contour at F/V=0.1 
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Fig. 8 Shear strain contour at F/V=0.3 
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Inclined bearing capacity 

Simulations were performed for both the vertical 

and horizontal load. Figure 6 shows the numerical 

results of the relationship between Nc and F/V using 

AIJ equations; the legend shows the B/H. In the case 

of F/V=0, Nc increases as B/H increases. However, 

in the case of F/V=0.2, the value of each B/H are 

almost the same. In the case of a larger F/V, a large 

value of B/H corresponds to a small supporting force. 

In the AIJ equation (3), the general failure mode was 

adopted considering the inclined load as the 

following; however, the inclined load of the squeeze 

breakdown was not described. 

 2
90/1 ci     (4) 

where θis the inclination angle (°). 

For F/V˃0.2, the numerical results are nearly equal 

to those obtained by equation (4). It is therefore 

indicated that the general failure mode occurred 

instead of squeeze breakdown.  Figures 7 and 8 

show the contours of shear strain at the failure point 

for each foundation width. At large F/V, a large 

value of B/H is not obtained at the squeeze 

breakdown because the failure area becomes shallow. 

However, when both B/H and F/V are large, the 

failure slip is restricted to the bottom. Therefore, it 

was considered that the opposite condition occurred, 

which entails that the bearing capacity associated 

with a large B/H is smaller than that with small B/H. 

In earthquake architectural design, the value of 

F/V˃0.2. When detailed bearing capacity analysis is 

not performed for the case of a large B/H, it is 

considered better to use the bearing capacity value 

of the general failure mode obtained by equation (3) 

for safety. 

SIMULATION OF CLAYEY SQUEEZE 

BREAKDOWN WITH INITIAL LOAD 

Analysis conditions 

In order to consider the load during an earthquake, 

the initial vertical load V0, horizontal load H0, and 

moment M0 were introduced as shown in figure 9. 

Both in-phase and anti-phase moments against the 

earthquake direction were considered. The ultimate 

vertical bearing capacity was calculated using rigid-

plastic FEM under the initial load conditions listed 

in table 2. The unit weight of the building (3.3 

stories, 10 kN/m
2 

per floor) was assumed as γ=3 

kN/m
3
. Three cases with different spread widths (10 

m, 30 m, 60 m) and two cases with different heights 

(1, 1.5 times high were considered. The horizontal 

force and moment were assumed to be applied at the 

midpoint of building height. The inclined load was 

applied to the foundation as the distribution load 

divided into horizontal and vertical components. 

“Kh” refers to the horizontal seismic intensity. 

Figure 9 Initial load conditions for rigid-plastic FEM 

Table 2 Analysis conditions 

Numerical results 

Figure 10 shows the results of the simulation. As 

with the inclination load consideration, the value of 

Nc decreased as F/V increased. The values obtained 

by numerical analysis were larger than those by AIJ. 

Figure 11 shows the contours of the shear strain at 

failure at B=10 m, Kh=0.2, H=1B and B=60 m, 

Kh=0.2, H=0.15B. For the first condition, each Nc 

was almost the same. Similar to the shear strain 

distribution, there are differences in the occurrence 

of shear faces on the left and right, but general 

failure mode occurs. In contrast, for the second 

condition, the value of anti-phase is larger than that 

for in phase. It is considered that the anti-phase 

mode is closer to the squeezing breakdown along 

only the vertical direction. In fact, when assuming a 

large earthquake, the assumed horizontal force and 

moment do not change, and the margin of the 

vertical support force is important. Because the 

value obtained by the analysis is larger than the 

value of AIJ including the examination of the 

previous inclined load, it can be said that the design 

specification of the AIJ entails lesser risk. 
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B=30 m , H=0.3B 

B=30 m, H=0.5B 

B=60 m, H=0.15B 

B=60 m, H=0.25B 

Figure 10 Relationship between Nc and F/H for in 

and anti-phase 

In-phase 

Anti-phase 

B=10m, Kh=0.2, H=1B 
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B=60, Kh=0.2, H=0.15B 

Figure 11 Contours of shear strain at the failure 

CONCLUSION 

The vertical failure mode changes from the 

general failure mode to squeezing breakdown with 

increasing B/H. At B/H=3, the cross-shaped failure 

mode occurred at the ground under foundation. 

Shearing blocks occurred at both ends of the 

foundation. For B/H˃4, the cross-shaped failure 

mode cannot be seen and shear failure occurred from 

both sides of the foundation. 

In the failure mode with inclined load, at small 

F/V, the failure mode differed depending on the B/H. 

For B/V˃0.2, the failure mode remained the same 

regardless of B/H. From the results of numerical 

analysis, it is considered that it is necessary to 

consider the corrective inclined coefficient for the 

general failure mode. 

In the vertical failure mode with initial load, 

considering an earthquake, the Nc values were larger 

than those obtained by the AIJ equation. This further 
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implies that it is necessary to consider the corrective 

inclined coefficient for the general failure mode. 
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ABSTRACT 

Defining correlation among the soil parameters and strength properties has become a popular research topic 

among the soil mechanics researchers in recent years. As conducting laboratory test are quite tiresome and time 

consuming, investigating correlation among the soil parameters using collected data will help to understand the 

characteristics of soil effortlessly. This research aims at stating a correlation analysis between the strength 

parameters and index properties of the soils of Karnaphuli river tunnel project site . Around 120 borings were done 

to determine both the index and strength properties of the soil in the laboratories. Along with the correlation, 

multiple linear regression analysis was developed for the cohesion and liquid limit along with the collected 

explanatory variables. This equation supports to adopt different characteristics of the soils of Karnaphuli River, 

and additionally a statistical significance of correlation among different soil parameters have also been unfolded. 

Finally the equation is compared with some of commonly used classical soil mechanics equation to determine the 

acceptability of this correlation.  

Keywords: Index Properties, Strength Parameters, Regression Analysis, Correlation. 

INTRODUCTION 

Determining strength parameters and index 

properties of a soil sample is a time consuming 

process. By knowing the strength parameters (e.g 

shear strength) will help to determine soil 

characteristics and to be useful for designing future 

underground structures. Researchers have tried long 

for stating correlation between strength parameters 

and index properties of soil. Smith et al. [1] 

established a correlation among the index properties 

and other parameters of soil in Israel. Correlation 

analysis for rock and other marine soils have been 

established many time by the researchers. But in the 

developing countries like Bangladesh where soils are 

characterized as soft soil in a bulk, there are little 

attempts have been made on correlation analysis. As 

fas as Authors’ knowledge none of the studies have 

conducted correlation analysis among different 

parameters of soil in context of Bangladesh.  

This study aims at establishing a correlation between 

the strength parameters and other index properties of 

the  soft soil of Karnaphuli River tunnel project. 

Around one hundrerd and twenty (120) bore hole 

samples have been collected for testing and 

determining various strength and index properties of 

the soil. Considering depth and other geotechnical 

properties of soil, first a multivariate statistical 

analysis i.e. Multiple linear regression is established 

which comprises the statistical significant variables 

and then a correlation analysis is established among 

the soil parameters with proper statistical techniques. 

STUDY AREA 

The soil samples studied for this project have been 

collected from the Karnaphuli River tunnel Project 

Site of Chittagong, the first ever underwater tunnel 

project going to be constructed in Bangladesh. This 

Multi-lane Road Tunnel project site is located at the 

sea entrance of River Karnaphuli of Chittagong 

suburb, and its west coast starting point is connected 

with Coastal Road.  

Fig. 1    Location of the Karnaphuli River Tunnel 

Project  Site [2] 

Soil samples have been collected from various 

parts of this project site. The depth of common 

boreholes is 20 m under the tunnel design bottom 

surface, while for controlling boreholes, they should 

be 40 m under the design bottom surface or 5 m into 

the complete bedrock at least. The number of 
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controlling boreholes account for 2/5 of the total 

number of boreholes.[2] 

METHODOLOGY 

Multiple Linear Regression (MLR) has been used to 

establish a multivariate equation with statistical 

significant explanatory variables. MLR has been 

preferred by many other researchers for establishing 

suitable relationships among various parameters of 

both rocks and soils. [3] 

Multiple Linear Regression 

The most widely used regression model to analyze a 

dependent variable on the basis of change in more 

than one independent variables is the Multiple linear 

regression (MLR) model which is given by 

𝑦 = 𝑿𝜷 + ɛ        (1) 

in Eq. (1) ,where, ‘y’ is the dependent or response 

variable, ‘X’ is the vector of explanatory variables; 

′𝜷′ is a vector of parameters to be estimated and ′ɛ′ is 

an error term.  In this research, an effort has been 

made to create a relationship among different 

geotechnical parameters with cohesion and liquid 

limit. Around 15 variables are selected to formulate 

this model. In statistics it is very common to conduct 

hypothesis test to find the statistical significant 

variables and put it into the model. For this reason, t-

test was applied with 5% significance level which 

means, if the p-value of any variable is less than 0.05, 

than the null hypothesis will be rejected [4] 

Table 1 Summary of the Multiple linear 

regression (Only statistical significant variables are 

included) 

Variables Liquid Limit Cohesion 

Stress 0.0091 (<0.001) 0.61 (<0.001) 

- Void ratio 120.55 (<0.001) 

*N 102.16 (0.03) 97.37 (0.02) 

Dry density 102.16 (0.03) - 

Liquid limit - -16.19 (0.017) 

Total 

Observation 
75 75 

R2 66% 65% 

Adjusted R2 64% 63% 

F-statistics 33.33 41.54 

*N = Natural mass density

(All the parameters are of 95% of confidence interval, 

in bracket p-values are given) 

Table 1 represents the summary results of the 

statistical model for two dependent variables (Liquid 

limit and Cohesion). The model is developed in  ‘R’ - 

an open source statistical software. 

To measure goodness of fit of the model, squared R 

is taken to show how close the data are to the fitted 

regression line. Squared R assumes that every 

predictor in the model explains the variation in the 

response variable. It gives the percentage of 

explained variation as if all predictors in the model 

affect the response variable, whereas the adjusted R-

squared gives the percentage of variation explained 

by only those independent variables or predictor that 

in reality affect the response variables. To measure 

the model overall significance F-statistics value 

tested and evaluated. It can assess multiple 

coefficients simultaneously. 

Correlation 

Correlation describes the degree of relationship 

between two variables. Product moment correlation 

efficient (r) can be measured to identify the 

correlation among different important geotechnical 

parameters. The equation is [4]:  

𝒓 =
𝑺𝒙𝒚

√𝑺𝒙𝒙𝑺𝒚𝒚
        (2) 

where, 

𝑺𝒙𝒚 = (∑𝒙𝒚) − 𝒏𝒙𝒂𝒗𝒈𝒚𝒂𝒗𝒈

𝑺𝒙𝒙 = (∑𝒙𝟐) − 𝒏𝒙𝒂𝒗𝒈
𝟐

𝑺𝒚𝒚 = (∑𝒚𝟐) − 𝒏𝒚𝒂𝒗𝒈
𝟐

It is also tested whether the correlation between two 

variables are statistical significant or not. So, a 

hypothesis test is introduced with 5% significance 

level following two tailed test. Table 3.2 shows the 

correlation matrix among different independent 

variables [5] 

Table 2 represents the correlation values of the 

sample data that has been used for establishing the 

correlation among the soil parameter 
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Table 2 Correlation matrix of independent variables 

ϭ W N e LL PL PI 

ϭ 1 

W -0.54* 1 

N 0.62* -0.64* 1 

e -0.61* 0.93* -0.86* 1 

LL 0.13 0.56* -0.21 .5 1 

PL 0.14 0.54* -0.20 0.49 0.99 1 

PI 0.11 0.57* -0.21 0.50 0.99 0.98 1 

(* represents statistical significant with 5% significance 

level) 

In the following Table 2, the abbreviations of the short 

terms are : 

Ϭ = Stress 

W= Water Content 

N= Natural mass density 

e= Void ratio 

LL = Liquid limit 

PL= Plastic limit 

PI =Plasticity index 

RESULTS AND DISCUSSION 

Using proper regression analysis, following two 

equations has been derived. 

Cohesion= -158.01 - 16.19(LL)+ 0.61(Ϭ)+ 97.37(N) 

 (3) 

LL= -296.82 + 0.0091(Ϭ) + 120.55 (e) + 38.33 (N) + 

102.16 (Dry density) 

 (4) 

In Eq 3 for one unit increase in LL, the cohesion will 

decrease by 16.19 unit. For one unit increase of stress, 

the cohesion will increase by 0.61 unit .For one unit 

increase in natural mass density, cohesion will 

increase by 97.37 unit. 

In Eq 4, for one unit increase in stress liquid limit will 

increase by 0.0091 unit. For one unit increase in void 

ratio the liquid limit will increase by 120.55 unit. For 

one unit increase in natural mass density, liquid limit 

will increase by 38.33 unit. and lastly for one unit 

increase in dry density, the liquid limit will increase 

by 102.16 unit. 

From table 2, we can observe that the best positive 

relationships exist between liquid limit – plastic limit, 

liquid limit-plasticity index, plastic limit-plasticity 

index and void ratio-water content for obvious 

reasons as there are theoretical relationships among 

these parameters. Marginal positive degree of 

relationship exists between natural mass density-

stress, liquid limit-water content, plastic limit-water 

content, plastic limit-water content, void ratio with 

plastic limit and liquid limit. There are exists some 

negative correlation among variables that means if 

one parameter increases in a specific unit others will 

decreases and vice-versa. There are some statistical 

insignificant variables i.e. they do belong to the null 

hypothesis, cannot be rejected. 

CONCLUSION 

The relation that has been established among the 

soil parameters is completely based on statistical 

approach which will be very much helpful for 

determining the proper characteristics of the soils of 

Karnaphuli River Tunnel project in future. 
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ABSTRACT 

In Japan called ‘Nation of volcanoes’, the majority of the land is mountain area and the volcanic activity is 

still frequent. It is feared that huge amount of eruptive deposits such as volcanic ash could be generated and 

accordingly serious damage could be caused especially when some of the active volcanos erupts. At present, one 

of the eruptive deposits, Shirasu has been already variously used as concrete aggregate or road materials. In 

order to utilize other volcanic sands, however, sufficient investigation has not yet been conducted about the 

characteristics of eruptive deposits including the base material and the influence of both formation process and 

sedimentary environment. In this research, an attempt is made to use effectively volcanic ash as a new 

construction material. If volcanic ash can be compressed and formed in a block body, it can be used in various 

ways instead of being disposed of as a waste. One-dimensional compression tests were carried out using several 

kinds of volcanic ashes and the solidification states and the e-log p curves were investigated and compared.  In 

addition, the fragment states of particles of the samples were confirmed after compression to verify the 

relationship between particle crushing and solidification.  

Keywords: Frangible Sand, Volcanic Ash, One-Dimensional Compression, Solidification 

INTRODUCTION 

In 2003, Meteorological Agency of Japan 

defined 110 mountains in Japan as active volcanos 

which have erupted within the past 10,000 years or 

showed signs of unrest such as significant new gas 

emissions. Volcanic ash which consists of fine 

particles of pulverized volcanic rocks is created as 

eruptive deposit when volcano erupts and high-

temperature rocks slide on the hillside of volcano. 

The appearance of volcanic ashes varies according 

to ways of eruption or types of volcano, where the 

color ranges from bright gray to black and the size 

ranges from almost the same as talc to a pebble. It is 

seen that thunder or lightning occurs because of 

collisions between floating small volcanic ash 

during volcano eruption. Fine volcanic ash spreads 

on the lee side with smoke and makes serious 

damage in the around areas. 

In general, volcanic ash is disposed as waste 

because it has difficulty in reuse. At present, one of 

the eruptive deposits, Shirasu has been already 

variously used as concrete aggregate or a road 

material. The major characteristics of Shirasu are 

light but fragile in water. In addition, mixed with 

reinforcing materials to make up for its fragile 

property, Shirasu has been used for lightweight hard 

blocks and roadbed. Due to its advantages such as 

durability, water retention and sound absorption, it is 

expected to replace asphalt or has potential to be 

used to reduce temperature rise of road surface [1]. 

It has been pointed out that sand particle crushing 

occasionally causes the specific behaviors of 

structure on sand such as unexpected large 

settlement of piles [2]. Such particle crush is 

continual to occur in volcanic soils even in low 

stress [3]. And also, it is revealed that interlocking 

effect caused by the particle crushing may develop 

cohesion of crushed sand although its effect 

decreases as the applied stress increases [4]. 

Therefore, if the particle crushing occurs excessively, 

it is thought that the interlocking effect may weaken. 

It means that if volcanic ashes are utilized as 

engineering materials such as Shirasu, it is necessary 

to grasp their compression and solidification 

properties.  

In this paper, in order to examine the 

characteristics of several kinds of volcanic ashes, 

one-dimensional compression tests were carried out 

to investigate the relationship between particle 

crushing and solidification. The solidification state 

of the particles and the extent of particle crushing 

were evaluated from the result of one-dimensional 

compression test. 
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Table. 1. Sample Characteristics 

SAMPLE CHARACTERISTICS 

The samples used in this study were as follows: 

Hard Kanuma Soil, Shirasu, Kanuma Soil, 

Fukushima Volcanic Soil, Pumice and Towada 

Lapilli. All samples were dried sufficiently in a 

drying kiln until their moisture content became less 

than 1%. Density soil particle tests, box shear tests 

and grain size analysis were carried out to measure 

the characteristics of each sample.The characteristics 

and the grain size distributions are shown in Table. 1 

and Fig. 1, respectively. Shirasu and Pumice mainly 

composed of silicon dioxide include numerous 

aluminum oxide and iron oxide as well. Photo. 1 and 

2 describe their state observed by an electron 

microscope. It can be confirmed that both have 

vitreous and indeterminately squared shapes. 

ONE-DIMENSIONAL COMMPRESSION TEST 

Compression molding was conducted using a 

compression tester until the pressure reached 10MPa 

in a constant strain of 1%/min. Each sample was set 

into a solidification test apparatus so that its height 

became 5mm after compression. The e-log p curves 

obtained from the tests were shown in Fig. 2. 

Solidification by compaction molding of the sample 

was confirmed in Hard Kanuma, Kanuma and 

Pumice, although the other samples were fragile 

enough to crumble with a few shocks. In this paper, 

therefore, solidification was defined as a condition 

of self-sustaining without collapsing even if it is 

lifted up by a hand. As the characteristics of the 

samples in which solidification was able to be 

confirmed, the void ratio was large at its initial and 

greatly decreased beyond its yield point, at which 

stress the maximum curvature occurs in the e–logp 

plot. Since it is reported that particle crushing begins 

at its yield point when void ratio greatly decreases, 

the appearance of this yield point seems to be related 

to solidification of particle [5]. As for the samples in 

Fig. 1. Grain size distributions 

Photo. 1. State observation by the electron 

microscope: Shirasu 

Photo. 2. State observation by the electron 

microscope: Pumice 

Sanple Name Collection Place
Soil Particle Density

(g/cm3)

Cohesion

(kPa)

Intenal Friction Angle

(°）

Hard Kanuma Tochigi 2.373 15.745 24.313

Shirasu Miyazaki 2.414 3.223 43.672

Kanuma Tochigi 2.601 19.781 21.727

Fukushima Volcanic Soil Fukushima 2.688 19.965 36.859

Pumice Kagoshima 2.489 22.289 33.465

Lapilli Akita Lake Towada 2.764 19.699 36.163

Caracteristics
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which solidification could not be confirmed, the 

initial void ratios were small and the yield points 

were unclear. 

However, since initial void ratios vary according 

to the grain size distribution and the method of 

packing, it is difficult to use the initial void ratio as 

an indicator for the degree of solidification. 

Therefore, experiments were performed to grasp the 

degree of solidification with the decrease in void 

ratio from yield point. In the experiments, using the 

pumice in which solidification could be confirmed, 

applied compression pressure was changed stepwise 

from 1 to 15 kPa and the solidification state was 

observed in each step. The curves of e-log p are 

described in Fig. 3. As seen in the cases of more 

than 5 kPa of applied pressure in Fig. 3, the void 

ratios greatly decrease beyond the yield point. On 

the other hand, in the cases of 1 and 3 kPa of 

pressure, the void ratios didn’t decrease too much 

and the samples easily crumbled. From the above, it 

is thought that the solidification of sample is attained 

by the compression with larger pressure than the 

yield stress. 

Another  ser ie s  o f  the  one -d imensio na l 

compression tests was performed using compression 

testing equipment which can provide a higher 

compression pressure than the compression tester 

used before. And as the solidification test apparatus 

used was not able to endure such high pressure, a 

compression container was used as shown in Photo. 

3. As this testing machine is not suitable for setting

constant-speed or detailed loading speeds, loading 

speed for these tests was roughly set at around 

10%/min of specimen height. The sample of 

Kanuma Soil was excluded in this high-pressure test 

because of its large compressibility. The applied 

compression pressure was changed stepwise at 20, 

40,  60, 80 and 100 MPa ,  and the state  of 

solidification were confirmed at each pressure step. 

As the result of compression tests, the solidification 

was able to be observed in the specimens of Shirasu 

at more than 40 MPa. As for Towada Lapilli, 

although the solidification point was not able to be 

confirmed since the compression pressures were not 

applied in steps, solidification was able to be 

confirmed in the sample compressed to 100 MPa. 

The tendencies of decreasing void ratio were similar 

for most of samples, which show the decrease in a 

reverse S shape curve. It is thought that the particles 

were crushed with increase in compression stress 

Fig. 2. e-log p relationships for the sample used 

Fig. 3. e-log p relationships for Pumice 

beyond the yield stress and particles had been 

interlocked with each other according as the void 

ratio decreased and solidified. 

It focusses on the three inflection points in the e-

log p curve obtained by the one-dimensional 

compression test. The pressure at which the void 

ratio in the e-log p curve begins to decrease sharply 

is named p1, the pressure at which the inclination 

becomes the maximum is defined as p2, and the 

pressure at which the decrease in the void ratio 

converges and the inclination does not change is 

called p3. For Shirasu, p1 and p2 are 1.5 MPa, 15 

MPa, respectively, and p3 cannot be determined yet, 

but assumed to be 100 MPa. For Pumice, p1, p2 and 

p3 are 0.2 MPa, 2 MPa and60 MPa, respectively. 

From these results, it is considered that solidification 

of sample was confirmed at a compression pressure 

of 60 MPa or more. It is thought that particle 

crushing was accelerated by high pressure even in 

the case of the sample in which particle crushing 

was hard to occur and fine particles engaged each 

other and caused solidification. 
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Photo. 3. Compression container 

CRUSH EVALUATION FOR SAMPLE 

In order to confirm the extent of compressed and 

crushed particles by one-dimensional compression 

tests, grain size analysis was conducted. The 

appearance of crushed particles was observed with a 

digital microscope (VHX-6000). Particles crush 

evaluation for the sample was carried out through 

these two results. The grain size accumulation 

curves of Shirasu and Pumice which were 

compressed stepwise describe in Fig. 4 and 5. The 

grain size distributions of Shirasu and Pumice which 

were compressed stepwise describe in Fig. 6 and 7. 

It is understood that the larger compression pressure 

was added, the more Shirasu particles were crushed. 

Especially, particles around 300μm were crushed 

into particles of less than 30μm. Compression of 100 

MPa produced less crushing than that of 80 MPa. It 

was also found that by the increase in compression 

pressure, pumice particles of around 100 μm were 

crushed into 20 μm or less. Here, particle-crushing 

occurred at 40 MPa the most, which is thought to be 

due to dispersion of particles. For Towada Lapilli, 

particles of 100 μm or more were crushed into 

smaller particles. The conspicuous crush of the 

particles was able to be confirmed in all samples and 

it was accordingly confirmed that high pressure 

compression was effective for crushing.  

In order to show the relationship between 

particle crushing and solidification, crushing of 

particles has been numerically evaluated and various 

indexes have been proposed according to changes of 

particle sizes before and after the crush [6]. Among 

these indexes proposed, it is said that the reduction 

ratio of 15% diameter (D15 '/ D15) obtained from 

grain size accumulation curves is effective as an 

indicator of particle fragmentation [6]. In this paper, 

therefore, the comparison of 15% diameter reduction 

rate and the evaluation of particle crushing were 

carr ied  out .  The  re lat ionship  be tween the 

compression pressure of each sample and the 

Fig. 4. Grain size accumulation curves of Shirasu 

Fig. 5. Grain size accumulation curves of Pumice 

Fig. 6. Grain size distributions of Shirasu 
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Fig. 7. Grain size distributions of Pumice 

Fig. 8. Curves of diameter ratio to compression 

pressure  

reduction rate D15 '/ D15 is shown in Fig. 8. When 

checking at the compression pressures of the sample 

in which the solidification was confirmed, D15 '/ 

D15 was in values of 0.3 to 0.4. In addition, it was 

able to be confirmed that the particle crushing was 

carried out more conspicuously as the compression 

pressure increased in all samples. 

The digital microscope used to observe the crush 

situation of particles is shown in Photo. 4. Shirasu 

and Pumice were compared and the appearances of 

Shirasu and Pumice after the compression are shown 

in Photo. 5 and 6, respectively. The particle crushing 

was seen in Shirasu; however, solidification was 

unperformed because the particles were too large to 

be interlocked to each other. On the other hand, 

since the cross section of the particles have irregular 

shapes in Pumice, it is thought that the particles 

interlocked each other to perform solidification. 

Since Photo5 and Photo6 were used for confirming 

the crush states of the samples, quantitative 

evaluation can’t be conducted. 

Photo. 4. Digital microscope 

Photo. 5. State after the compression: Shirasu 

Photo. 6. State after the compression: Pumice 

CONCLUSIONS 

It was confirmed that particle crushing greatly 

affected solidification of sand sample. Particle 

crushing began at the yield point shown in the e-log 

p curve of the sample that was able to be obtained by 

one-dimensional compression tests and particle 
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crushing was promoted as void ratios decreased. It is 

thought that particle crushing was accelerated by 

high pressure even in the case of the sample in 

which particle crushing was hard to occur and fine 

particles interlocked each other and caused 

solidification of sample. 

Grain size analysis showed that particle crushing 

was accelerated with the increase in compression 

pressure. Since the reduction rate of 15% diameter is 

effective to be an index of particle crushing, particle 

crushing is likely to be related to the factor that D15 

'/ D15 is a value of 0.3 to 0.4. 

As observed with a digital microscope, the 

phenomenon that the crushed fine particles stuck 

into large particles, and interlocked each other 

contributed to solidification of sample. Easiness of 

crushing differs depending on the materials and it 

can be said that it is easier to solidify as the material 

is more prone to be crushed into the particles. It was 

confirmed that the minerals are hard to crush and the 

material with high mineral content is hard to solidify. 
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ABSTRACT 

 
During the 2011 Great East Japan Earthquake, liquefaction occurred in reclaimed ground in wide area of east 

Japan. In some areas, liquefaction happened in the aftershock was even more serious than that happened in the 
main shock. For this reason, the liquefaction that happened long time after the earthquake, caused not only by the 
main shock but also the multiple aftershocks within a short period of time, is intensively investigated in recent 
years. In this paper, particular attention is paid to the characteristic features of the liquefaction and its consequent 
consolidation-induced settlement. Based on the observed data, a series of dynamic-static analyses, considering not 
only the earthquake loading but also static loading during the consolidation after the earthquake shocks, are 
conducted in a sequential way just the same as the scenario of the earthquake. The calculation is conducted with 
3D soil-water coupling finite element-finite difference (FE-FD) analyses based on a rotating-hardening 
elastoplastic constitutive model. From the analyses, it is recognized that small sequential earthquakes, which 
cannot cause liquefaction of a ground in an independent earthquake vibration, cannot be neglected when the ground 
has already experienced the liquefaction after a major shock. In addition, the aftershocks have great influence on 
the long-term settlement of the soil layers with low permeability. It is confirmed that the numerical method used 
in this study can describe the ground behavior correctly under repeated earthquake shocks.   
 
Keywords: Repeated earthquake, Liquefaction, FEM, Settlement 
 
 
1. INTRODUCTION 

 
On March 11, 2011 14:46:18, a 2011 off the 

Pacific coast of Tohoku Earthquake (The Great East 
Japan Earthquake) happened with a magnitude of 9.0 
in Richter, the greatest earthquake ever recorded in 
Japan history. Some typical characteristics of the 
Great East Japan Earthquake can be given, e.g., 
duration time of the seismic motion was very long, 
multiple big aftershocks happened in a relative short 
period of time and so on. According to an 
investigations after the earthquake [1]-[2], the 
damages due to tsunami and liquefaction were most 
serious recorded in Japan. Especially multiple 
aftershocks in a relative short period of time made 
damages spread, many existing structures in a wide 
area along coastal area suffered serious damages. The 
increase of excess pore water pressure (EPWP) and 
the development of anisotropy in the ground 
experienced liquefaction due to the main shock may 
cause instability of the ground and might cause re-
liquefaction in the consequential aftershocks even if 
the aftershocks are not large. One of the interesting 
phenomena is that liquefaction not only happened in 
the main shock of earthquake vibrations, but also 
happened in the first aftershock whose acceleration 
was much less than that of main shock. However, it 
was thought that such a low level of shock was not 
strong enough to cause liquefaction. 

Re-liquefaction happened in a first aftershock was 
even more serious than that happened in the main 
shock. This phenomenon indicates a very important 
fact that the sand boiling was accelerated by the 
aftershocks and more severe liquefaction occurred 
during the aftershocks at some sites. 

In order to describe and predict correctly the 
ground behavior in such kind of repeated earthquake 
vibrations that may occur in future, it is necessary to 
clarify the mechanism of this geotechnical 
engineering problem. In this paper, a typical local site 
of reclaimed ground in Chiba Prefecture Japan, is 
selected for the numerical analyses. Based on the 
observed data, a series of repeated dynamic-static 
analyses, considering not only the earthquake loading 
but also the static loading during the consolidation 
after each earthquake shock, are conducted in a 
sequential way just the same as the scenario happened 
in the Great East Japan Earthquake. 

 
2. CONSTITUTEIVE MODEL FOR SOILS 
AND FINITE ELEMENT METHOD 
 

The numerical analyses and prediction are 
conducted with 3D soil-water coupling finite 
element-finite difference (FE-FD) analysis based on 
the Cyclic Mobility model (CM model) proposed by 
Zhang et al. [3]. CM model is a kind of rotating -
hardening elastoplastic model. It can properly 
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describe the nonlinear behavior of non-cohesive soils 
under both dynamic and static loadings, especially the 
cyclic mobility of sand during liquefaction. With CM 
model and effective stress based FEM code, the 
mechanical behavior of the ground, such as the 
change of EPWP, the development of stress-induced 
anisotropy and the post-liquefaction consolidation, 
can be properly described not only in the liquefaction 
stage during the earthquake but also in the post-
liquefaction consolidation stage in a unified way. 

Numerical simulation is widely used the analyses 
of earthquake induced liquefaction. The object of the 
numerical simulation or prediction conducted in this 
paper is to reproduce or predict the overall 
mechanical behavior during and after the earthquakes, 
including the liquefaction and consolidation in 
repeated earthquake vibrations. The simulation was 
conducted using a 2D/3D soil-water coupled finite 
element method program named as DBLEAVES [4]. 
The applicability and the accuracy of the program 
have been firmly verified by shaking table tests and 
other various liquefaction phenomena [5]-[9]. 

CM model is adopted to simulate the 
static/dynamic behavior of the non-cohesive soils in 
the current study. CM model can consider the effect 
of the stress-induced anisotropy, the density and the 
structure of soils in a unified way. It can properly 
describe the mechanical behaviors of non-cohesive 
soils subjected to monotonic/cyclic loading under 
drained/undrained conditions. Based on the concepts 
of subloading [10] and superloading [11], the 
subloading, normal and superloading yield surfaces in 
p-q (mean principal stress - deviatoric stress) plane 
are adopted in the model to take into consideration the 
influence of density and the structure of soil, as 
shown in Fig. 1. 

 

 
 
Fig.1 Yield surfaces and its change with the 
development of anisotropy. 
 

Besides, the elliptical yield surfaces may change 
with the development of the stress-induced 
anisotropy. These characteristics enable the model to 
describe the cyclic mobility of non-cohesive soils. 
Eight parameters are employed, among which five 
parameters are the same as those in the Cam-clay 
model [12]. The others are parameter for controlling 
the collapse rate of the structure, loosing rate of the 
overconsolidation ratio and the developing rate of the 

stress-induced anisotropy. All parameters have clear 
physical meanings and can be easily determined by 
undrained triaxial cyclic loading tests and drained 
triaxial compression tests. A detailed description and 
applicability of CM model can be found in the 
reference [3]-[9]. 

In the analysis with DBLEVES, the dynamic 
/static analyses are conducted using the same 
program, the same parameters throughout the whole 
calculating process. Newmark- method is used and 
the integration time interval is 0.005 sec. Integration 
time interval is decided from interval time of 
observed earthquake motion and previous studies. 
Since it is expected that strong nonlinearity of the soil 
would occur, Rayleigh type of initial-rigidity-
proportional attenuation is adopted and the damping 
values of the soils, the structure and the piles are 
assumed to be 2% and 10% for the first and second 
modes respectively. Before dynamic analyses of 
earthquake motions, a gravitational stress field 
analysis is carried out to obtain the initial effective 
stress of the ground. 
 
3. NUMERICAL SIMULATION DURING AND 
AFTER EARTHQUAKE 
 
3.1 Earthquake waves 

 
A typical two directions earthquake motion at 

Simousa 2300m below the ground surface at Chiba 
Prefecture was recorded and it is selected to be the 
input earthquake motion in present analyses as shown 
in Figure 2. It is noted that the earthquake with a main 
shock followed by two aftershocks shakes in E-W and 
N-S directions at the same time. The main shock 
lasted for 300 seconds with a maximum acceleration 
of 0.85 m/s2 and the first aftershock also lasted for 
300 seconds with a maximum acceleration of 0.25 
m/s2 while the second aftershock lasted for 135 
seconds with a maximum acceleration of 0.04 m/s2. 
The interval between the main shock and the first 
aftershock was approximate 24 minutes and the 
interval between the two aftershocks was 
approximate 6 minutes. It should be mentioned herein 
that such a long duration of motions has been 
expected to be the major cause of the severe 
liquefaction and ground deformation. 

 

 
             (a) East-West                   (b) North-South 
 
Fig.2 Recorded seismic motions at Shimous  
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(K-Net, http://www.k-net.bosai.go.jp) 
3.2 Simulation for one column ground 

 

3.2.1 Simulation scenario 

The following 3 cases are considered to evaluate 
the influence of a main shock on its aftershocks and 
visa verse: 

Case 1: Calculation is conducted in the same way 
just as the scenario happened in the Great East Japan 
Earthquake: (1) main shock, (2) 1440 seconds 
consolidation, (3) first aftershock, (4) 360 seconds 
consolidation, (5) second aftershock, (6) 
consolidation until the settlement of the ground 
ceased completely (50 years).  

Case 2: Calculation is conducted only considering 
the main shock and consolidation after the main 
shock for a comparison with Case 1: (1) main shock, 
(2) consolidation until the settlement of the ground 
ceased completely. 

Case 3: Calculation is conducted only considering 
the aftershock-1 for a comparison with Case 1. 
 

3.2.2 Investigated site and analyses mesh for FEM 

The investigated site was reclaimed by dredged 
soils that consist predominantly of sand or silt from 
the seabed of Tokyo Bay. Figure 3 shows the result of 
boring survey in the investigated site and the 
corresponding FEM mesh used in the calculation. The 
mesh is coincident with the boring data. It is one 
column ground with a 1.0m x1.0m horizontal square 
area. Each mesh has depth of 1m. In the case of 
dynamic analyses, an equal-displacement boundary, 
or called as periodic boundary, is applied to two side 
boundaries in x and y direction respectively to deal 
with the artificially introduced boundaries that do not 
exist in reality so that the incident waves are always 
allowed to transmit freely from the artificial 
boundaries introduced in FEM analysis in finite 
domain. The bottom is assumed to be fixed in 
horizontal and vertical directions. The drained 
boundary (ground water level) is set at the ground 
surface. 

 

  
 

Fig.3 Geological profile and FEM mesh. 

3.2.3 Material parameters 

The material parameters used in calculation are 
shown in Table 1, and Figure 4 shows the theoretical 
estimation of the element behavior in undrained 
cyclic loading test. Since no cyclic testing data of 
soils are available, some of these parameters were 
determined with reference to the standard penetration 
tests, and others were estimated with reference to 
those of Toyoura sand. From the results, it is known 
that the strain accumulates as the number of cyclic 
loading increases, and liquefaction accompanied by 
cyclic mobility may occur in the reclaimed layer and 
loose sand layer at the investigated site. However, 
liquefaction will not occur easily in the loose silt layer. 

 
Table 1 Material parameters 
 B As1, 2 Ac1, 2
Compression index 0.050 0.030 0.043 
Swelling index 0.0064 0.0060 0.0090
Passion’s ratio 0.300 0.300 0.300 
Stress ratio at critical 
state Rf 

3.650 3.650 3.000 

Void ratio e0 (p’=98kPa 
on N.C.L) 0.870 0.870 0.920 

Degradation parameter 
of structure a 2.200 2.200 0.100 

Evolution parameter of 
anisotropy br 

1.500 1.500 0.100 

Degradation parameter 
of over-consolidation m

0.100 0.100 2.200 

Unit weight  (kN/m3) 17.64 17.64 16.66 
Permeability k (m/sec) 1.0E-4 1.0E-4 1.0E-9
Initial structure  R*

0 0.800 0.800 0.600 
Initial degree of over-
consolidation 1/R0 

4.000 2.500 1.500 

Initial anisotropy  0.000 0.000 0.000 
 

  
(a) Reclaimed layer (B layer, GL-3.50m) 
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(b) Loose sand (As layer, GL-10.50m) 

  
(c) Loose silt (Ac layer, GL-22.50m) 

 
Fig.4 Effective stress paths and stress-strain relations. 
 

3.2.4 Results and discussions 

Figure 5 shows analysis results of the excess pore 
water pressure ratio (EPWPR) in the Case 1 and 3. 
Case 1 has a history of the main shock before the 
aftershock-1 while Case 3 did not have a history of 
the main shock. Here, EPWPR is defined as the ratio 
of excess pore water pressure to the initial vertical 
effective stress. Therefore, EPWPR equaling to 1 
means liquefaction. 

From the result, in the Case 1, for the sand (As1) 
and the clay (Ac1), liquefaction did not occur in main 
shock but excess pore water pressure (EPWP) kept 
increasing after the aftershocks because of the 
constant water supply from the lower layers. For the 
reclaimed layer (B), EPWPR increased up almost to 
1 both in the main shock. And after the main shock, 
EPWPR of the reclaimed layer (B) decreased to about 
0.70, but liquefaction occurred again in the 
aftershock-1 even though the maximum acceleration 
of the aftershock-1 is less than 25 gal. On the other 
hand, an increasing of EPWPR of Case 3 is much 
smaller than that of Case 1. Therefore, when a ground 
has not recovered from damage by main shock, a 
liquefaction easily occur by small aftershock. 

From the above results, it is known that the 
accumulation of EPWP and development of stress-
induced anisotropy induce ground liquefaction. 

 

  
               (a) Case 1                         (b) Case 3 
 
Fig.5 Results of the excess pore water pressure ratio. 

 
Figure 6 shows a comparison of ground surface 

settlements after earthquake between the Case 1 and 
2. In order to investigate the influence of aftershocks 
on the long-term settlement due to the consolidation 

of ground, the simulation was conducted. The Case 1 
has a history of the aftershocks but Case 2 did not 
have that. From the results, ground surface settlement 
of Case 1 with aftershocks than Case 2 without that. 
It can be concluded that both the liquefaction and the 
settlement are significantly affected by the 
aftershocks. 

 

  
            (a) 0 to 20 hours               (b) 0 to 50 years 
 
Fig.6 Ground surface settlements in Case 1 and Case 
3. 
 
3.3 Simulation for three-dimensional ground 
 

3.3.1 Simulation scenario 

In above simulation (Case 1) for one column 
ground, the calculation is conducted in the same way 
just as the scenario happened in the Great East Japan 
Earthquake: (1) main shock, (2) 1440 seconds 
consolidation, (3) first aftershock, (4) 360 seconds 
consolidation, (5) second aftershock, (6) 
consolidation until the settlement of the ground 
ceased completely (50 years).  
 

3.3.2 Investigated site and analyses mesh for FEM 

Figure 7 shows the plan view of the soil 
distribution based on the results of Swedish weight 
sounding test.by the inhabitants during six months 
after the earthquake. Soil conditions in this area were 
also investigated by in-situ boring combined with the 
Standard Penetration Test (SPT), prior to and after the 
earthquake. According to the results of SPT and the 
Swedish weight sounding test, the whole area can be 
divided into three types of soil, that is, type A, type B 
and type C. Based on the results shown in Figure 7, 
the investigated site in the analysis can be divided into 
four areas shown in Figure 8. The dimension of the 
calculated area in FEM is 400m in length, 300m in 
width and 50m in depth. As to boundaries between 
different types of soil, transition zones were set to link 
the different types of soil as indicated in soil type AC, 
type AB, type BC, type ABAC, type BCBA and type 
CACB, as shown in Figure 8.  
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Fig.7 Plan view of the soil distribution based on the 
results of Swedish weight sounding test. 
 

 
 

Fig.8 Plan view of the calculated area in FEM 
 
Figure 9 shows the geologic profiles of the 

calculated area. All geologic profiles consist of loose 
sand and loose silt above G.L. -15m. The loose sand 
layer near the surface has a SPT N-value of 5~15 and 
it easily causing liquefaction. 

 

 
 

Fig.9 Geologic profiles of the calculated area. 
 
 
 
 

Figure 10 shows the finite element mesh. As for 
the mesh size, the whole depth of calculation area is 
50 m, the top 16 m is divided into 16 layers with each 
layer of 1m thickness and the below 34 m is divided 
in to 17 layers with each layer of 2 m thickness. In the 
analyses, the elements in each soil layer at the center 
of type A, type B (the larger part) and type C area are 
selected. In the case of dynamic analyses, an equal 
displacement boundary condition is applied for two 
side boundaries in x and y direction respectively to 
deal with the energy dissipation problem. The bottom 
is assumed to be fixed in all directions. The drained 
boundary (ground water level) is set at the ground 
level of -1 m. 
 

 
 

Fig.10 Finite element mesh 
 

3.3.3 Material parameters 

The material parameters used in calculation are 
shown in Table 2, and Figure 11 shows the theoretical 
estimation of the element behavior in undrained 
cyclic loading test. Even in this calculation, since no 
cyclic testing data of soils are available, some of these 
parameters were determined with reference to the 
results of SPT, and others were estimated with 
reference to Toyoura sand. From the analyses results, 
it is known that the strain accumulates as the number 
of cyclic loading increases, and liquefaction 
accompanied by cyclic mobility may occur in the 
reclaimed layer, loose sand and very-loose sand 
except loose silt land the base silt. 

 
Table 2 Material parameters 
 B As1 As2 Ac1 Ac2 
 0.030 0.030 0.043 0.207 0.207 
 0.006 0.006 0.009 0.041 0.041 
 0.300 0.300 0.300 0.350 0.350 
Rf 4.600 4.600 4.600 3.500 3.500 
e0 0.720 0.720 0.880 1.100 1.100 
a 2.200 2.200 0.100 0.100 0.100 
br 1.500 1.500 0.100 0.100 0.100 
m 0.100 0.100 0.100 3.800 3.800 
 kN/m3) 17.60 18.00 17.00 15.40 17.70 
k (m/sec) 1.0E-5 1.0E-5 1.0E-6 1.0E-7 1.0E-7
R*

0 0.800 0.800 0.600 0.600 0.600 
1/R0 5.000 5.000 3.000 2.500 2.500 
 0.000 0.000 0.000 0.000 0.000 
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(a) Filled soil in reclaimed layer (GL-1.50m) 

 

  
(b) Loose sand (GL-3.50m) 

 

  
(c) Very loose sand (GL-8.50m) 

 

  
(d) Loose silt (GL-12.50m) 

 

  
(e) Base silt (GL-32.00m) 

 
Fig.11 Effective stress paths and stress-strain relations 
 
 

3.3.4 Results and discussions 

Figure 12 shows the EPWPR with time in 
different soil layers at the center of type A, type B and 
type C respectively. For the upper loose sand (As1) in 
the area of type A, liquefaction did not occurred in 
main shock, but that occurred in after shock. In the 
area of type B, however, EPWPR in aftershock is 
smaller than that of main shock. For the very loose 
sand (As2) in the areas of type A and B, EPWPR 
raised up almost to 1 in the aftershocks although they 
were much  smaller than  the main shock. In the area 
of type C, however, liquefaction occurred seriously in 
both the main shock and aftershocks. For the loose silt 
(Ac1), it did not liquefy anyhow but EPWP kept 
increasing after the aftershocks because of the 
constant water supply from the lower layer of whole 
ground. For the lower loose sand (As3) in the area of 
type B, liquefaction occurred in the main shock and 
although EPWP decreased somehow after the main 
shock the ground liquefied again in the aftershocks. 
In the areas of type A and C, however, EPWPR was 
smaller than that of type B.  
 

  
 (a) Upper loose sand (As1) (b) Very loose sand (As2) 
 

  
         (c) Loose silt (Ac1)  (d) Lower loose sand (As3)       

 
Fig.12 Excess pore water pressure ratios in each 
area. 
 

Figure 13 shows the distribution of EPWPR at 
different depths. The left side of the figure is the 
EPWPR immediately after the main shock and the 
right of the figure is the EPWPR immediately after 
the aftershock-1. At the depth of 6m below the ground 
surface, liquefaction area due to the main shock was 
clearly smaller than that of the aftershock. In other 
words, liquefaction occurred in the aftershock was 
more serious than that of the main shock in the area 
of type A and type C. At the depth of 8m below the 
ground, liquefaction only occurred in the area of type 
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A after the aftershock. 
In general, the EPWPR in all areas and soil types 

may increase again in aftershock. 
 

  
 (b) GL-6.00m 

  
 (c) GL-8.00m 

 
Fig.13 Distribution of EPWPR at different ground 
levels (Left: main shock, Right: aftershock-1) 
 

Figure 14 shows the calculated distribution of 
settlement of ground surface. Six hours after the 
earthquake, an uneven deformation appeared in the 
area of type C. In this area, maximum amount of 
upheaval of the ground reach about 0.5m while the 
ground in types A and B settled about 0.5m. This 
uneven ground settlement was observed extensively 
in the field survey. Photo 1 shows the uneven 
settlement in roadways near the observed site. 
However, according to the analyses, the ground of all 
areas will turn out to be settled down 0.25m to 0.90m 
in 50 years after the earthquake, as shown in Figure 
14 (b). 

 

  
                     (a) 6hours                 (b) 50 years 
Fig.14 Distribution of settlement of ground surface. 
 

   
    (a) Surface of sidewalk      (b) Heaved sidewalk 
 
Photo 1 Uneven settlement near the observed sites 
 
 
 
 

3.3.5 X-ray CT image of geological features 

Figure 16 shows the photograph and X-ray CT 
images of core sections drilled immediately after the 
liquefaction at calculated area [13]. A very important 
result we have got in this research is that the liquefied 
soil strata were perfectly identified with X-ray CT 
images. The pink line next to the CT image indicates 
the liquefied soil layers that distributed at the depth of 
6.2m to 8.6m, where the thin strata of reclaimed 
ground that was observed clearly at the up strata from 
2.0m to 6.2 m, suddenly disappeared due to the 
liquefaction. This observed phenomenon was 
remarkably similar to the calculated results showed in 
Figures 13, 14. It is therefore reasonably to say that 
the analysis method based on CM model, used in this 
sturdy, can well describe the actual situation of the 
liquefaction in main shock, the re-liquefaction in 
aftershock, and the consolidation settlement of 
ground after multiple earthquakes. 
 

 
      2.0-3.0m      3.0-3.8m      3.8-4.8m      4.8-5.8m 

 
      5.8-6.8m      6.8-7.8m       7.8-9.0m      9.0-10.0m 

 
Fig.16 Photograph and X-ray CT images of core 
sections drilled in calculated area after liquefaction. 
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4. CONCLUSION 
 

In this study, 3D soil-water coupled finite 
element-finite difference analyses based on CM 
model were conducted to investigate the mechanism 
of liquefaction and consolidation settlement of 
ground in multiple earthquakes. The following 
conclusions can be obtained: 

1. According to the calculated results of the 
liquefaction and the settlement in simulation for one 
column ground and three-dimensional ground, 
residual excess pore water pressure and stress-
induced anisotropy have big influence on the 
subsequent ground behavior. 

2. When a ground receive the damage from main 
shock and could not recovered promptly, excess pore 
water pressure in low permeability soil remains high 
and the stress-induced anisotropy develop to a very 
large level. As a result, liquefaction may be caused 
again even by a small aftershock.  

3. When an earthquake occurs at ground having 
low permeability soil, excess pore water pressure may 
cause not only immediate settlement but also long-
tern settlement due to consolidation. Furthermore, a 
ground settlement is significantly affected by the 
aftershocks. 

4. By the comparison between the calculated 
results and the field observation, it is known that the 
calculations are consistent well with the real 
liquefaction and settlement behavior. Therefore, it is 
confirmed that the proposed numerical method is 
possible to predict the ground behavior accurately as 
such multiple earthquakes occur in future. 
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ABSTRACT 

 
In recent years, an increasing number of plans in Japan have been proposed for large-scale railway structures 

to be built deep underground. To construct a large-scale railway structure, it is necessary to construct vertical 
shafts that serve as the starting and ending point for the shield machine during the construction as well as the air 
vents once it goes into operation. In such situations, it is expected that there will be an increase in the cases 
where the vertical shafts will be built to reach deep underground. If typical diaphragm walls were used to 
construct these deep shafts, the embedment depth of the diaphragm walls would have to be made substantially 
significant in order to control the heaving. Heaving as stated here is a phenomenon in which pressurized water 
contained in the permeable layer below the impermeable layer close to the bottom of the excavated ground 
breaks through the impermeable layer owing to the upward force of the water pressure during the excavation 
process, which then causes the vertical shaft to lose its stability. Using nodular diaphragm walls that have 
nodular part on the diaphragm walls of the deep shaft could be relied upon for the purpose of supporting the 
embedment depth of the diaphragm walls. In this research, the influence the nodular part resistivity was 
examined in resisting heaving when nodular diaphragm walls are used for the deep shaft. The experiments at 
gravitational and centrifuge acceleration fields were conducted, and their effectiveness were confirmed. 
 
Keywords: Deep Shaft, Heaving Resistance, Nodular Diaphragm Wall, Model Test 
 
 
INTRODUCTION 

 
In recent years, an increasing number of plans 

have been proposed for large-scale railway 
structures to be built deep underground. To construct 
a large-scale railway structure, it is necessary to 
construct vertical shafts that serve as the starting and 
ending point for the shield machine during the 
construction as well as the air vents once it goes into 
operation. In such situations, it is expected that there 
will be an increase in the cases where the vertical 
shafts will be built to reach deep underground. When 
typical diaphragm walls were used to construct these 
deep shafts, the embedment depth of the diaphragm 
walls would have to be made substantially 
significant in order to control the heaving. Heaving 
as stated here is a phenomenon in which pressurized 
water contained in the permeable layer below the 
impermeable layer close to the bottom of the 
excavated ground breaks through the impermeable 
layer owing to the upward force of the water 
pressure (uplift force) during the excavation process, 
which then causes the vertical shaft to lose its 
stability.  

There are two methods to construct deep shafts: 
the pneumatic caisson construction method and the 
diaphragm wall construction method. The pneumatic 
caisson construction method has demonstrated to 
reach a maximum depth of approximately 40 to 50 

Embedded section  
Nodular part 

Fig. 1 Schematic View of Nodular Diaphragm Wall 

Impermeable 
layer

Permeable 
layer

Uplift force

Uplift force

④Resistance
at nodular part

Decrease of 
embedded length

①Soil mass weight

②Shaft friction

③Shear resistance

②Shaft friction

①Soil mass weight

③Shear resistance

Diaphragm wall Nodular diaphragm wall

Fig. 2 Effect of Nodular Diaphragm Wall 
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m1), and as there is a need to highly pressurize the air 
during construction, there are challenges in applying 
this method to deep underground construction. On 
the other hand, the diaphragm wall construction 
method has shown it can reach a maximum depth of 
approximately 100 to 120 m 2), 3), but concerning 
construction deep underground, as some have 
pointed out, there are chances of pouring 
deficiencies of concrete due to, for example, the 
tremie pipes clogging2). Therefore, for this method, 
it is necessary to make the embedment depth as 
shallow as possible. Using nodular diaphragm walls 
that have nodules on the diaphragm walls of the 
deep shaft, as seen in Fig. 1, could be relied upon for 
the purpose of supporting the embedment depth of 
the diaphragm walls (Fig. 2). The nodules of the 
nodular diaphragm walls are expressively able to 
bear the pressure and thus possess greater resistance 
than normal diaphragm walls4). In the construction 
of nodular diaphragm walls, a construction method 
that expands the mid-section of the diaphragm wall 
is used in order to create its nodular part. The above-
mentioned construction methodology was developed 
by the Obayashi Corporation and has already been 
utilized in the field in a few construction projects 
such as architecture field4), 5).  

In this research, the influence the nodular part 
resistivity was examined in resisting heaving when 
nodular diaphragm walls are used for the deep shaft. 
The experiments at gravitational and centrifuge 
acceleration fields were conducted, and their 
effectiveness of heaving resistance were confirmed. 
This paper reports the results of the model 
experiment subjected to gravitational and centrifuge 
acceleration fields.  

 
NODULAR DIAPHRAGM WALL 

 
Figure 3 shows the construction process of the 

nodular diaphragm wall construction methodology. 
First, use the diaphragm wall construction method to 
excavate the trench, and then excavate the bottom of 
the trench to enlarge. Next, use a specialized bucket 
for the nodular section to excavate the nodular 
section. After the excavation, the nodular part and 
the pile tips are treated for slime and the slurry in the 

cavity is replaced with good fluids. For the slime 
treatment of the knuckles, specialized slime cleaner 
designed for the nodules is used as seen in Fig. 4. 
After that, a steel reinforcement cage is inserted and 
set up inside the tremie pipe to pour concrete. The 
shape of the nodular part is verified by the use of 

Fig. 3 Construction procedure of cast-in-place concrete pile
(2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (1) 

Procedure of construction 
(1) Excavation of pile shaft 
(2) Excavation of under-reamed part 
(3) Measurement of pile shape 
(4) Excavation of nodular part 
(5) Measurement of pile shape 
(6) Slime treatment 
(7) Cleaning of nodular part 
(8) Slime treatment 
(9) Measurement of pile shape 
(10) Insertion of steel reinforcement cage 
(11) Concreting 
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ultrasound measuring equipment. For the 
construction experiment conducted here, the result 
of the ultrasound was compared to the actual 
measurements of the part that was dug up, and it was 
verified that the nodular part were indeed in the 
specified shape4).   
 
UPLIFT FORCE EXPERIMENT AT 
GRAVITATIONAL FIELD 

 
Overview of Uplift Force Experiment 

 
The uplift force experiment at a gravitational 

field was conducted to verify the heaving resistance 
of the regular and nodular diaphragm walls. As seen 
in Fig. 5, two models- one shaped with no nodular 
part (diaphragm wall model) and one shaped with 
nodular part (nodular diaphragm wall model)—were 
used in this experiment. A 200 mm thick 
foundational ground layer was created in a 600 mm 
deep cylindrical model. Additionally, the insides of 
the models were coated with silica sand No. 7 (0. 3
～0. 08 mm) to create roughness. The ground was 
created in the model had a solution injection layer 
and modified concrete ground layer to set up the 
experimental condition as stated in Table 1. It should 
be noted that the undrained shear strength in the 
Table 1 shows the actual strength during the 
experiment. The chemical grouting soil layer (Cases 
1 and 2) was created by mixing soluble glass type 
chemical grouting to the silica sand No. 7. The target 
strength for the solution injection layer for the 
undrained shear strength was c=100kN/m2. 
Additionally, the cemented improvement ground 
layer (Cases 3 to 6) was created by mixing, silica 
sand No. 7 and blast furnace slag cement type B. 
The two target strengths for the undrained shear 
strength were c=300 and 500kN/m2. The mix for the 
chemical grouting soil layer and the cemented 
improvement ground layer were determined through 
mixing experiments prior to this stage of the 
experiment. Furthermore, prior to the uplift force 
experiment, the same materials from the same batch 
were used that were used to create the ground layer 
of the models to perform the unconfined 
compression test to verify they were reaching the 
specified strength. For the uplift force experiment, 
the heaving behavior by incrementally applying the 
uplift force from the bottom of the improvement soil 
layer was verified. This uplift force mimics the 
upward water pressure from the pressurized water in 
the permeable layer below the impermeable layer. 
For this process, a membrane to simulate the 
impermeable layer was installed when activating the 
uplift force. By doing so, the destruction of the 
ground layer through seepage as well as water filling 
the interface between the ground and the model was 
prevented. Measurement items were the uplift 
displacement on the surface of the ground and the 

Table 1 Experiment Condition for Uplift 
Experiment at Gravitational Acceleration Field 
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uplift force. The uplift displacement is measured by 
checking two-points in the radial direction (the 
center of the ground surface and 30mm from the 
wall) in order to see the distribution on the flat 
surface. 
 
Results of Uplift Force Experiment 

 
Figure 6 shows the relationship between uplift 

displacement and uplift force obtained through the 
study of each case. In these cases, two measurement 
points were used on the topside of the ground to 
measure uplift displacement, but the differences in 
the displacement amount were not that different 
from one another in each case; therefore, they were 
organized as the average displacement between two 
points. According to Fig. 6, there is a tendency for 
the uplift displacement to increase gradually as the 
uplift force increases. Especially in the case of the 
diaphragm wall model (no nodular part) which are 
represented with the red lines, it is seen that the 
element of resistance against heaving is the 
peripheral friction between the surfaces where the 
ground is up against the diaphragm wall model, it is 
said that once the peripheral friction is triggered, the 
uplift displacement increases. On the other hand, if 
the figure is looked upon at the blue line 
representing the nodular diaphragm walls in each of 
the figures, since the peripheral friction and nodular 
resistance is activated, it can be said that it has an 
improved performance in withstanding heaving. 
When the uplift force is further increased, then a 
much greater increase is seen in uplift displacement. 
This seems to be because the resistivity (bearing 
resistance) of the nodular diaphragm wall’s 
resistance element against heaving is being 
expressed in addition to the peripheral fiction. The 
relationship among the maximum uplift force 
obtained in each of the cases, the normalized 
maximum uplift force, and the undrained shear 
strength is plotted in Fig. 7. Here, the normalized 

maximum uplift force for each case is calculated by 
dividing the diaphragm wall model’s maximum 
uplift force, Ps, by the nodular diaphragm wall 
model’s maximum uplift force, Pn. It is seen from 
Fig. 7 that the maximum uplift force increases as the 
undrained shear strength increases. This tendency is 
repeated in the diaphragm wall model and the model 
of the nodular diaphragm wall. From the normalized 
maximum strength in the Fig. 7, it is seen that each 
of the undrained shear strengths show a value of 
approximately 1.37 to 1.51. From this, it can be said 
that when nodular diaphragm walls are used, owing 
to the expression of the resistance of nodular part in 
addition to the peripheral friction, the heaving 
resistance becomes 30 to 50% greater. 
 
CENTRIFUGE MODEL TEST 

 
Summary of Centrifuge Model Test 
 

A centrifuge model test was conducted to verify 
the results of the nodular and the diaphragm wall’s 
heaving resistance tested in the gravitational field. 
Figure 8 covers the overview of the centrifuge 
model test. The centrifuge model test was conducted 
by setting up four test pieces inside a large rigid 
model container (Width 1900mm x Depth 800mm x 
Height 800mm). The model ground was created by 

Fig. 7 Relationships between Maximum Uplift 
Force, Normalized Maximum Uplift Force  
and Undrained Shear Strength 
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using silica sand No. 7 (Gs=2.645) and using the air-
pluviation method to achieve a relative density of Dr 
= 82%, and then soaking the bottom side of the rigid 
model box in water to saturate the sand. The 
peripheral ground’s ground water level is the same 
level as the ground surface. The models used in this 
experiment are the same two shapes as listed in Fig. 
5 (diaphragm wall model and the nodular diaphragm 
wall model), and in a 600mm deep cylindrical model 
a modified ground layer that is 110mm thick layer 
was created. Additionally, for the cases where the 
friction is recreated inside, the model was coated 
using silica sand No. 7 to create its roughness. The 
cemented improvement ground placed inside the 
model used a mixture of silica sand No. 7 and blast 
furnace slag cement type B with the target of 
achieving undrained shear strength of c=50kN/m2. 
The ratio to create the mixture for the modified 
ground was decided based on mixing experiments 
conducted prior to this stage of the study. Before the 
centrifuge model test was conducted, the same 
materials from the same batch that were used to 
create the modified ground in order to conduct the 
uniaxial compression test to verify when it reached 
the specified strength. The test was set up to first 
reach the predetermined centrifugal acceleration 
(80G) to then simulate the gradual excavation to 
verify the heaving behavior. To recreate the gradual 
excavation, the salt water (specific gravity of 1.05) 
was gradually drained that was covering the 
cemented improvement ground in the model. The 
measurement item were the uplift displacement on 
the surface of the cemented improvement ground, 
the decrease in the salt water’s water level over the 
cemented improvement ground, and the water 
pressure of the cemented improvement ground. The 
experiment condition is shown in Table 2. The 
ground strength stated in Table 2 is the actual 
strength at the time of the test. 

 
Results of Centrifuge Model Test 
 

Figure 9 shows the relationship between the 
uplift displacement and the decrease in the water 
level. The uplift displacement measured here is the 
amount of displacement that was measured at the 
center of the modified ground. Furthermore, both the 
uplift displacement and the drop in the water level 
are organized based on the real-life scale calculated 
by multiplying with the magnification of the 
centrifugal acceleration (80G). According to Fig. 9, 
no significant differences are seen in the diaphragm 
wall or the nodular diaphragm wall in their uplift 
displacement even when the water level starts to 
drop. However, there is a sudden increase in the 
uplift displacement once the water level drops 
between 10 and 13m. On the other hand, with the 

nodular diaphragm wall, an increase in uplift 
displacement is seen once the water level drops by 
15 to 16m. From this phenomenon, it can be said 
that in the diaphragm wall model, the resistive 
element against the heaving behavior is only the 
cemented improvement ground self-weight and the 
peripheral friction between the cemented 
improvement ground and the diaphragm wall model, 
the uplift displacement occurred at a relatively less 
significant drop in the water level compared to the 
nodular diaphragm wall. On the other hand, when it 
comes to the nodular diaphragm wall, it is said that 
since there was an additional element of resistance 
against heaving in the form of nodular part, heaving 
occurred only after the drop in the water level 
became significant. For this examination, it was only 
used the inside of the model’s cemented 
improvement ground and considered the existence or 
the lack of friction in between the model’s boundary 
surfaces as the parameter. It is said that the influence 
of the boundary surface’s friction, or lack thereof, 

Fig. 9 Relationships between Uplift Displacement 
and Decrease of Water Surface in Shaft 

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0 5 10 15 20

U
pl

ift
 d

is
pl

ac
em

en
t (

m
)

Water level decrese in model shaft (m)

Case 1 (Diaphragm wall)
Case 2 (Nodular diaphragm wall)

(a) Case 1, Case 2（With friction） 

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0 5 10 15 20

U
pl

ift
 d

is
pl

ac
em

en
t (

m
)

Water level decrease in model shaft (m)

Case 3 (Diaphragm wall)
Case 4 (Nodular diaphragm wall)

(a) Case 3, Case 4（Without friction） 



GEOMATE - Mie, Japan, Nov. 21-24, 2017 

268 
 

between the cemented improvement ground and the 
model have on heaving resistance is small. 
 
CONCLUSION 
 

The modeled experiments to examine the 
heaving resistance of nodular diaphragm walls to 
determine their suitability to be used as the deep 
shafts for railway structures were conducted. The 
following findings are obtained from this study:  

1) Through the uplift force experiment at the 
gravitational field is confirmed that when the 
nodular diaphragm walls are used for the vertical 
shafts, there would be an increase in the heaving 
resistance due to the resistance of nodular part in 
addition to the peripheral friction.  

2) It is concluded that in the centrifuge model 
test, which reproduces the full-scale stress and strain 
fields, that the vertical shafts using the nodular 
diaphragm walls had a greater heaving resistance. 
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ABSTRACT 

There are a lot of valuable historical structures with stone wall in Japan. Those structures are still active not 

only as roads and waterways, but also are designated as cultural properties, and in some places, they also play an 

important role as a tourism resource for the region. However, the current situation is that countermeasures against 

disasters are delayed like the damage of Kumamoto Castle due to the 2016 Kumamoto Earthquake. In particular, 

it is considered that it is important to elucidate the earthquake disaster mechanism by the interaction between the 

ground and the stone wall. 

In this research, the tendency of the damage of stone walls and earth structures will be clarified based on the 

survey team of the Geotechnical Engineering Society and the Kumamoto Castle Research Center, and it is 

discussed on the mechanism of collapse occurrence by estimating the geological structure under the several sites 

in Kumamoto Castle by surface wave profiling method and so on. 

Keywords: Kumamoto Castle, Earthquake disaster, stone wall, earth structure, investigation 

INTRODUCTION 

A lot of historical and valuable stone structures 

continue using for hundreds of years in Japan. These 

structures have valuable roles as regional tourism 

resources with registration for cultural heritage and 

practical usage. Almost structures degraded with age, 

it is necessary to do maintenance and repair work. 

However, it is difficult to do them because 

mechanical evaluation method is never established 

from an engineering perspective, and information and 

references are not sufficient about these structures.  

Some researchers investigated on the stone walls 

and embankment in Kumamoto Castle and so on. 

Kuwahara carried out to survey stone walls of 

Kumamoto Castle about 30years ago [1]. He 

collected the data of surface shape on stone walls by 

surveying tool. These data will be basic and important 

on comparison of current cross-sectional shape. 

Yamanaka et.al. carried out to survey embankment of 

several traditional castles by microtremor in Japan 

[2][3]. They tried to clarify the distribution of 

unstable area under the ground surface. It is expected 

that this method will be able to estimate the intricate 

geological structure with broken stone, embankment 

and original ground.  

The 2016 Kumamoto earthquake gave huge 

damage for several structures in Japan. Kumamoto 

Castle was also damaged on architectural structures, 

stone wall, embankment and so on. The number of 

damaged stone walls and embankment is over 

hundreds especially. Therefore, the evaluation 

method of stone wall and embankment stabilization is 

required from the view of geotechnical engineering 

quickly. This paper reports the investigation of 

structures’ damaged condition and ground survey 

around damaged stone walls in Kumamoto Castle 

after that earthquake with cooperation of Kumamoto 

Castle Research Center and the survey mission of 

Japan Geotechnical Society. 

CHARACTERISTICS OF KUMAMOTO 

CASTLE AND OVERVIEW OF GEOLOGIAL 

STRUCTURE 

Kumamoto Castle was constructed by Kiyomasa 

KATO as a domain head in 1607. Fig.1 shows the 

landscape around the castle before construction in 

second hand of sixteenth century [4]. There is Mt. 

Chausu-yama in center of this picture map, and this 

mountain was shaped a southern part of Ueki 

tableland at an altitude about 50 meters. There is a 

scattering of erosional valleys surrounding here 

shown in Fig. 2 because an ignimbrite layer exists 

under the ground surface with humid climate [5].  

Fig. 3 and 4 show the geological cross-section 

based on the past boring survey in the Kumamoto 

Castle [6]. There are only 12 boring data collections 

around northern part of the castle tower surveyed in 

1958 or 2015. Developed land material and volcanic 

cohesive soil that N Value is around 10 constitute the 

ground from the surface to 10meters depth. Volcanic 
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cohesive soil that N Value is under 20 and weathering 

tuff breccia exist above 50meters depth. The andesite 

bedrock that N values is over 50 was confirmed under 

50meters depth. Fig.4 shows extreme changes of 

geological structures on the bedrock and the 

pyroclastic flow layer with the large eruption at Mt. 

Aso before ninety thousand years (hereinafter called 

“Aso4”) within just 50meters interval. Furthermore, 

the reports of 2015 boring survey fingered the 

existence of discontinuous surface under the castle 

caused by Tatsuta-gawa geologic fault in northern 

part of these area. It is estimated that resistance of 

foundation ground with stone wall and embankment 

in the castle for huge earthquake because mainly 

extending Aso4 has low N value under the castle’s 

site. 

GROUND DEFORMATION BASED ON 

MONITORING DATA 

Fig.5 shows the results of 2.5dimensional analysis 

with Interferometric Synthetic Aperture Radar by 

Geospatial Information Authority of Japan [7]. 

Kumamoto Castle is about 9km east of earthquake 

center on main shock of the 2016 Kumamoto 

Earthquake. It is estimated that the deformation of 

ground surface is 10cm subsidence and 30 to 40cm 

movement to east direction. Fig.6 shows the ground 

settlement in center of the Kumamoto city and 

Kumamoto Castle calculated by altitude correction 

software “PatchJGD” released from Geospatial 

Information Authority of Japan. This calculation 

results shows about 20cm settlement in this area.  

REPORT OF DISASTER INVESTIGATION ON 

DAMAGED STRUCTURES  

Site Investigation 

Several stone walls, embankments and 

architectural structures were affected by the 2016 

Kumamoto Earthquake. Authors especially focused 

on the damage condition of stone wall and 

embankment in this report.  

Fig. 7 shows the location of damaged stone wall 

around the castle tower, and Photo 1 shows the 

damage conditions. The JGS disaster investigating 

team confirmed the following damages in the whole 

site of the castle; collapse and destabilization of stone 

Fig. 1 Picture map of landscape before constructing 

Kumamoto Castle. [4] 

Fig. 2 Topographical structure around Kumamoto 

Castle. [5] 

Fig. 3 Distribution of N value under the site of 

Kumamoto Castle. [6] 
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walls, slope failure and surface settlement of 

embankment and crash of architectural structures.  

Fig.8 shows the distribution of damaged stone 

wall locations, collapse areas, maximum stone 

movements and directions. It is not clarified that 

damage scale has causal relation between with height, 

gradient, width and direction of each stone wall.  

Fig. 9 shows the relationship between the 

maximum stone movements and directions of 

damaged stone walls in the Honmaru area with the 

photos by UAV and CAD’s plan views. There are a 

lot of cases that data of stone wall movement in north-

south direction are more than the cases in east-west 

direction. And it is confirmed that maximum 

movement distance is also longer than in these cases. 

It is estimated that ground vibrational characteristic 

under this site has a huge effect because stone walls 
Fig. 6 Ground settlement in center of Kumamoto 

City and Kumamoto Castle. 

Fig. 4 Geological structure under the tower of Kumamoto Castle. [6] 

Fig. 5 Ground surface deformation by the 2016 Kumamoto earthquake. [7] 
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almost construct equally in the direction of north, 

south, east and west.  

Fig. 10 shows the relationship between the height 

of stone wall and maximum movement distance. It is 

confirmed that each parameter has almost linear 

relation in whole tendency. These results indicate that 

the more ground investigation of this field will be 

important on the foundation ground of stone wall and 

strength of embankment for reconstruction in near 

future. 

Surface wave exploration 

Surface wave exploration was carried out by using the 

high precision surface wave exploration equipment 

(McSEIS-SXW) in order to discuss on influence a 

compaction or depth of surface layer for the damage 

of stone walls. Vibration by hammering interval was 

2m and geophone interval was 2m as receiving points. 

In total 24 seismograph sensors were used. To make 

Fig. 7 Distribution of damaged stone wall and 

embankment. 

Fig. 8 Collapse area and Stone movements of 

damaged stone walls in the Honmaru area. 

Fig. 9 Relationship between maximum distance 

and direction. 

Photo 1 Damaged stone wall and embankment in Kumamoto Castle 
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good surface connection, the geophones were 

properly installed in the ground. 

Fig. 11 shows survey lines of Surface wave 

exploration at Heizaemon-maru of Kumamoto Castle. 

6 measuring lines are located in a reticular pattern. 

Fig. 12 shows situation of surface wave prospection 

at line 6 of Heizaemon-maru.  

Fig. 13 shows the distribution of analyzing results 

of S-wave velocity at line 2 and 4. It is estimated that 

Aso-4c layer with under Vs=240m/sec Vs and Aso-

4s layer with Vs=240–300m/sec locate with 

indeterminate undulation across a depth of about 8m. 

Fig. 14 shows the distribution of N-value 

calculated from Vs. N-value is calculated by the 

following equation [8].  

N＝(Vs/97)0.314                                                     (1) 

 here,  

N: N-value by the standard cone penetration test 

Vs: Surface wave velocity by surface wave 

prospecting (m/sec） 

There is the loosen embankment layer that N-value 

is about 2 above a depth of 2m. Aso-4c layer has N-

value that is from 2 to 8 above a depth of 8m. And 

Aso-4s extends with N-value from 10 to 25 under the 

Aso-4c layer.  

This result indicates that these soft ground gives 

amplification of vibration with earthquake for 

buildings and structures.  

CONCLUSION 

The 2016 Kumamoto earthquake caused huge 

damages for several structures in Kumamoto Castle. 

These structures almost have high value as cultural 

assets with past time of about 400years. Hundreds of 

stone walls and embankments were also damaged or 

collapsed with the massive earthquake.  

Fig. 10 Relationship between maximum stone 

movement distance and height of stone wall. 

(a) Line-2  (b) Line-4 

Fig. 13 Distribution of surface wave velocity Vs 
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This investigation carried out with the limited 

information of ground and geology under the 

Kumamoto Castle because the boring survey has 

minimally suppressed due to subsistent as a cultural 

asset before the earthquake. Therefore, the collection 

of past limited boring data, site investigation and the 

method of estimation on geological structure and soil 

characteristic were combined, and the following 

results were clarified in this study. 

1) There were more cases that stone walls

collapsed in north-south direction compared with the 

cases in east-west direction. This result indicates that 

the more ground investigation of this field will be 

important on the foundation ground of stone wall and 

strength of embankment for reconstruction in near 

future. 

2) It is clarified that the Kumamoto Castle was

constructed on the Aso-4 centered volcanic soil layers 

with low N-value. This result indicates that these soft 

ground gives amplification of vibration with 

earthquake for buildings and structures. 
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ESTIMATION OF INITIAL GROUND CONDITIONS UNDER STUPAS 
BASED ON ONE-DIMENSIONAL CONSOLIDATION THEORY 

 
 

Yuko Ishida1, Ayaka Oya2, Chaweewan Denpaiboon3, Masamitsu Fujimoto4 and Ryoichi Fukagawa4 
1Research Organization of Science and Engineering, Ritsumeikan University, Japan; 

 2Graduate School of Science and Engineering, Ritsumeikan University, Japan; 
3Faculty of Architecture and Planning, Thammasat University, Thailand; 
4Department of Science and Engineering, Ritsumeikan University, Japan  

 
ABSTRACT 

 
Many stupas located within the sacred historical site of Ayutthaya, Thailand are inclined. It is important to 

understand their ground conditions and causes of inclination in order to design appropriate conservation 
countermeasures for these precious cultural assets. Soil investigations were conducted at four points around the 
inclined stupa of Wat Krasai, located outside the World Heritage Site ”Historic City of Ayutthaya” in 2013 and 
2016. Three key soil layers appear to be responsible for the inclination of this stupa: the second soft clay layer, 
the third loose silty sand layer, and the fourth hard clay layer. The inclination of this stupa increased as the 
thickness of the second soft clay layer. Thus, we assumed that the cause of stupa inclination and disproportionate 
settlement of the stupa was only the second soft clay layer. The amount of settlement and the initial void ratio of 
this second layer were estimated using the consolidation calculation formula based on Terzaghi's one-
dimensional consolidation theory. The results of this study indicate that the amount of settlement is not exactly 
proportional to the thickness of the second soft clay layer, or that the void ratio is inhomogeneous in the layer. 
Calculation is conducted in four directions, north, south, east and west, and the maximum settlement and the 
initial void ratio of the second soft clay layer are estimated at approximately 6.9 m and between 1.46 and 2.48 at 
the north side of the stupa, respectively.  
 
Keywords: Consolidation, Differential settlement, Void ratio, Inclined cultural assets, 
 
INTRODUCTION 

 
The Phra Nakhon Si Ayutthaya Historical Park is 

located 86 km north of Bangkok, and is surrounded 
by three rivers: the Chao Phraya, Pa Sak, and 
Lopburi. This park is one of the most famous World 
Heritage Sites in Thailand, attracting around one 
million visitors every year. This important historic 
city was registered as a UNESCO World Heritage 
Site in 1991, and encompasses a total area of 289 ha. 

The Kingdom of Ayutthaya included one of the 
largest cities in Southeast Asia, and was an 
important regional power for 417 years, between 
1350 and 1767. During the 16th century, this 
kingdom encompassed present-day Laos, Cambodia, 
and Myanmar. Three palaces and more than 400 
temples were built during this time. Many of these 
structures, however, were subsequently almost 
completely destroyed by Burmese invaders. Many 
surviving ruins have been painstakingly restored, 
and two kinds of architecture are visible in 
Ayutthaya. The first of these comprise cactus-shaped 
obelisks called prangs that are indicative of Khmer 
(from the 9th to the 13th century) influence, while the 
second are more pointed stupas that exhibit 
Sukhothai (from the 13th to the mid-15th century) 
influence. Because stupas consist of weathered 
bricks, some of them have collapsed, and many are 

inclined at an angle. 
In this study, we focus on the causes underlying 

the inclination of stupas, which are in need of 
conservation. Research was carried out on the 
leaning stupa of the Wat Krasai temple (indicative of 
Sukhothai influence), located within the World 
Heritage expansion planning area, with the 
permission of the 3rd Regional Office of Fine Arts.  

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1.  Location of Ayutthaya and Wat Krasai 
 

PRAVIOUS STUDIES AND OUR STUDY 
OBJECTIVE 
 

 Several studies have been conducted 
investigating the weathering conditions and 
restoration of cultural assets made of brick, 

Ayutthaya

Bangkok

Google earth Google map
Wat Krasai 

The Ayutthaya 
Historical Park 



GEOMATE - Mie, Japan, Nov. 21-24, 2017 

276 
 

including the stupas in Thailand. For example, 
Hatanaka et al. (2013) surveyed the weathered brick 
stupas at Wat Som and Wat Chaiwatthanaram within 
the Ayutthaya Historical Area, and developed a 
restoration method that uses a surface toughening 
agent [1]. Kuchitsu (1998) surveyed stones used to 
build historic monuments in Thailand, and 
concluded that salt efflorescence and bio-
deterioration were the causes of brick deterioration 
[2].   

Fujii et al. (2015) monitored the inclined stupa at 
Wat Langkhakhao using photogrammetry, and 
confirmed that there was no deformation over the 
course of approximately 2 years [3]. The National 
Research Institute for Cultural Properties, Tokyo, 
investigated the 2011 flood damage of cultural 
properties in the Ayutthaya Historical Park, and they 
reported that the 2011 flood did not impact the 
inclination of these properties [4].   

The famous Leaning Tower of Pisa is constructed 
on three formations. In the past, the cause of creep 
had been widely attributed to the underlying soft 
sensitive marine clay, which is normally 
consolidated. This marine clay is the second layer 
extending from a depth of 10 m to about 40 m 
underground. The precision level measurements, 
which commenced in 1928, revealed the rotation of 
the tower based on the fact that the center of the 
foundation plinth had not been displaced vertically 
relative to the surrounding ground. The cause of the 
continual long-term rotation of the Tower lies in the 
first layer. In addition, the most likely cause of the 
progressive seasonal rotation was a fluctuating 
ground-water level due to heavy seasonal rainstorms 
[5]. These studies showed that the inclination of the 
Tower had multiple causes. 

Our project team comprises researchers from 
Thammasat and Ritsumeikan Universities. We 
attempted to conduct two studies under the 
circumstances we are in the lack of accurate 
information on stupa construction, ground 
conditions, soil composition, and groundwater levels. 
Chijiwa et al. (2015) analyzed two cases in 
Ayutthaya using boring data of the other place in 
Ayutthaya prefecture, the first of which anticipated 
the occurrence of two floods over the next 100 years, 
while the second anticipated no flooding, and 
subsequently compared the two results after 100 
years. The result showed that the stupa are not likely 
to sink rapidly by floods [6]. Ishida et al. (2016) 
tried to reproduce the current inclined conditions 
using a consolidation analysis, working with the 
assumption that the inclination was caused only due 
to an imbalance in the stupa weight. The results 
showed that the cause of inclination does not depend 
only on the imbalance of stupa weight [7].  

It is possible that the inclination of the stupa may 
have multiple causes, as in the case of the Leaning 
Tower of Pisa. However, in this study, we planned 

to first attempt to reproduce the current inclination 
using consolidation analysis from the time of 
construction of the stupa, assuming that the uneven 
thickness of the soft clay layer is the cause for 
inclination. Because physical properties of the soil 
are change before and after consolidation in general, 
we have to estimate initial soil parameters. In this 
study, the methodology of estimating the initial void 
ratio, which is one of the parameters for 
consolidation analysis, based on one dimensional 
consolidation theory is described. The uneven layer 
thickness and slope angle of the stupa was used in 
the estimation. 

 
OVERVIEW AND INCLINATION ANGLE OF 
THE STUPA AT WAT KRASAI 

 
The Wat Krasai site is a long rectangle in the 

east-west direction. The temple was destroyed and 
only the stupa remains. The direction of front of the 
stupa is rotated approximately 8° from east to north. 
The stupa consists of several parts, an eight-sided 
pyramid and conical body with a multi-layered 
structure. This entire structure is hollow, with an 
approximate height of 27 m and an approximate 
foundation diameter of 22 m. The stupa is bent, and 
the inclination of the top and bottom were different, 
and the base is tilted much more than the head.  

Fig. 2 and Fig.3 show the stupa before and after 
restoration. Before restoration work, the base part of 
stupa was in a state filled under the ground. Thus, it 
indicates that the stupa sank below the surrounding 
ground. The foundation of stupa was excavated, and 
the octagonal and bottom quadrangular bases were 
added using a lot of bricks for reinforcement. 
Additionally, surrounding wall and base of temple 
was reconstructed.  

 
 
 
 
 
 
 
 
 

Before repair（Google earth 2010.3.20 shooting） 
 
 
 
 
 
 
 
 

After repair（Google earth 2013.2.20 shooting） 
 

Fig.2.  Wat Krasai before and after restoration work 

Stupa 

Stupa 

Wall 
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Before restoration                 After restoration 
 

Fig.3.  Stupa before and after restoration work 
 

The restoration work was carried out on the 
missing part of the octagonal body, which was 
below the bell shape in 2013. The entrance of the 
stupa was closed using bricks, except for small 
windows on the body in four directions. We 
observed the internal structure of the small open 
windows on four sides, and confirmed that the 
inclination angle of the original bricks and the bricks 
added during restoration has harmonic relation.  
Therefore, the inclination of the bricks on the 
surface of the body can be considered the same as 
the inclination of the bricks before restoration. The 
inclination angle of the stupa was obtained by 
measuring the inclination of the bricks at the yellow 
and white lines (shown in Fig. 4), using a digital 
clinometer. Table 1 shows inclination angle 
measured at 3 points which are the left side, center, 
and right side in each face. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.4.  Inclination measuring station 
 

Table 1.  Inclination angle in each face 
 
 
 
 
 
 
 
 
 
 

Inclination toward to right is shown in plus and 
inclination toward to left is shown in minus. Data 
show that the northern side of the Wat Krasai stupa 
is the most sunken, followed by the eastern side. 
 
SOIL INVESTIGATION 
 
Standard Penetration Test at 4 points 
 

The topography of the Bangkok plain reflects the 
fact that it was covered by a shallow marine sea 
from 3000 to 1000 B.C. Soft clay was deposited in 
the shallow waters near the shore, and which it is 
spreading to Ayutthaya [8]. In order to identify 
ground composition, soil investigations were carried 
out around the stupa at Wat Krasai. Standard 
penetration tests (SPTs) at Bor-1 and Bor-2 (shown 
in Fig. 5) were conducted by the government of 
Thailand in March 2013, and we carried out 
additional SPTs at two survey points within Bor-3 
and Bor-4 in March 2016.  

 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.5.  Four points of soil investigation 

 
Relationship between the key soil settlement layer 
and stupa inclination 

 
We produced four cross-section drawings (Figs. 

6–9) of northern side, southern side, eastern side and 
western side, using data from our soil investigations. 
Layer thicknesses were prorated by distance from 
boring points. These drawings illustrate the presence 
of three key settlement layers. Of these, the second 
and third layers are soft, while the fourth is hard.  

This is illustrated in Fig. 6, where the second 
layer, a very soft-to-medium stiff clay layer, is much 
thicker on the northern side than the southern side, 
and the third layer, a loose-to-medium dense silty 
sand layer, is also much thicker in the north. In 
contrast, the fourth layer, a stiff-to-hard clay layer, is 
much thicker on southern side than the northern side, 
and it seems to support the stupa. Viewed from 
west-to-east, the top of stupa is inclined at 2.4°, and 
the body is inclined approximately 2° to 11° towards 
the north. 

The other orientations are analyzed in the same 
way, and plotted the difference of the soft layers 

Bor-2

Bor-1 
Bor-3

Bor-4 
Stupa

Left Center Right Left Center Right
North face 2 0 -3 2 0 -1
NorthWest face -7 -9 -9 -3 -7 -7
West face -3 -8 -11 -2 -9 -7
SouthWest face -9 -9 -9 -7 -7 -7
South face -4 -3 -4 0 0 0
SouthEast face -2 0 0 2 1 0
East face 1 1 0 0 5 1
NorthEast face 0 1 2 5 5 5

Inclination angle (degree)
Yellow line White lineDirection
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thicknesses at the both end sides of the stupa base 
part as well as the degree of inclination (Fig.10). 
Results showed that inclination of the stupa 
correlates roughly with thickness of the soft layers. 

 
ESTIMATION OF INITIAL VOID RATIO 
 

We assumed that the cause of stupa inclination 
due to disproportionate settlement of the stupa were 
only the second soft clay layer. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.6.  Cross-section drawing of western side 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Fig.7.  Cross-section drawing of eastern side 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.8.  Cross-section drawing of southern side 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.9.  Cross-section drawing of northern side 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.10. Correlation of layer thickness and inclination 

2-11° 
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In addition, the amount of settlement due to 
consolidation and the initial void ratio of the second 
soft clay layer  were calculated using the uneven 
layer thickness, inclination angle of the stupa, and 
Eq. (1)  based on one dimensional consolidation 
theory. 

 

ࡿ ൌ ࡴ ࢋ∆

ାࢋ
ൌ ࡴ ࢋିࢋ

ାࢋ
                 (1) 

 
In this expression, S refers to the amount of 

settlement due to consolidation (m), H is the initial 
thickness of the soft clay layer (m), e is current void 
ratio (0.62 based on our soil tests), and e0 is the 
initial void ratio.  

We focused on the difference in layer thickness 
and the amount of settlement at both ends of the 
stupa. It was assumed that ground level was 
horizontal when the stupa built. However, a 
difference in settlement had occurred over a long 
period time, caused by the weight of the stupa. It is 
assumed that the inclination of the stupa is equal to 
the amount of differential settlement at both ends of 
the stupa as shown in Fig. 11. In this figure, B refers 
to the width of octagonal base part, and  is the 
inclination angle of the each faces of the stupa.  This 
hypothesis follows Eq. (2), (3), (4), (5), (6), (7).  

 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.11.  Degree of inclination 
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ࡴ	     ൌ ࡿ                                            (6)ࢎ
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In this expression, S1 refers to the amount of 
settlement of the thin layer at the end of the stupa 

(m), S2 refers to the amount of settlement of thick 
layer at the end of the stupa (m), H1 refers to the 
initial thin layer thickness at the end of the stupa 
(m) , H2 refers to the initial thick layer thickness at 
the end of the stupa (m) , h1 refers to the current thin 
layer thickness at the end of the stupa (m) , h2 refers 
to the current thick layer thickness at the end of the 
stupa (m), and  is the inclination angle of the stupa.  

S1, S2, and e0 were calculated using Eq. (2) and (3) 
in each directions, north, south, east, west faces. 
These values are based on the conditions that the 
initial void ratio of the soft clay layer at both sides of 
the stupa, differential of the current layer thickness 
at both sides of the stupa, and settlement differences 
at both sides of the stupa are the same in each case.  
 
RESULTS AND DISCUSSION 
 

The results of settlement amounts, S1 and S2, as 
well as e0 based on maximum inclination angle of 
each faces are shown in Table 2. As the same way, 
the inclination angle of 3 cases, average angle, 
yellow line measurement average angle, white line 
measurement average angle, were used for 
calculation. Figure 12 shows settlement amounts in 
4 orientations, North, West, South, and East. The 
maximum settlement amount was estimated 6.90m 
at western side. 

We estimated the initial void ratios in each 
orientations based on the maximum measurement 
angle to be within the range of 1.46 to 2.48 as shown 
in Fig.13. The value of results are in the range of 
general soft clay.  

  This estimation method includes some problem, 
for example in the case of little amount of difference 
of subsidence. We estimated the inclination angle by 
measuring on the body bricks. However, because 
bricks are not perfect shape, the bricks which 
consists the stupa wall have some minor deviations. 
In addition, because the inclination is different 
between top and bottom of the stupa, it is important 
to decide where sites as the measurement location. 

 
Table.2. Results of the consolidation settlement 
calculation based on the maximum inclination angle 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

H
2 

h 2
 

S 2
 

h 1
 

S 1
 

H
1 

Δ
S 



Initial ground level 



North West South East

h 1(m) 3.28 2.87 3.28 2.87

h 2(m) 4.90 6.00 4.90 6.00

θ (°) 3.0 11.0 4.0 5.0

B (m) 18.50 18.50 18.50 18.50

ΔS  (m) 0.97 3.60 1.29 1.62

S 1(m) 1.96 3.30 2.62 1.48

S 2(m) 2.93 6.90 3.91 3.10

H 1(m) 5.24 6.17 5.90 4.35

H 2(m) 7.83 12.90 8.81 9.10

e 0.62 0.62 0.62 0.62

e 0 1.59 2.48 1.91 1.46
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Fig.12.  Amount of settlement in 4 orientations 

  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.13.  Initial void ratio (e0) in 4 orientations 

 
 

CONCLUSION 
 
The settlement due to consolidation under the 

Wat Krasai stupa was analyzed in this study based 
on a soil investigation. The result of the soil 
investigation shows that it is possible that three key 
layers are responsible for the inclination of this 
structure, a second soft clay layer, a third loose silty 
sand layer, and a fourth hard clay layer. 

We calculated both the amount of settlement and 
the initial void ratio of the second soft clay layer. 
Results indicate that maximum settlement was 
approximately 6.9 m at the northern end of the stupa, 
while the initial void ratio falls between 1.46 and 
2.48. In the future, consolidation analysis of a model 
including all soil layers will be required to determine 
the additional settlement details, and to consider the 
influence of the other layers. 
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ABSTRACT 

The nodal exact displacement based finite element method for analyzing axially loaded pile embedded in multi 
layered of finite depth of elastic soil is presented. The investigation herein is conducted on the condition of shape 
function by which exact value may be reproduced at the nodal points regarding to a few number of elements. The 
examined shape functions which satisfy the homogeneous governing equations in each layer of elastic soil are 
introduced to obtain the so-called exact element stiffness matrix via total potential energy principle. The results 
obtained from proposed finite element were compared with analytical solution from literature. Axial force and 
displacement solutions of pile in multi layered soil obtained from proposed finite element model show fairly good 
agreement with analytical solutions and data from the available literatures.  

Keywords: Axially loaded pile, Displacement method, Finite element, Multilayer soil 

INTRODUCTION 

In this study, the displacement of axially loaded 
pile embedded in multi-layer soil is solved via 
proposed finite element procedure. The nodal exact 
shape function concept suggested in [1]–[4] are used 
to construct the stiffness matrix and equivalent nodal 
force incorporate with fixed-point iteration algorithm 
to solve nonlinear algebraic equations. In each 
iteration step, the coefficients of differential equation 
describe pile settlement behavior were estimated 
easily via component of stiffness matrix and nodal 
displacement obtained from previous iteration step. 

Examples of elasto-static pile embedded in 
multilayered soil subjected to quasi-static point load 
on top soil level were analyzed [5]. The results from 
proposed element are compared with analytical 
solution obtained from [6] to verify the accuracy of 
proposed pile element. 

MATHEMATICAL FORMULATION 

Problem Definition 

The analysis considers a single circular cross 
section pile [5], with radius rp and total length Lp 
embedded in a total of N horizontal soil layer (Fig. 1). 
The pile is subjected to an axial force Qt at the pile 
head which is flush with the ground surface. The pile 
itself crosses m layers (m < N). All soil layers are 
assumed to extend to infinity in the radial direction, 
and the bottom layer (Nth layer) also extends to 
infinity in downwards direction (half-space) as shown 
in Fig. 1. The soil medium in any layer (ith layer, 
where i = 1,…,N) is assumed to be elastic and 

isotropic material, with elastic properties described 

by soil shear modulus Gsi and Poisson’s ratio si. The 

vertical depth from the ground surface to the bottom 
of any layer i is denoted by Hi. Hence, the thickness 
of each layer Li is computed by Hi – Hi –1 with H0 = 0. 
The pile is assumed to behave as an elastic column 
with Young’s modulus Ep. The Poisson’s ratio of the 
pile material is neglected. 

Governing Differential Equations 

Since the cylindrical pile settlement problem in 
Fig. 1 is axisymmetric. Hence, we use the system of 
cylindrical coordinates (r-z coordinate) to indicate 
any position in pile and soil bodies. The origin of 
cylindrical coordinate coincide with the center of pile 
cross section at the pile head level. The vertical 
(positive in downward direction) coordinate z-axis is 
coincide with pile axis. The non-slip conditions 
between pile surface and surrounding soil and 
between soil layers are assumed. The vertical 
displacement uz(r,z) at any point in the soil is 
represented as product of two functions in r and z 
coordinates as follows: 

     ,zu r z w z r   (1) 

where w(z) is the vertical displacement of pile at any 

point along pile axis, and (r) is the soil displacement 

decay function in the radial direction. 
Then, the calculus of variations are used to obtain 

the governing differential equation in pile and 
surrounding soil by define the strains from 
displacement functions in Eq. (1), and prescribe the 
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variation of total potential energy with respect to w 

and  equal to zeros [6]. The governing differential 

equation for the pile and soil below the pile tip is as 
follow: 

 
2

2
2 0i

i i i si i

d w
E A t k w

z
   


   (2) 

where Ei = Ep and Ai = Ap when 1  i ≤ m (along pile 

axis), and Ei = si + 2Gsi and Ai = rp
2 when (m + 1) 

 i < N (soil below the pile tip). The elastic constant 

si + 2Gsi is a function of Poisson’s ratio si and shear

modulus Gsi of soil: 
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Note that the coefficients ksi, and ti represent the shear 
and compressive resistances of soil mass against pile 
settlement. Both ksi, and ti are a function of decay 

function  and elastic properties of soil as follow: 
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The governing differential equation for the soil 
surrounding the pile can be obtained by taking the 

variation of total potential energy with respect to  

equals to zero: 
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and the solution of Eq. (6) with boundary conditions 

(r) = 0 at r extend to infinity, and (r) = 1 at r = rp 

is a zero order modified Bessel function of the second 
kind: 

Fig. 1 Axially loaded pile and multi-layer soil [5] 
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Substituting decay function (r) into Eqs. (4) and (5), 

obtain the explicit formula for coefficients ksi and ti in 
terms of modified Bessel function of second kind, 
zero and first orders [6]: 

 2 21 2si si r rk G          (11) 

  2 21
2 1

2
i p si sit r G      (12) 

where the coefficient  is the ratio between the 

modified Bessel function of the second kind of first 
order K1 and zero order K0, i.e.: 
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   (13) 

The general solution of Eq. (2) is given by: 

     cosh sinhi i i i iw z B z C z        (14) 
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where Bi and Ci are integration constant. The 

characteristic parameter i of pile and soil interaction 

is expressed as follow: 

 2
si

i

i i i

k

E A t
 


   (15) 

Note that the dimension of parameter i is inversion 

of length. An axial force Qi(z) at a depth z in the ith 
layer is obtained defined as: 

   2 i
i i i i

dw
Q z E A t

dz
    (16) 

or explicitly in the form: 

     sinh coshi i i i i iQ z a B z C z             (17)

where ai = i (EiAi + 2ti), the integration constants Bi 

and Ci in Eqs. (14) and (17) can be determined 
analytically from the procedure proposed in [5]. 

Finite Element Formulation 

Consider one-dimensional element in Fig. 2, 
which represents the portion of pile embedded in any 
one layer of surrounding soil governed by Eq. (2). 
Assuming that soil surrounding pile element is in 
elastic condition for whole length. Shear resistance of 
soil is represented by equivalent soil spring 
coefficient ksi. Pile element in Fig. 2 compose of two 
nodes at top and bottom, numbering with node 1 and 
2, respectively. The total potential energy of this soil-
pile element subjected to an equivalent nodal forces 
P1 and P2 is defined as the sum of internal potential 
energy (strain energy) and the external potential 
energy due to external load as follow [4]: 
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0 0

1 1 2 2
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L L

si i i i
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dz k w dz
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Pw P w
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   (18) 

where w(z) is the vertical pile displacement at depth z 

where 0  z  L. The first variation of Eq. (18) leads 

to: 
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  (19) 

Note that the origin of vertical coordinate along the 
pile axis in potential function, Eq. (18), is now moved 
to the top node of pile portion, instead of pile head on 
ground level. The nodal displacement at top and 
bottom nodes are denoted by w1 and w2, respectively. 
Suppose that the pile portion at ith layer is considered, 
the pile length can be computed from different of 
bottom depth between nearby soil layer, i.e.  L = Hi – 
Hi-1. 

Fig. 2 Axially loaded pile element [4] 

Applying the appropriate Gauss-Green theorem to 
Eq. (19) and setting δП = 0, gives the differential 
equation for equilibrium similar to Eq. (2), and a set 
of natural boundary conditions as follows 

 1

0

2
z

i i i

dw
P

dz
E A t



    (20) 

 2
2

z L

i i i

dw
P

dz
E A t



   (21) 

The natural boundary condition at first node, Eq. (20) 
is similar to axial load expression in Eq. (16). 

Interpolation function 

To construct the system of algebraic equations 
with respect to nodal displacement, the trial solution 
of w(z) in Fig. (2) is introduced in the form: 

     1 1 2 2w z w N z w N z       (22) 

The shape functions in Eq. (22) are taken from 
homogeneous solution of Eq. (2), i.e. 
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where the dimensionless parameter βi = iL. 

In present work, the proposed finite element 
procedure to solve Eq. (2) for a given load Qt (Fig. 1) 
will be explained in next section. Then, the results 
from proposed nodal exact element will be compared 
with available analytical solution in [5, 6]. 

Fixed-Point Iteration 

According to Eqs. (8) and (9), the shape parameter 

of decay function, namely r in Eqs. (6) and (7) 

depends on pile settlement w(z). Hence, the finite 
element discretization of Eq. (19) with trial 
displacement function in Eq. (22) leads to the steady 
steady-state set of non-linear algebraic equations as 
follow: 

  K w w f     (25) 

In which stiffness matrix K is a non-linear function of 
nodal displacement w. The external nodal load f is 
presented in term of specified vector. The nodal 
solution w is obtained by solving an algebraic 
equation via fixed point iteration technique [7]: 

 1 ( )n n
K w f  (26) 

where K(n-1) = K(w(n-1)), n = 1,2,…, is stiffness matrix 
evaluated from nodal solution w at previous iteration 

step. An iteration is repeated until the value of r 

converged. In this work, the convergence criteria are: 

   1 510n n

r r      (27) 

Note that the convergence criteria used in Eq. (27) is 
similar with criteria used in [5, 6]. 

Element Stiffness Matrix 

Element stiffness matrix in Eqs. (25) and (26) can 
be derived from first variation of strain energy term 
in Eq. (19) by substitute the trial solution w(z) and 
variation δw(z) interpolated by the shape functions 
proposed in Eqs. (22) and (23). Hence, the stiffness 
matrix of layer i can be defined as: 

coth csch

csch coth
i i

i i

i i

a
 

 

 
   

K       (28) 

where parameter ai was already defined in Eq. (17). 
The element stiffness matrices in Eq. (28) are 

assembled to form global stiffness in Eq. (25). 
At the bottom most layer (layer N), the thickness 

is assumed to be infinity, and nodal displacement at 
bottom most point is prescribed to zero. Hence, the 
element stiffness matrix in Eq. (28) has to be 
redefined. Convergence of hyperbolic function when 

L shows that the element stiffness matrix for 

Nthlayer is similar with penalty spring coefficient [8] 
attached to Nth degree of freedom, wN, with the 
following form: 

 2NN N N N N Nk a E A t       (29) 

The convergence of hyperbolic function also shows 
that the displacement in Nth layer can be interpolated 
via the form below: 

     cosh sinhN N Nw z w z z      (30) 

The interpolation of w in Eqs. (22) and (30) are then 
used to compute axial force according to Eq. (16). 
Note that coordinate z in Eqs. (22)–(30) is local 
coordinate defined in ith-layer. 

Calculation of Decay Parameter 

The value of decay parameter r in any iteration 

step of Eq. (26) can be evaluated from nodal 
displacement solution w in each step. Substituting the 
displacement function, Eq. (22), into Eqs. (8) and (9) 
obtained: 
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(32) 

where 2si si siE G  , the values ms and ns are then 

put into Eq. (7) to compute the parameter r. 

NUMERICAL EXAMPLES 

In this section, two numerical examples are 
presented to illustrate the effectiveness of nodal exact 
finite element proposed in previous section. Results 
from proposed element are verified using analytical 
solutions available in [5, 6]. 
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Pile with Ideal Rigid End Bearing 

In this example, we study the behavior of pile in 
homogeneous soil (one layer) subjected to pile head 
load as shown in Fig. 3. The ratio between pile elastic 
modulus and soil shear modulus is set to be Ep/Gs = 
3000, and Poisson’s ratio vs = 0.4999. The pile tip is 
assumed to rest on a rigid layer and pile diameter B = 
2rp = 0.2 m. Note that this problem was already 
solved in [6], and repeat hear to verify our proposed 
finite element model. 

Fig. 3 Pile rest on rigid layer [6] 

Figure 4 shows relation between the normalized 
pile head stiffness KN versus normalized pile length 
Lp/B. The normalized pile head stiffness is defined as 
KN = Qt/(w0EpB) where w0 = settlement at pile head. 
The plot in Fig. 4 were obtained with the finite 
element analysis proposed in this work and from 
analytical method in previous study [5]. The 
normalized pile head stiffness in Fig. 4 decreases with 
increasing of normalized pile length. The results of 
finite element analysis presented in this work is in 
good agreement with previous study in [6]. 

Micropile (Italy) 

This example present the case of micro-pile, which 
was installed in a complex soil profile [6]. The soil 
profile and pile length are shown in Fig. 5. Pile 
diameter and length are equal to 0.2 m and 19 m, 
respectively. Modulus of elasticity of pile is 
approximately 27 GPa. In all soil layers, the Poisson’s 
ratio was assumed to be 0.3. The values of soil depth, 
shear modulus, and Poisson’s ratio of Fig. 5 are listed 
in Table 1. The numerical test was performed using 
four proposed nodal exact elements with four active 
degree of freedom. Figure 6 shows the calculated pile 
head settlement versus input pile head load. Figure 7 
shows measured and calculated load-transfer curves 
for applied load equal to 50, 250, and 500 kN. These 

figures show that there is very good agreement 
between proposed finite element and analytical 
solution in literature [5]. 

Fig. 4 Normalized pile head stiffness versus 
normalized pile length of rigid-end pile 

Fig. 5 Soil Profile of Italy case [5] 

Table 1 Input properties for the analysis of micropile 
tested in Italy (B = 0.2 m, Lp = 19 m, Ep = 27 GPa) 

Layer Hi (m) Gsi (MPa) νsi 

1 12 19.2 0.3 

2 19 45.0 0.3 

3 21 45.0 0.3 

4  53.1 0.3 

CONCLUSION 

The finite element model for pile embedded in 
multilayered elastic soil subjected to axial load is 
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proposed. The nonlinear algebraic equation has been 
solved via fixed point iteration. Numerical examples 
for static load pile embedded in multi layered elastic 
soil were tested by proposed finite element compare 
with available analytical solution from literature. Two 
problems, composed of pile resting on rigid base, and 
infinite bottom depth were solved to obtain pile 
settlement and load transfer curves. Numerical test 
indicates that the proposed finite element method are 
very good agreement with available analytical 
solution proposed in literature. 

Fig. 6 Load-settlement curve at pile head (Italy 
case) 
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Fig. 7 Load-transfer curve for pile head load 
equal to 50, 250, and 500 kN (Italy case) 
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ABSTRACT 

 
This article discusses the stability analysis corresponding to the construction project of a runway 

embankment over soft clay, to reach the subgrade level, that conform the foundation of the runway No. 16/34, 
for the project Aeropuerto International de Chincheros Cusco - Peru (AICC). The safety analysis consists in 
evaluating the strength reduction of the foundation, considering the effect of the consolidation, for the short term 
and long-term construction techniques considering the soil improvement with preloading, vertical geodrains and 
stone columns techniques. The numerical analysis is developed with the Plaxis 2D v8.6 software, considering a 
typical section corresponding to a critical sector, located on the km 1+180 progressive of the landing strip. 
According to the results of the definitive geotechnical study, the foundation soil, corresponding to the analysis 
section, is a saturated soft clay, until a depth of 35 m; then to model its mechanical behavior was used the Soft 
Soil Model; and for the embankment, that will be constructed of compacted soil obtained from the ground 
cutting process, was considered the Mohr Coulomb model. The physical and mechanical parameters were 
established based on the results of field and laboratory test, correlations and referential values established in the 
specialized bibliography. From the comparative results based on the calculated safety factors, the stone columns 
technique, presents a higher factor of safety compared to the preloading and vertical geodrains techniques; while 
considering the short-term construction, the foundation soil fails due to loss of strength before reaching the total 
embankment height. 
 
Keywords: Stability of Embankment, Numerical Analysis, Stone Columns, Vertical Geodrains. 
 
 
INTRODUCTION 

 
The construction of the embankment for the 

runway of the project Aeropuerto Internacional de 
Chincheros Cusco - Perú (AICC) will allow to reach 
the level of subgrade, which will form the ground of 
foundation for the subsequent construction of the 
runway No. 16/34 (Fig. 1), whose heights vary from 
7 m to 13 m according to the site topography [1].  

 

 
 

Fig. 1 Location of runway No. 16/34 and 
Taxiways of the AICC project. 

 
The subsurface exploration (trial pits, borings, 

drillings) and in-situ testing [5] allowed to identify 
the type and the geological formation of the soils in 
the zone, standing out its origin of lakebed (central 
zone), being this zone an old lake that over time was 
filled with sediments. 

In the longitudinal ground profile corresponding 
to runway No. 16/34 (Fig. 2), are shown the cut 
zones (S1, S3) and fill areas (S2, S4). The zone of 

the central sector (S2) on which the embankment 
will be constructed, is considered like a quaternary 
deposit of lake origin compound for a sequence of 
fine soils, shaped for silts and organic clays of 
medium to high plasticity and typical inorganic soils 
of elevated zones [5]. 

 

 
 

Fig. 2 Longitudinal ground profile corresponding 
to the runway shaft No. 16/34. 

 
Posterior studies executed [1], concluded that the 

zone of the central sector of sedimentary origin is 
composed of fine soft soil permanently saturated due 
to the accumulation of pluvial water, and mostly 
correspond to gypsum in saturated state, which gives 
a whitish color to the surface. According to the 
USCS, soils are classified as CL, ML and MH.  

In the definitive study [8] the longitudinal soil 
profile of the runway No. 16/34 is presented (Fig. 3), 
and indicates that the soft soils composed of clays 
and silts, located between the progressive Km 1+100 
to 1+860, with a power of 35m, have weak 
compressive strengths lower than 0.25 kg/cm2. 
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Fig. 3 Longitudinal soil profile of the runway No. 
16/34. 

 
In the present paper the stability analysis 

corresponding to the construction of the runway 
embankment No. 16/34 on soft clay is developed, in 
a representative critical section located at Km 1+180 
[7], onto the soft soil zone described in the definitive 
study. 

The stability analysis comprises the evaluation of 
the embankment construction without ground 
improvement compared with improvement 
techniques such as preloading, vertical geodrains 
and stone columns [2]. The analysis is developed 
numerically using the finite element method, with 
the Plaxis 8.6 software, considering a 2D analysis 
with a plane strain model [6]. The numerical 
analysis provides the results of settlements, 
consolidation times, factor of safety (FS) expressed 
in graphs, corresponding to the process of 
embankment construction, comparing indicated 
techniques.  

 
METHODOLOGY  

 
The geotechnical parameters of the materials 

were established based on the results of the field and 
laboratory tests, correlations and reference values 
established in the specialized bibliography related to 
the subject. The results of the site investigation 
performed in the zone close to the critical section 
(Fig. 4) allowed to define the soft soil geotechnical 
parameters to define the constitutive model for the 
numerical analysis. 

 

 
 

Fig. 4 MASW test and trial pits location plan, in 
the central zone of the runway No. 16/34. 

 
The definitive study of the project consisted of 

the execution of field and laboratory tests, as shown 
in Table 1. 

 

Table 1 Most relevant field and laboratory tests 
performed to characterize the soil for the 
AICC. 

 
Test Geotechnical 

parameters 
Ground Investigation 

Trial pits LL, IP, Gs 
Compaction test γnat 

DPL N10 
SPT NSPT 

Drilling sampling 
Lefranc Test kx 
Piezometers hp 

Geophysical Investigation 
Seismic Refraction Vp 

MASW Test Vs 
MAM Test Vs 
ERT Test Ohm-meter 

Laboratory Investigation 
Sieve analysis Cu, Cc 

Atterberg limits LL, IP 
Unconfined 

compression test 
Su 

Consolidation eo, Cc, Cr, Pc, Cv 
Proctor Compaction 
Test and CBR Test  

γdmax, CBR 

Triaxial UU Su 
Permeability (flexible-

wall permeameter) 
ky 

 
In the lakebed zones of the profile, the 

embankment will be formed by filling, with the 
cutting materials of the elevated zones, as shown in 
the longitudinal profile (Fig. 2), and mainly the soils 
correspond to clays with presence of sand, evaluated 
with the Proctor Compaction and CBR test. 

The stability and consolidation analysis for the 
construction of the embankment were executed with 
the Plaxis 8.6 software. The method for the safety 
calculation at each stage of the embankment 
construction was the phi-c reduction, using the total 
multiplier factor ΣMsf, which represents the factor 
of safety [6]. For stability analysis it was considered 
as a minimum factor of safety FS = 1.3, which 
allows to evaluate the maximum stable elevation of 
embankment construction. 

The consolidation analysis was developed to 
evaluate soil improvement techniques. For this 
analysis, the application of load was considered 
through the option minimum excess pore pressure 
[6], with a value of 5 KN/m2, which is a criterion to 
finish the analysis of consolidation, then the 
calculation stops when the absolute maximum 
excess pore pressure is less than the prescribed value 
of |P-stop| [6]. 
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For modeling the embankment construction, it 
was considered the application of load by means of 
the option staged construction [3], which allows 
specifying a new state for each increase of 
embankment elevation, to be reached at the end of 
the calculation phase [6]. To each stage was 
specified a time interval of the calculation phase of 5 
days, considering the effect of the consolidation, for 
each increase of load established by the embankment 
elevation. The results corresponding to the 
settlements were evaluated at a point located in the 
central zone of the base of the embankment, at the 
ground surface. 

The stability analysis of the embankment 
construction comprises two periods; the first 
consisted in determining the maximum elevation of 
embankment construction without considering 
improvement techniques, evaluating the stability of 
the embankment by means of the established 
minimum factor of safety; for this period an 
embankment elevation of 4.5 m was reached. For the 
second period of the analysis the improvement 
techniques of the soft soil were evaluated, applying 
the improvement techniques elements to the 
geometry established by the maximum embankment 
elevation stable without improvement techniques 
(evaluated in the first period). For this latest 
geometry, the period of consolidation for the clay 
was considered, until a minimum excess pore 
pressure of 5 KN/m2 was reached; and later the 
embankment elevation was gradually increased 
every 1 m, controlling the minimum factor of safety, 
until reaching the elevation established by the 
project of 9.5m. The results corresponding to the 
settlements and duration times for each construction 
technique are compared, and allow establishing the 
advantages of the improvement techniques. 

For the geometric model of the embankment (Fig. 
5) it was considered to analyze half of its geometry 
for reasons of symmetry. A length of 60 m at the 
base, a slope of 1:2 (V:H) and a height of 9.5 m 
specified in the project were considered. 

 

 
 

Fig. 5 Geometric model considered for the 
analysis of section Km 1+180. 

 
The stone columns technique has a distribution 

of square grid, with columns diameter of 1 m, 
separated 3 m and an area of influence of 8 m2 per 
column. For its modeling was considered the 
transformation of its geometry using an equivalent 
geometry to perform the plane strain analysis [4], 

considering each row of stone columns as an 
equivalent longitudinal trenches with the same area 
[9], resulting for the numerical modeling, the 
diameter columns of 0.30 m and the separation 
between axes of 2.70 m. 

For vertical geodrains, a triangular distribution 
with a separation of 1.5 m and an area of influence 
of 2 m2 for each vertical geodrain were adopted. In 
the consolidation analysis, drain elements were used, 
considering a null value of excess pore pressure at 
all nodes (finite element mesh) along the lines 
representing the drains in the model [6]. 

To model the behavior of the materials, 
constitutive models available in the program Plaxis 
8.6 were used. For the embankment, stone columns 
and drainage layer the linear elastic perfectly plastic 
Mohr-Coulomb model was used. For the soft clay, 
the Soft Soil model was used, which provides 
adequate results in situations of primary 
consolidation; these parameters are shown in Table 2 

 
Table 2 Geotechnical Properties 

 
Material Clay Embank

ment 
Stone 

column, 
Drainage 

layer 
Model Soft Soil Mohr 

Coulomb 
Mohr 

Coulomb 
Behavior Undrained Drained Drained 

General Parameters 
γunsat kN/m3 15.7 19.5 19.0 
γsat kN/m3 16.0 20.0 20.0 
kx m/day 4.41×10-5 2.94x10-5 10.022 
ky m/day 2.94×10-5 2.94x10-5 10.022 

Model Parameters 
E’ kN/m2  24769 30000 
ν' -  0.3 0.3 
c’ kN/m2 11.0 32.0 1.0 
ϕ' ° 2.0 10.0 42.0 
ψ ° 0.0 0.0 0.0 
eo - 1.403   
Cc - 0.207   
Cs - 0.026   

Interface    
Rinter - 1.0 1.0 1.0 

 
DISCUSSION OF RESULTS 

 
The embankment construction on the soft clay 

was considered in stages, with increases of the 
embankment elevation in layers of 1 m, beginning 
with a drainage layer of 0.5 m covered by a 
geotextile at the base of the embankment to allow a 
better distribution of loads and drainage. Fig. 6 
shows the finite element mesh corresponding to the 
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geometric model for the embankment construction 
without any soil improvement technique  

 

 
 

Fig. 6 Finite element mesh for analysis without 
improvement technique. 

 
Figure 7 shows the result of safety analysis for 

different embankment elevations and Fig. 8 shows 
the diagram of settlement increase in function of the 
elevation of embankment construction and the 
period of time for each calculation phase, for the 
construction without improvement technique, 
reaching a factor of safety of 1.32 and a settlement 
of 11.1cm, in a period of time of 25 days, for an 
elevation of 4.5 m. This calculated elevation was the 
reference for the beginning of the consolidation 
period for the posterior improvement techniques 
analyzed. 

 

 
 

Fig. 7 Factors of safety as a function of 
construction elevations, for construction 
without improvement techniques. 

 

 
 

Fig. 8 Settlements vs. embankment elevation with 
the time, for construction without 
improvement techniques. 

 
Figure 9 shows the finite element mesh 

constructed for this analysis. 

 

 
 

Fig. 9 Finite element mesh for analysis of 
preloading technique. 

 
Figure 10 shows the result of safety analysis for 

different embankment elevations and Fig. 11 shows 
the diagram of settlement increase in function of the 
elevation of embankment construction and the 
period of time for each calculation phase, for the 
construction with preloading technique, reaching a 
factor of safety of 1.32 and a settlement of 87.5 cm, 
in a period of time of 31.77 years, for an elevation of 
5.5 m. 

 

 
 

Fig. 10 Factors of safety as a function of 
construction elevations, for construction 
with preloading technique. 

 

 
 

Fig. 11 Settlements vs. embankment elevation with 
the time, for construction with preloading 
technique. 

 
In order to accelerate the consolidation and 

reduce the preloading time, the soil permeability is 
improved by installing vertical geodrains. Fig. 12 
shows the finite element mesh for this analysis 
considering the drain elements with geometric lines. 
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Fig. 12 Finite element mesh for analysis of vertical 
geodrains technique. 

 
Figure 13 shows the results of the safety analysis 

for different embankment elevations, and Fig. 14 
shows the diagram of settlement increase in function 
of the elevation of embankment construction and the 
period of time for each calculation phase, for 
construction with vertical geodrains technique, 
reaching a factor of safety of 1.34 and a settlement 
of 96.6 cm, in a period of time of 220 days, for an 
elevation of 5.5 m. 

 

 
 

Fig. 13 Factors of safety as a function of 
construction elevations, for construction 
with vertical geodrains technique. 

 

 
 

Fig. 14 Settlements vs. embankment elevation with 
the time, for construction with geodrains 
technique. 

 
The technique of stone columns improves the 

soil strength due the rigidization, decreasing the 
settlement and improves the drainage. Fig. 15 shows 
the finite element mesh for this analysis. 

 

 
 

Fig. 15 Finite element mesh for analysis of stone 
columns technique. 

 
Figure 16 shows the results of the safety analysis 

for different embankment elevations, and Fig. 17 
shows the diagram of settlement increase in function 
of the elevation of embankment construction and the 
period of time for each calculation phase, for 
construction with stone columns technique, reaching 
a factor of safety of 1.39 and a settlement of 47.1 cm, 
in a period of time of 315 days, for the projected 
elevation of 9.5 m. 

 

 
 

Fig. 16 Factors of safety as a function of 
construction elevations, for construction 
with stone columns technique. 

 

 
 

Fig. 17 Settlements vs. embankment elevation with 
the time, for construction with stone 
columns technique. 

 
CONCLUSIONS 

 
The construction in stages of the runway No. 

16/34 embankment over soft clay, for the section 
Km 1+180, was modeled with Plaxis 8.6 software, 
evaluating the stability, settlements and periods of 
time for each stage; these results were evaluated to 
compare the benefits of construction techniques 
without improvement, preloading, vertical geodrains 
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and stone columns.  
The analysis for the embankment construction 

without improvement technique attained a maximum 
stable elevation of 4.5 m, with a factor of safety of 
1.32, in a period of time of 25 days, with 11.1 cm of 
settlement in the point of evaluation, located in the 
central zone of the base of the embankment. This 
calculated elevation was the reference for the 
beginning of the consolidation period for the 
posterior improvement techniques analyzed. 

The construction of the runway embankment 
considering the preloading technique attained a 
maximum stable elevation of 5.5 m, with a factor of 
safety of 1.32, in a period of time of 31.77 years, 
with 87.5cm of settlement in the point of evaluation. 
The necessary time required to dissipate the excess 
pore pressure, makes the technique inadequate for 
the construction. 

The construction of the runway embankment 
considering the vertical geodrains attained a 
maximum stable elevation of 5.5m, with a factor of 
safety of 1.34, in a period of time of 220 days, with 
96.6cm of settlement in the point of evaluation. This 
technique reduced the consolidation time making it 
most effective than the preloading technique. 

The construction of the runway embankment 
considering the stone columns was the only 
technique that attains the project elevation of 9.5m, 
with a factor of safety of 1.39, in a period of time of 
315 days, with 47.1 cm of settlement in the point of 
evaluation.  

 
 
REFERENCES 

 
[1] Alg - Europraxis. “Anexo 3. Geotecnia y 

Canteras”, Informe 9A-Estudio de Pre Inversión 
a Nivel de Factibilidad, 2013. 

[2] Bouassida M. and Hazzar L., "Comparison 
between Stone Columns and Vertical Geodrains 

with Preloading Embankment Techniques", 6th 
International Conference on Case Histories in 
Geotechnical Engineering, 2008 

[3] Bouassida M. and Klai M, "Challenges and 
Improvement Solutions for Tunis’ Soft Clay", J. 
of GEOMATE, Vol. 3, No. 1, 2012, pp. 298-
307. 

[4] Castro et al., "Modelización de columnas de 
grava", 10 Simposio Nacional de Ingeniería 
Geotecnica, Vol. 2, 2016 

[5] Consorcio Airways Novoa, “Estudio Técnico 
Topografía y Geotecnia”, Estudios Definitivos 
de Ingeniería Aeropuerto Internacional Cusco, 
1983. 

[6] PLAXIS 2D Version 8, Reference Manual, 
2007. 

[7] Quilli A. M. E., "Comparación mediante 
análisis numérico de métodos de tratamiento de 
suelo blando bajo un terraplén en Chinchero, 
Cusco", Tesis de graduación, Facultad de 
Arquitectura e Ingeniería Civil de la 
Universidad Nacional de San Antonio Abad del 
Cusco, 2016. 

[8] Sotelo y Asociados, “Nuevo Aeropuerto 
Internacional de Chinchero – Cusco. Informe de 
Geotecnia”, Nuevo Aeropuerto Internacional de 
Chinchero – Cusco. Estudio definitivo de 
Ingeniería - Estudios Generales. Informe de 
Geotecnia, 2014. 

[9] Van Impe WF, De Beer E, “Improvement of 
settlement behaviour of soft layers by means of 
stone columns”, 8th International Conference on 
Soil Mechanics and Foundation Engineering, 
Helsinki, 1983, pp. 309 – 312. 

 
 
 

 



 

293 
 

Seventh International Conference on Geotechnique, Construction Materials and 
Environment, Mie, Japan, Nov. 21-24, 2017, ISBN: 978-4-9905958-8-3 C3051 

DISPLACEMENT OF DIAPHRAGM WALL FOR VERY DEEP 
BASEMENT EXCAVATION IN SOFT BANGKOK CLAY  

 
 

Dr. Wanchai Teparaksa1, Jirat Teparaksa2 
1Department of Civil Engineering, Faculty of Engineering, Chulalongkorn University, Thailand  

2Department of Civil Engineering, The University of Tokyo, Japan  

 
ABSTRACT 

 
The Rosewood Hotel Project consists of 6 basements by using the diaphragm wall as a soil protection system. 

The elevations of Rosewood Hotel basements are -2.9, -6.5 -9.25, -11.95, -14.65 and -18.9m. depth from ground 
surface. The final excavated depth of this project is -24.2m.  from ground surface which is the area of lift pit. 
Because the final depth of this project was very deep, the effect of water pressure was also considered. The 
Finite Element Method (FEM) was carried out to predict the behavior and displacement of the diaphragm wall 
which is used as a soil protection system.  In addition, the Mohr-Coulomb soil modeling was used as the failure 
criteria of FEM analysis. The measured lateral movement of the diaphragm wall by means of inclinometer at all 
stages of construction is compared with analytical results from FEM prediction.  The predicted diaphragm wall 
displacement by FEM agree well with field performance. 

 
Keywords: diaphragm wall, basement construction, finite element method,  wall displacement 

 
INTRODUCTION 

 
The Rosewood hotel consists of six basement 

floor at -2.90 m,-6.50 m, -9.25 m, -11.95 m, -14.65 
m, and -18.90 m. deep below ground surface which 
is the lift pit of the project. The diaphragm wall is 
used as the temporary wall during excavation and is 
used as permanent wall at final stage. During 
excavation, four temporary steel bracing layer was 
used at elevation of -1.50 m, -7.45 m, -12.75 m. and 
-17.50 m. below ground surface. The diaphragm 
wall is 1.0 m. thick with tip penetrated in the very 
stiff silty clay layer at -28.0 m. depth below ground 
surface. The typical section of basement floor is 
presented in Figure 1 while the detail of temporary 
bracing system is presented in Figure 2. 

 
Fig. 1 Typical Section of basement Rosewood Hotel. 

 
 
Fig. 2 Detail of temporary bracing system Rosewood 

Hotel. 
 

The research work for study the behavior and 
performance of diaphragm wall for basement 
construction in Bangkok subsoil with various 
conditions was presented by Teparaksa[1],[2],[3]. 

This paper presents the performance and 
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behavior of the diaphragm wall. The lateral 
displacement of diaphragm wall is predicted by 
FEM analysis by simulating the construction 
sequence in the analysis. The lateral wall 
displacement is monitored during excavation and 
casting the basement floor. The FEM prediction is 
compared and discussed with the field performance. 

 
GEOLOGICAL CONDITIONS  

 
Three bored holes of 70 m. depth is carried out to 

investigate the geological conditions of the project. 
The soil conditions consists of soft to medium 
Bangkok clay from ground surface to 14 m. depth. 
The stiff silty to hard clay is encountered below soft 
to medium clay up to -45 m. depth. The dense 
second silty sand layer is found below 45 m. depth 
below ground surface. At this project site, the first 
layer of silty sand is no found as the normal 
Bangkok soil condition which is normally found at 
about 27 – 30 m. depth. The soil condition as well as 
soil engineering properties is presented in Figure 3. 

 

 
  
Fig. 3 Soil properties of Rosewood Hotel. 

 
 
 
 

ANALYSIS BEHAVIOR OF DIAPHRAGM 
WALL BY FINITE ELEMENT METHOD 

 

Design Criteria of diaphragm wall 

The behavior of diaphragm wall can be predicted 
by Numerical analysis by mean of Finite Element 
Method (FEM). The result of FEM analysis of 
diaphragm wall behavior is presented in term of 
bending moment and shear force induced in the 
diaphragm wall. The lateral displacement of 
diaphragm wall is also presented. The soil modeling 
is one of the main parameter for FEM analysis. The 
step of soil excavation, bracing installation, as well 
as preloading in the strut system is simulated in the 
FEM analysis. The casting of base slab, basement 
floor and the step of removal of strut system are also 
have to be designed and combined in the FEM 
analysis of diaphragm wall. In this project, the 
PLAXIS 2D [4] program is used as the FEM 
program analysis to predict the diaphragm wall 
behavior. 

The Mohr-Coulomb soil modeling is used for 
FEM analysis. The undrained Young’s modulus(Eu) 
of layer is correlated with undrained shear strength 
(Su). In the sand layer, the drained modulus (E’) is 
correlated with the Standard penetration SPT N-
Value. 

The correlation of Eu and Su as well as E’ and 
N-value can be conducted as follows. 

 For soft to medium clay layer, Undrained 
Young’s modulus 
(EU) = 500 – 700 Su (Undrained Shear 
Strength) 

 Stiff to very stiff silty clay layer 
Eu = 1000 Su 

 Sand layer 
E’ = 2000(N) SPT-N-Value (kN/m2) 

The above correlation between Eu-Su, and E’-
N(value) is based on the back analysis from various 
basement excavation project by means of FEM 
analysis compared with field measurement proposed 
by Teparaksa [5] 

Surcharge on the diaphragm wall 

The ground surface surcharge behind the 
diaphragm wall during construction is assumed at 10 
kN/m2. This ground surface is applied during 
excavation, basement casting and completion of the 
basement work. 

Ground Water Table 

The ground water in Bangkok subsoil condition 
is in the draw down condition due to deep well 
pumping. Recently, the deep well pumping is not 
allow, the recent ground water table is at -13 m. 
below ground surface. 
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RESULT OF FEM ANALYSIS 
 

The FEM analysis was carried out base on Mohr-
Coulomb soil failure criteria by simulating the 
construction sequence in the FEM analysis. Figure 4 
presents the deformed mesh of FEM analysis at final 
excavation depth -32.30 m. with 4 bracing layers. 
Figure 5 presents the deformed mesh of FEM 
analysis at stage of all 6 basement floor is casted. 
The maximum lateral diaphragm wall deflection is 
found at 43.34 mm. This maximum diaphragm wall 
deflection is used as the Trigger Level for 
monitoring D-wall deflection as the safety control of 
the project. 

 
 

Fig. 4 Deformed mesh from FEM analysis during 
Final depth excavation. 

 

 
 

Fig. 5 Deformed mesh from FEM analysis during 
construct B1 Floor at EL.-2.90 m. 

 
Figure 6 (a) presents the envelop of bending 

moment diagram induced in the diaphragm wall with 
all excavation steps including soil excavation and 
bracing installation until casting the foundation. The 
upward construction including casting base slab, 
removing of bracing as well as basement casting is 
also included in the envelope. 

The dotted line outside of the bending moment 
envelop is the bending moment resistance of the 
reinforcement. This dotted line of reinforcement is 
calculated from reinforcement detail presented in 
Figure 6(b) 

 

 
 
Fig. 6 (a,b) Envelop of Bending moment diagram 

induced in the diaphragm wall. 
 
TRIGGER LEVEL AND SAFETY CONTROL 
 

The instrumentation for monitoring the 
diaphragm wall deflection is proposed as 
inclinometer by installed inside the diaphragm wall 
panel. The safety control and monitoring criteria is 
proposed in terms of trigger level as presented in 
Table 1. The lateral diaphragm wall deflection is 
monitored at all construction sequence as simulated 
in the FEM analysis. The safety criteria is only one 
method to control the behavior and performance of 
diaphragm wall during construction. 
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Table 1 Trigger level and safety control 

Trigger 
Level 

Inclinometer 
Movement 

(mm.) 
Safety Criteria 

Alarm 
Level 

(70 % of 
design 
value) 

30.34 

Inform designer to 
review construction 

sequence 

Alert Level 
(80 % of 
design 
value) 

34.67 
Inform all parties to 
review construction 

sequence 

Action 
Level 

(90 % of 
design 
value) 

39.01 

Stop construction 
and revise the 
construction 

sequence. 

Maximum 43.34 
 
 

FIELD MEASUREMENT OF D-WALL 
DISPLACEMENT 

 
Figure 7 presents the lateral diaphragm wall 

displacement by mean of inclinometer reading. At 
initial stage during first excavation and first strut 
installation, the D-wall movement is in the mode of 
cantilever. At other stage the movement of D-wall is 
changed to be beam on supported shape. This is 
because the bracing strut is acted as the rigid support 
of the diaphragm wall. The maximum wall 
deflection is only 28.41 mm. at final depth 
excavation. The maximum measured diaphragm 
wall deflection is less than the prediction of 42 mm. 
This is because the basement construction period is 
very fast and can be completed within 4 months. 
Even the order of maximum measured wall 
deflection is less than prediction, however, the shape 
of wall deflection is similar. The FEM prediction of 
diaphragm wall agree well with field inclinometer 
measurement. 

 

 
 

Fig. 7 The lateral diaphragm wall displacement. 
 
SAFTY AGAINST UPLIFT 
 
The deepest basement of Rosewood hotel is at -24 m. 
below ground surface. The uplift at the final depth 
excavation is predicted by checking safety factor 
against uplift. The safety factor against uplift can be 
estimated as the ratio between weight of overburden 
stress of soil from final depth to sand layer and uplift 
pressure as shown in Figure 8. The overburden 
pressure is estimated at about 410 kN/m2 while 
uplift pressure is at 320 kN/m2. The Safety factor 
against uplift is 1.28. 
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Fig. 8 Layer of soil for estimating uplift. 
 
 
CONCLUSIONS 
 

The Rosewood hotel consists of six basement 
floors and constructed by means of diaphragm wall. 
The maximum depth of excavation is at -24 m. depth 
below ground surface. The diaphragm wall is 1.0 m. 
thick with tip penetrated in very stiff clay at -28 m. 

below ground surface. Four temporary steel bracing 
at -1.5 m, -7.45 m, -12.75 m and -17.5 m. is used for 
excavation work with bottom up construction 
technique. The behavior of diaphragm wall is 
predicted by mean of FEM analysis. The Mohr-
Coulomb soil modeling is used for FEM analysis 
with simulating construction sequence in the FEM 
analysis. The diaphragm wall displacement is 
predicted. The measurement of D-wall displacement 
by inclinometer agree well with FEM analysis. 
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ABSTRACT 

 
For the past four years, the University of the Sunshine Coast (USC) has been monitoring the performance of 

road pavements through “in-situ” monitoring, in association with Sunshine Coast Council and Pavement 
Management Services. During that time four sites have been built and monitored, wirelessly, minute by minute, 
24 hours per day. Each monitoring site is equipped with strain gauge sensors at critical positions within the 
pavement, moisture gauges and thermocouples. The system is accompanied by a weather station that measures Air 
Temperature, Wind Speed and Direction, Relative Humidity, Atmospheric Pressure, and Solar Radiation. We have 
confirmed that pavement stiffness is strongly influenced by pavement temperature, providing the moisture content 
remains constant, and that for the most part, environmental conditions have a greater influence on pavement 
behaviour than traffic. This paper examines the influence of solar radiation on pavement temperatures and the 
subsequent influence on pavement behaviour over a twelve-month study period 

 
 
Keywords: Solar radiation, Pavement performance 
 
 
INTRODUCTION 

 
During December 2012, The University of the 

Sunshine Coast (USC) in association with Sunshine 
Coast Council (SCC) and Pavement Management 
Services (PMS) installed an in-situ pavement 
monitoring site on Sippy Downs Drive adjacent to the 
University during upgrade of the pavement to dual 
carriageway configuration. Results from this study 
have been published by Fairweather (2014), Yeaman 
(2015) and Azawi (2015), with monitoring 
continuing. Two other sites consisting of different 
configurations continue to be monitored with respect 
to Strain Energy Dissipation and Soil Suction. 

As part of this overall research project, Yeaman 
(2017), at this subject site, postulated that 
maintenance of the pavement asset can be predicted 
from in situ strain outcomes as a function of both 
traffic and the environment but also that pavement 
temperature has a strong influence on pavement 
stiffness irrespective of the configuration.  

The subject site is situated at Bellevista Boulevard, 
Caloundra at Latitude S. 26° 47’ 41.28” and 
Longitude E. 153° 05’ 49.92” and consists of: 

 Yellow Podzol subgrade with a stiffness 
of 70 MPa 

 100 mm gravel subbase course with a 
stiffness of 145 MPa 

 270 mm cement treated base with a mean 
stiffness modulus of 3500 MPa. 

 50 mm Hot Mix Asphalt pavement 
surface. 

Sensors are fitted at the base of the stiff layer at a 

depth of 320 mm and in the subgrade at a depth of 
420 mm in the following configuration: 

 

 
 

Fig. 1 Pavement and sensor configuration – 
Bellevista site. 

 
This section of Bellevista Boulevard, Caloundra 

was constructed in September 2013 and has been 
instrumented since that date. 

Bellevista Boulevard is designed for a 20-year 
lifespan with an initial high traffic growth of the first 
five years of 8.3% and subsequent 15 years of 5%.  
The design traffic is calculated as 5.21 million 
(5.21*106) Heavy Vehicle Axle Groups for the 20-
year design life.  

This gives Critical Fatigue Strains of 428 µε for a 
cemented layer of 3,500 MPa modulus and 1020 µε 
critical compressive strain for subgrade deformation.  
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For relationships refer to reference 2 table 8.5. 
 

 
 

Fig. 2a Configuration of Pavement Management 
Site (G4SMART) 

 
Fig. 2b Configuration of Pavement Management 

Site (G4SMART) 
 
Data in the format of Tables 1 and 2, following, is 

passed from this site by telephone to a central 
computer at 6:00 am daily. 

Strain 1 is the strain measured at the underside of 
the bound layer (HMA and cemented layer) and 
Strain 2 is the top of the subgrade (subgrade layer). 
The negative sign (-) in this instrumentation indicates 
that the strain is in tension. 

 
Table 1 Example strain and temperature data. 

See end of paper 
 
 
 
 
 
 
 

Table 2 Example weather station data. 
 

Wind_Speed
_1min (m/s) 

Wind_Dir_
1min (deg) 

Rel_Humidity
_1min (%RH) 

Air_Pressure
_1min (HPa) 

0.2 306 88.9  1008.3

0.4 166 88.8  1008.3

0.5 218 89  1008.4

0.3 195 88.9  1008.4

0.4 114 88.9  1008.4

0.3 100 88.9  1008.3

0.1 216 88.9  1008.3

0.3 147 88.9  1008.3

 
 

SOLAR RADIATION 
 
Solar Radiation is a unique commodity. Solar 

radiation comes directly to the earth’s surface only 
inhibited by cloud, moisture and dust. It can be 
predicted (within reasonable accuracy) for any point 
on the earth’s surface for any hour of the day. We are 
therefore able to use this parameter for evaluating the 
effect of Solar Radiation on the performance of a 
pavement.  

 
DISTRIBUTION OF SOLAR RADIATION 
THROUGHOUT THE YEAR 

  
Clearly, the amount of solar radiation that impacts 

on the road surface will vary throughout the year, 
there being much less in mid-winter to mid-summer. 
Figure 3 suggests the amount of solar radiation 
accumulated during the hours of sunrise and sunset 
for Latitude 26° south, Longitude 153° east. At this 
Longitude, the sun is at its zenith at 12:03 pm daily. 

The pattern for December 2015 and December 
2016 are similar and that June (mid-winter) 
experiences much less radiation for each hour of the 
day, with the accumulated radiation being 
approximately 10,000 watts per square metre when 
the sun is at its zenith and 50,000 watts per square 
metre at sunset. Clearly this must have a significant 
effect on pavement temperature. 
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Fig. 3 Distribution of daily accumulated radiation. 
 

THERMAL PROPERTIES OF A PAVEMENT 
 
Figure 4 shows a typical strain and temperature 

pattern during winter 2016 (23 June; cold & wet). At 
6:00 am strain is in compression. At 08:23 something 
happens that creates a major change in the pavement, 
here Strain 1 changes to negative (i.e. tension), 
simultaneously the layer temperature falls below 
21 °C. Strain 1 continues to increase in tension until 
around 5:00 pm (here the temperature is slightly 
above 21°C). It then stays in compression until 6:00 
am the next morning. 

 

 
 

Fig. 4 Diurnal Strain 1 vs time, 23 Jun 2016. 
 
Now consider the following day (24 June 2016). 

Strain follows on from the same value as the previous 
day, but with a sudden drop at 08:57 am (peak hour). 
It then continues to a maximum tension value of 150 
µε at around 10:45 am when there is a sudden shift 
upwards. Here temperature is just under 21°C. Once 
layer temperature exceeds 21°C strain1 continues to 
decrease, until it enters a compression mode at about 
6:00 pm where it remains until 6:00 am the next day. 

 

 
 

Fig. 5 Diurnal Strain 1 vs time, 24 June 2016. 
 
Clearly this change in behaviour is a function of 

the pavement layer temperature. 
 

DIURNAL PATTERN OF PAVEMENT 
TEMPERATURES 

 
Figure 3 shows air, surface and layer temperatures 

for the Bellevista site on 8 September 2016. From this 
it can be observed that between 6:00 am and 11:00 the 
temperature at the underside of the bound layer 
exceeds the surface temperature and the pavement is 

emitting heat. At 11:25 am equilibrium is attained and 
the structural layer has the same temperature 
throughout. Between 11:25 am and 11:30 pm the 
surface temperature is in excess of the layer 
temperature and the pavement is absorbing heat. 
Equilibrium is attained at 11:29 pm.  From 11:30 pm 
to dawn (6:00 am) layer temperature is hotter than the 
surface. Under these conditions where there is a 
differential in temperature between the surface and 
the layer then stresses are likely to be building in the 
pavement. 

 

 
 

Fig. 6 Diurnal pavement temperatures, 8 
September 2016. 

 
SEASONAL VARIATIONS IN TEMPERATURE 
PARAMETERS 

 
Table 3 demonstrates the Maximum values 

obtained for Air, Surface and Layer temperatures 
during the period December 2015 to December 2016. 
 
Table 3 Seasonal variation maximum temperatures. 
 

Period Air Surface Layer 
SUMMER 30.0 41.5 41.5 
AUTUMN 29.3 35.7 33.6
WINTER 22.1 25.2 25.0 
SPRING 31.8 38.6 35.1 

 
Table 4 demonstrates the Minimum values 

obtained for Air, Surface and Layer temperatures 
during the period December 2015 to December 2016. 

 
Table 4 Seasonal variation minimum temperatures. 
 

Period Air Surface Layer 
SUMMER 17.5 25.8 27.4 
AUTUMN 13.5 30.2 21.2 
WINTER 10.2 17.8 19.5 
SPRING 12.9 22.4 23.4 

 
FIELD STUDIES 

 
Road Surface temperatures are charted against 

cumulative radiation during sunlight hours for every 
day of the year  example Figure 8c from which it can 
be seen that there is a defined point of maximum road 
surface temperature; an example daily report is 
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appended. At longitude 153°E the sun is at its zenith 
at 12:03; this maximum occurs between 11:30 am and 
1:00 pm each day i.e. the sun’s zenith + 1 hour. 
Oscillations in the solar energy chart are a function of 
cloud cover. 

 

 
 

Fig. 7a Radiation parameters (shortest day). 
 

 
 
Fig. 7b Temperature parameters (shortest day). 
 

 
 
Fig. 8a Radiation parameters (longest day). 
 

 
 
Fig. 8b Temperature parameters (longest day). 
 

 

Figure 8(c) Layer Temperature as a function of 
accumulated radiation 

Examination of these data indicates that twice a 
day there is a point of equilibrium where the 
pavement is the same temperature at the surface and 
at the base of the bound layer. Between 
approximately 11 am and 11 pm the surface 
temperature is greater than the layer and between 
approximately 11 pm and 11 am the underside of the 
bound layer is hotter than the surface 

Clearly this is a function of the quantum of solar 
energy radiating the pavement.  Compare the 
temperature pattern for the shortest day of 2016 (June 
21st) and the longest day of 2016 (December 21st) at 3 
pm (Table 5). 

 
Table 5 Temperature and Radiation measurements 

for shortest and longest days. 
 
Date Surface 

Tempe
rature ( 
°C) 

Layer 
Tempe
rature 
(°C) 

Air 
Temperat
ure(°C) 

Change 
in 

temper
ature 
from 
sunrise 
(°C) 

Accum
ulated 
Radiati
on 

(watts 
per m2) 

At 3 
pm 

At 3 
pm 

At 3pm  Up to 3 
pm 

Until 3 
pm 

Shor
test 
Day 

23.6  21.7  20.5  2.0  93,684 

Long
est 
Day 

37.4  32.8  26.8  5.3 
110,38

9 

 
This is an important consideration when choosing 

a design temperature for the design of asphalt 
pavement thickness. 

 
RELATIONSHIP BETWEEN SURFACE 
TEMPERATURE & STRUCTURAL LAYER 
STRAIN 

 
In figure 9 we see the distribution of strain as a 

function of temperature over the full year where the 
moisture content is below 9%. Here structural layer 
strain is only in tension at temperatures below 20°C 
and then only above the critical limit of 248 με when 
the temperature is below 18°C. The secondary effect 
of moisture above 9% is dealt with elsewhere 
(Yeaman [2]). 
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Fig. 9 Distribution of Structural Layer Strain as a 
function of Pavement Surface Temperature. 

 
 

LABORATORY STUDIES 
 
Laboratory studies were conducted by Gray 

(2015), Westerway (2015) and Laws (2015)  to better 
understand the influence of solar radiation on asphalt 
in a controlled environment (i.e. no wind, no cloud 
and no dust) . 

An insulated box (Figure 10) was purpose built to 
hold a 200 mm square by 450 long billet of Hot Mix 
Asphalt compacted in the University’s Shear box 
compactor (IPC Global). 

 

 
 

Fig. 10 Heat box and thermal lamp constructed to 
enable pavement insolation to be varied in a 
controlled manner (Gray 2014). 

 
 The Heat Box is designed to simulate thermal 

radiation from the sun and to measure the temperature 
changes an asphalt pavement undergoes throughout 
the day. The Heat Box uses a heat lamp, a servo motor 

and microcontroller.  
A code is uploaded to the microcontroller that 

relates the angular degree of the servo motor to a 
specific solar radiation; the code orders the servo 
motor to move every five minutes. The code relies on 
data obtained from the Pavement Monitoring System 
on Sippy Downs Drive (near Sunshine Coast 
University). Data from the hottest day on record in 
2015 was used (9 February).  The microcontroller ran 
throughout the day simulating the solar radiation.  

A datalogger is used to record these temperatures 
every minute from the thermocouples inserted into 
the asphalt billet (at depths of 25 mm, 50 mm, 75 mm, 
100 mm, 150 mm, 200 mm, 300 mm and 400 mm). 

Figure 11 provides an example of the outcome 
from the heat box comparing the solar radiation and 
the actual and simulated radiation for the hottest day 
of 2016 ( 9th  February).  

 

 
 
Fig. 11 Simulated Temperature: Solar Radiation for 

hottest day 2016 (Westaway et al 2017. 
 

Figure 12 demonstrates the effect of thermal 
radiation on pavement temperatures from the 
simulation method. 

 

 
 

Fig. 12 Relationship between Accumulated Solar 
Radiation and Pavement Surface 
Temperature. 

 
Here we see that there is: 
 
 A terminal condition at which the 

temperature asymptotes to equilibrium and 
this represents a pavement depth of around 
300 mm (noting that this test was run for the 
hottest day), 

 Voids content has a significant influence on 
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the rate of conduction of heat through the 
pavement, and 

 In a road pavement, 100 mm thick, there is 
the potential to store thermal energy as heat 
energy (say 12 °C). 

 
CONCLUSION 
 
Although this study is for a single site and one 

type of pavement (thin Hot Mix Asphalt on a 
cemented base) the results are sufficient to warrant 
further investigation of this technology over a wider 
range of conditions. 

Solar Radiation has a critical influence on both the 
pavement surface and the structural layer of a 
cemented base pavement. Further, a road pavement is 
a potential store for solar energy. Between midnight 
and midday, the structural layer is hotter than the 
pavement surface and the pavement is emitting heat, 

To date the only values under which a critical 
level of fatigue is attained is when the structural layer 
temperature is less than 20°C and at this time 
(December 2016), the pavement is deemed to be 
performing according to design criteria. 

 
RECOMMENDATION 

 
Further investigation should be undertaken to 

evaluate the potential energy source of a large solar 

receptor – an asphalt pavement. The Stirling Energy 
principle has potential in this area. 
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Timestamp Strain1 Strain 2  Subgrade 

Moisture 
Air 
Temperature 

Surface 
Temperature 

Layer 
Temperature 

Acc. Solar 
Radiation 

6:01 75 137 8.68 21.2 33.7 35.0 29 
7:05 568 133 8.70 25.0 33.2 34.7 2912 
10:00 5 114 8.70 29.5 32.9 33.8 23988 
12:03 -38 110 8.70 30.1 34.9 34.1 49760 
15:00 -19 133 8.68 29.4 39.5 35.7 84,689
18:00 66 145 8.65 27.8 40.9 37.5 100,397
21:00 105 124 8.62 26.3 39.1 37.8 101,070 
23:59 115 130 8.62 23.6 37.2 37.2 101,080 

 
Figure 1 Example results from Monitoring site (26 January 2017) 
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ABSTRACT 

 
For the past four years the University of the Sunshine Coast (USC) has been monitoring the performance of 

road pavements through “in-situ” monitoring, in association with Sunshine Coast Council and Pavement 
Management Services. During that time four sites have been built and monitored, wirelessly, minute by minute, 
24 hours per day. Each monitoring site is equipped with strain gauge sensors at critical positions within the 
pavement, moisture gauges and thermocouples. The system is accompanied by a weather station that measures 
Air Temperature, Wind Speed and Direction, Relative Humidity, Atmospheric Pressure, and Solar Radiation. 
This paper examines the influence of solar radiation on pavement temperatures and the subsequent influence on 
pavement behaviour over a twelve-month study period from December 2015 to December 2016. Additionally we 
examine the influence of subgrade moisture content on pavement behaviour at the site, particularly during 
cyclonic depression “Debbie” in March 2017. We confirm that pavement stiffness is strongly influenced by 
pavement temperature, providing the moisture content remains constant. Examination of the influence of 
subgrade moisture content on pavement behaviour shows that critical fatigue strain occurs when moisture 
content lies above 8.5%. Moisture variation plays a measurable role in pavement strain, fatigue and design life 
and wide variation in moisture content can occur over a short period. For the most part, environmental conditions 
have a greater influence on pavement behaviour than traffic. 

 
 
Keywords: Solar radiation, Subgrade, Moisture, Strain, Pavement performance 
 
 
INTRODUCTION 

 
During December 2012 The University of the 

Sunshine Coast (USC) in association with Sunshine 
Coast Council (SCC) and Pavement Management 
Services (PMS) installed an in-situ pavement 
monitoring site on Sippy Downs Drive adjacent to 
the University during upgrade of the pavement to 
dual carriageway configuration. Results from this 
study have been published by Fairweather (2014), 
Yeaman (2015) and Azawi (2015), with monitoring 
continuing. Two other sites consisting of different 
configurations continue to be monitored with respect 
to Strain Energy Dissipation and Soil Suction. 

As part of this overall research project, Yeaman 
(2017), at this subject site, postulated that 
maintenance of the pavement asset can be predicted 
from in situ strain outcomes as a function of both 
traffic and the environment but also that pavement 
temperature has a strong influence on pavement 
stiffness irrespective of the configuration.  

The subject site is situated at Bellevista 
Boulevarde, Caloundra at Latitude S. 26° 47’ 41.28” 
and Longitude E. 153° 05’ 49.92” and consists of: 

 Yellow Podzol subgrade with a stiffness 
of 70 MPa 

 100 mm gravel subbase course with a 
stiffness of 145 MPa 

 270 mm cement treated base with a 
mean stiffness modulus of 3500 MPa. 

 50 mm Hot Mix Asphalt pavement 
surface. 

Sensors are fitted at the base of the stiff layer at a 
depth of 320 mm and in the subgrade at a depth of 
420 mm in the following configuration: 

 

 
 

Fig. 1 Pavement and sensor configuration – 
Bellevista site. 
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This section of Bellevista Boulevard, Caloundra 
was constructed in September 2013 and has been 
instrumented since that date. 

Bellevista Boulevard is designed for a 20 year 
lifespan with an initial high traffic growth of the first 
five years of 8.3% and subsequent 15 years of 5%.  
The design traffic is calculated as 5.21 million 
(5.21*106) Heavy Vehicle Axle Groups for the 20 
year design life.  

This gives Critical Fatigue Strains of 248 µε for 
a cemented layer of 3,500 MPa modulus and 1020 
µε critical compressive strain for subgrade 
deformation.  For relationships refer to reference 2 
table 8.5. 

 

 
 

Fig. 2a Configuration of Pavement Management 
Site (G4SMART) 

 
Fig. 2b Configuration of Pavement Management 

Site (G4SMART) 
 
Data in the format of Tables 1 and 2, following, 

is passed from this site by telephone to a central 
computer at 6:00 am daily. 

Strain 1 is the strain measured at the underside of 
the bound layer (HMA and cemented layer) and 

Strain 2 is the top of the subgrade (subgrade layer). 
The negative sign (-) in this instrumentation 
indicates that the strain is in tension. 

 
Table 1 Example strain and temperature data. 
 
Tim
e 

Str
ain
#1 
(ue
) 

Str
ain
#2 
(ue
) 

Soil‐
Moist
ure1 
% (by 
vol) 

Air 
Temp 
1min 
(degC

) 

Surfac
e Layer 
Temp 
(degC) 

Roa 
Surfac

e 
Temp 
(degC) 

Solar_R
ad 

Correct
ed 

(W/m2) 

Wind 
Dir 
1min 
(deg) 

1/1
1/2
016 
6:0
1

‐
26.
96
9 

56.
90
6 

32.56
1 

21.1  28.84  27.76  44.46  306 

1/1
1/2
016 
6:0
2 

‐
21.
68
8 

64.
68
8 

32.56
9 

21.1  28.87  27.77  43.74  166 

1/1
1/2
016 
6:0
3

‐
16.
43
8 

59.
50
0 

32.56
7 

21.1  28.87  27.77  42.99  218 

1/1
1/2
016 
6:0
4

‐
11.
21
9 

59.
50
0 

32.56
8 

21.2  28.87  27.78  41.92  195 

1/1
1/2
016 
6:0
5 

‐
19.
09
4 

54.
18
8 

32.56
6 

21.2  28.84  27.76  42.32  114 

1/1
1/2
016 
6:0
6

‐
24.
40
6 

59.
50
0 

32.56
6 

21.2  28.86  27.76  44.04  100 

 
Table 2 Example weather station data. 

 
Wind_Spe
ed_1min 
(m/s) 

Wind_Dir
_1min 
(deg) 

Rel_Humidi
ty_1min 
(%RH) 

Air_Pressu
re_1min 
(hPa) 

0.2 306 88.9  1008.3
0.4 166 88.8  1008.3
0.5 218 89  1008.4
0.3 195 88.9  1008.4
0.4 114 88.9  1008.4
0.3 100 88.9  1008.3
0.1 216 88.9  1008.3
0.3 147 88.9  1008.3
 
 

SOLAR RADIATION 
 
Solar Radiation is a unique commodity. Solar 

radiation comes directly to the earth’s surface only 
inhibited by cloud, moisture and dust. It can be 
predicted (within reasonable accuracy) for any point 
on the earth’s surface for any hour of the day. We 
are therefore able to use this parameter for 
evaluating the effect of Solar Radiation on the 
performance of a pavement.  
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DISTRIBUTION OF SOLAR RADIATION 
THROUGHOUT THE YEAR 

  
Clearly, the amount of solar radiation that 

impacts on the road surface will vary throughout the 
year, there being much less in mid-winter to mid-
summer. Figure 3 suggests the amount of solar 
radiation accumulated during the hours of sunrise 
and sunset for Latitude 26° south, Longitude 153° 
east. At this Longitude the sun is at its zenith at 
12:03 pm daily. 

It can be seen that the pattern for December 2015 
and December 2016 are similar and that June (mid-
winter) experiences much less radiation for each 
hour of the day, with the accumulated radiation 
being approximately 10,000 watts per square metre 
when the sun is at its zenith and 50,000 watts per 
square metre at sunset. Clearly this must have a 
significant effect on pavement temperature. 

 

 
 

Fig. 3 Distribution of daily accumulated radiation. 
 

THERMAL PROPERTIES OF A PAVEMENT 
 
Figure 4 shows a typical strain and temperature 

pattern during winter 2016 (23 June; cold & wet). At 
6:00 am strain is in compression. At 08:23 
something happens that creates a major change in 
the pavement, here Strain 1 changes to negative (i.e. 
tension), simultaneously the layer temperature falls 
below 21 °C. Strain 1 continues to increase in 
tension until around 5:00 pm (here the temperature 
is slightly above 21°C). It then stays in compression 
until 6:00 am the next morning. 

 

 
 

Fig. 4 Diurnal Strain 1 vs time, 23 Jun 2016. 
 

Now consider the following day (24 June 2016). 
Strain follows on from the same value as the 
previous day, but with a sudden drop at 08:57 am 
(peak hour). It then continues to a maximum tension 
value of 150 µε at around 10:45 am when there is a 
sudden shift upwards. Here temperature is just under 
21°C. Once layer temperature exceeds 21°C strain1 
continues to decrease, until it enters a compression 
mode at about 6:00 pm where it remains until 6:00 
am the next day. 

 

 
 

Fig. 5 Diurnal Strain 1 vs time, 24 June 2016. 
 
Clearly this change in behaviour is a function of 

the pavement layer temperature. 
 

DIURNAL PATTERN OF PAVEMENT 
TEMPERATURES 

 
Figure 6 shows air, surface and layer 

temperatures for the Bellevista site on 8 September 
2016. From this it can be observed that between 6:00 
am and 11:00 the temperature at the underside of the 
bound layer exceeds the surface temperature and the 
pavement is emitting heat. At 11:25 am equilibrium 
is attained and the structural layer has the same 
temperature throughout. Between 11:25 am and 
11:30 pm the surface temperature is in excess of the 
layer temperature and the pavement is absorbing 
heat. Equilibrium is attained at 11:29 pm.  From 
11:30 pm to dawn (6:00 am) layer temperature is 
hotter than the surface. Under these conditions 
where there is a differential in temperature between 
the surface and the layer then stresses are likely to 
be building in the pavement. 

 

 
 

Fig. 6 Diurnal pavement temperatures, 8 
September 2016. 
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SEASONAL VARIATIONS IN 
TEMPERATURE PARAMETERS 

 
Table 3 demonstrates the Maximum values 

obtained for Air, Surface and Layer temperatures 
during the period December 2015 to December 2016. 
 
Table 3 Seasonal variation maximum temperatures. 
 

Period Air Surface Layer
SUMMER 30.0 41.5 41.5
AUTUMN 29.3 35.7 33.6 
WINTER 22.1 25.2 25.0 
SPRING 31.8 38.6 35.1 

 
Table 4 demonstrates the Minimum values 

obtained for Air, Surface and Layer temperatures 
during the period December 2015 to December 2016. 

 
Table 4 Seasonal variation minimum temperatures. 
 

Period Air Surface Layer 
SUMMER 17.5 25.8 27.4 
AUTUMN 13.5 30.2 21.2 
WINTER 10.2 17.8 19.5 
SPRING 12.9 22.4 23.4 

 
FIELD STUDIES 

 
Comparison of road surface temperatures with 

cumulative radiation during sunlight hours shows 
that there is a defined point of maximum road 
surface temperature; examples are shown (Figs 7a, 
7b, 8a and 8b). At longitude 153°E the sun is at its 
zenith at 12:03; this maximum occurs between 11:30 
am and 1:00 pm each day i.e. the sun’s zenith + 1 
hour. Radiation oscillates due to cloud cover. 

 

 
 

Fig. 7a Radiation parameters (shortest day). 
 

 
 
Fig. 7b Temperature parameters (shortest day). 

 

 
 
Fig. 8a Radiation parameters (longest day). 
 

 
 
Fig. 8b Temperature parameters (longest day). 
 

Examination of these data indicates that twice a 
day there is a point of equilibrium where the 
pavement is the same temperature at the surface and 
at the base of the bound layer. Between 
approximately 11 am and 11 pm the surface 
temperature is greater than the layer and between 
approximately 11 pm and 11 am the underside of the 
bound layer is hotter than the surface 

Clearly this is a function of the quantum of solar 
energy radiating the pavement.  Compare the 
temperature pattern for the shortest day of 2016 
(June 21st) and the longest day of 2016 (December 
21st) at 3 pm (Table 5). 

 
Table 5 Temperature and Radiation measurements 

for shortest and longest days. 
 
Date Surface 

Temper
ature ( 
°C) 

Layer 
Temper
ature 
(°C) 

Air 
Temperat
ure(°C) 

Change 
in 

temper
ature 
from 
sunrise 
(°C) 

Accumu
lated 

Radiatio
n (watts 
per m2) 

At 3 pm At 3 pm At 3pm  Up to 3 
pm 

Until 3 
pm 

Shor
test 
Day 

23.6  21.7  20.5  2.0  93,684 

Long
est 
Day 

37.4  32.8  26.8  5.3  110,389 

 
This is an important consideration when 

choosing a design temperature for the design of 
asphalt pavement thickness. 
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RELATIONSHIP BETWEEN SURFACE 
TEMPERATURE & STRUCTURAL LAYER 
STRAIN 

 
In figure 9 we see the distribution of strain as a 

function of temperature over the full year where the 
moisture content is below 9%. Here structural layer 
strain is only in tension at temperatures below 20°C 
and then only above the critical limit of 248 με when 
the temperature is below 18°C. The secondary effect 
of moisture above 9% is dealt with elsewhere 
(Yeaman [2]). 

 

 
 

Fig. 9 Distribution of Structural Layer Strain as a 
function of Pavement Surface Temperature. 

 
LABORATORY STUDIES 

 
Laboratory studies were conducted by Gray 

(2015), Westerway (2015) and Laws (2015)  to 
better understand the influence of solar radiation on 
asphalt in a controlled environment (i.e. no wind, no 
cloud and no dust) . 

An insulated box (Figure 10) was purpose built 
to hold a 200 mm square by 450 long billet of Hot 
Mix Asphalt compacted in the University’s Shear 
box compactor (IPC Global). 

 

 
 

Fig. 10 Heat box and thermal lamp constructed to 
enable pavement insolation to be varied in a 
controlled manner (Gray 2014). 

 
 The Heat Box is designed to simulate thermal 

radiation from the sun and to measure the 
temperature changes an asphalt pavement undergoes 
throughout the day. The Heat Box uses a heat lamp, 
a servo motor and microcontroller.  

A code is uploaded to the microcontroller that 
relates the angular degree of the servo motor to a 
specific solar radiation; the code orders the servo 
motor to move every five minutes. The code relies 
on data obtained from the Pavement Monitoring 
System on Sippy Downs Drive (near Sunshine Coast 
University). Data from the hottest day on record in 
2015 was used (9 February).  The microcontroller 
ran throughout the day simulating the solar radiation.  

A datalogger is used to record these temperatures 
every minute from the thermocouples inserted into 
the asphalt billet (at depths of 25 mm, 50 mm, 75 
mm, 100 mm, 150 mm, 200 mm, 300 mm and 400 
mm). 

Figure 11 provides an example of the outcome 
from the heat box comparing the solar radiation and 
the actual and simulated radiation for the hottest day 
of 2016 ( 9th  February).  

 

 
 
Fig. 11 Simulated Temperature: Solar Radiation for 

hottest day 2016 (Westerway et al 2017). 
 

Figure 12 demonstrates the effect of thermal 
radiation on pavement temperatures from the 
simulation method. 

 

 
 

Fig. 12 Relationship between Accumulated Solar 
Radiation and Pavement Surface 
Temperature. 

 
Here we see that there is: 
 
 A terminal condition at which the 
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temperature asymptotes to equilibrium and 
this represents a pavement depth of around 
300 mm (noting that this test was run for 
the hottest day), 

 Voids content has a significant influence on 
the rate of conduction of heat through the 
pavement, and 

 In a road pavement, 100 mm thick, there is 
the potential to store thermal energy as heat 
energy (say 12 °C). 

 
EFFECT OF MOISTURE ON PAVEMENT 
PERFORMANCE 

 
The presence or ingress of moisture into a 

pavement structure causes damage, or a loss in the 
integrity of that pavement structure. The 
development of damage is often progressive, and 
can cause sudden failure of a pavement or slow 
deterioration until the pavement is no longer safe to 
use. Due to the cumulative nature of moisture 
damage, it is vital that moisture ingress is 
understood to ensure a pavement achieves its design 
life.   

Moisture within granular layers reduces the 
friction between particles and thus the strength of 
the material by creating large pore pressures. The 
dynamic loads imposed by moving vehicles makes 
this even more complicated, as it creates a moving 
pressure wave with large hydrostatic forces. 
Moisture conditions can vary from unsaturated to 
fully saturated. Although pavements are 
theoretically compacted at the optimum moisture 
content during construction,  the degree of saturation 
cannot be assumed. 

Depending on the situation, the water content 
may be considered in terms of volumetric water 
content (in soil science) or gravimetric water content 
(in geotechnical engineering). In this study, we will 
examine only the effect of Gravimetric Moisture 
content on the pavement behaviour. 

 
SOIL MOISTURE RELATIONSHIPS 

  
Figure 13 (after Austroads) demonstrates the 

various relationships between soil, water and 
engineering properties. Of importance is the “zero 
air voids line” or saturation line. 

 

 
 

Fig. 13 Soil moisture relationships (Austroads). 
 

Kimmel [8] developed soil moisture 
relationships for the subgrade at the Bellevista site, 
as part of his final year undergraduate programme to 
design and install the pavement monitoring 
instrumentation at Bellevista Boulevard (Figure 2). 
Over the past twelve months, the relationships 
between Gravimetric Moisture Content and rainfall 
have been established (Figures 14, 15, 16 & 17). 

 

 
 
 

Fig. 14 Moisture density relation Bellevista 
subgrade (after Kimmel, 2014). 
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Fig. 15 Distribution of moisture and rainfall, 
Summer 2016. 
 

 
 
Fig. 16 Gravimetric moisture and rainfall, Autumn 
2016. 
 

 
 
Fig. 17 Gravimetric moisture and rainfall, Winter 
2016. 

 
CRITICAL STRAINS AND MOISTURE 

 
Let us consider the Strain conditions over a 7-

day period in March 2017 (Figures 18, 19 and 20). 
In this case, the pavement was very dry on the 14th 
March with the area being declared in drought. Rain 
began falling at 1:00pm on the 15th March and 

developed into a cyclonic depression with heavy 
rainfalls and widespread flooding for the following 
week.  

 

 
 

Fig. 18 Rainfall and subgrade moisture - Cyclone 
Debbie. 

 

 
 

Fig. 19 Bound layer strain and moisture – Cyclone 
Debbie. 

 

 
 
Fig. 20 Bound layer strain and moisture – Cyclone 
Debbie. 
 

Bound Layer Strain passes from tension to 
compression whenever subgrade moisture rises 
above 8.5%. The subgrade strain passes from tension 
to compression when the moisture content exceeds 
8.5% i.e. the optimum of 8.3% (Kimmel [8]). This 
indicates that moisture contents above optimum in 
the subgrade will affect the performance of this 
pavement. 
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DIFFERENCE IN MOISTURE CONTENT AS A 
FUNCTION OF RAINFALL 

 
The quantum and intensity of rainfall has a 

noteworthy influence on the Moisture Content (vide 
Figures 4, 5, 6, 7). In some cases, it can take as long 
as 3 days for changes in rainfall to be reflected as 
moisture content. Table 6 shows observed moisture 
content changes at the Bellevista Site. It is apparent 
that rainfalls of less than 5 mm have insignificant 
effect on moisture content. Whereas rainfalls greater 
than 5 mm may have a significant impact for up to 3 
days later. 

 
Table 6 Differences in moisture content with 

rainfall. 
 

Rainfall Difference in Moisture Content
1 Day 2 days 3 Days 

Less than 1 
mm 

0.31 to 
0.43 

-1.21 to 
0.87 

-1.72 to 
1.29 

1 to 5mm -0.24 to 
0.43 

-0.34 to 
0.55 

-0.45 to 
0.57

5 to 15mm -0.44 to 
1.42 

-0. 34 to 
1.58 

- 0.72 to 
2.28 

More than 
15mm 

-0.44 to 
1.42 

-0.55 to 
2.45 

-0.5 to 
2.40 

 
DAILY CHANGES 

 
A preferred way to examine pavement 

performance is to compare results obtained every 
day at 10:00 am. A photograph is taken of the 
pavement and conditions at that time are recorded 
(Table 7). For the same conditions the latent strain 
(no traffic) remains relatively the same. As the 
subgrade becomes wetter, bearing capacity is 
reduced and the pavement becomes prone to 
permanent deformation.  

 
Table 7 Moisture data during and after Cyclone 

Debbie. 
 

 14 Mar 
2017 

15 Mar 
2017 

21 Mar 
2017 

21 April 
2017 

 

Str
ain 
1 

-92με -93με -1 μ -188 

Str
ain 
2 

-150με -142 με -17 με -155 

Mo
istu
re 
Co
nte
nt 

7.81% 7.67% 8.91% 7.57% 

 
In the month following the moisture reduces 

rapidly and strains correspondingly increase in 
tension (Figures 21 & 22). 

 

 
 

Fig. 21 Influence of moisture content on subgrade 
strain (Strain 1). 

 
 

 
 

Fig. 22 Influence of moisture content on subgrade 
strain (Strain 2). 

 
EFFECT ON STIFFNESS 

 
Elastic Modulus with respect to pavements is not 

applicable to permanent deformation, with the 
Number of Cycles to Failure (Nf) being defined (in 
Australia) [1, Table 8.5]; see Eq. (1). 

 

ࢌࡺ                     ൌ 	 ඌ
ૢ

ࢿࣆ

ૠ
ඐ (1) 

 
Where με is the vertical compressive strain at the 

top of the subgrade. 
In the case of a cemented layer, Nf is derived 

from the relationship for fatigue of cemented 
materials  (Austroads [1] ) as: 
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Nf = ൜


.ૡࡱ
ૢ

ࢿࣆ
ൠ


(2) 

 
 

Where: 
 
Nf = Number of Cycles to failure  
E = Modulus of cemented layer (MPa) 
με = compressive strain at the top of the 

subgrade 
 
Using Boussinesq’s Generalised equation (Eq. 3) 

relating depth of pavement to stress and strain we 
find: 

 
 

2

2

(1 ) 1 1 2 1

1

:

      Strain at depth 
       Poisson's ratio - assume 0.45
        Circular radius of the loaded area - assume 200 mm
   

o

z

z

a z z
E
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a
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z
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   Stress on the surfaceo 

 
In this case, the stress is derived from the traffic 

spectrum (Table 8): 
 
Table 8 Traffic distribution and associated tyre 

pressures. 
 

 
% Cars 

& 
Trailers 

Class 3 
Trucks* 

Class 4 
Trucks 

Classes 
5-12 

Trucks 
9500 

AADT 
92.8 6.1 0.3 0.8 

Assumed 
Tyre 

Pressure  

270 
KPa 

580 
KPa 

780 
KPa 

780 KPa 

 
This results in a calculated site stress of 420 KPa. 

Therefore, the Dynamic Stiffness Modulus |E*| can 
be calculated as ABS (580,000∕ (Strain 1)). 

Using this relationship with the provision that the 
average tyre pressure for this site is 420 KPa, the 
depth of the bound layers are 320 mm (fig 1) and the 
Layer Modulus is 3,500 MPa (design value), we 
derive the approximate layer stiffness for each of the 
conditions over the 1 month as follows: 

 
 
 

Table 9 Derived layer stiffness for case study days. 
 
Date 14 Mar 

17 
15 Mar 

17 
21 Mar 

17 
21 

April 
2017 

Strain 1 @ 
10:00 am 

(με) 
-93 -92 -61 -188 

Layer 
Modulus 

(MPa)

6237 6304 9508 3.085 

 
Strain at the underside of the cemented layer is 
constant for March 14 and 15, however, as the 
moisture content increases on day 7 to 8.9 % (table 
7) it decreases by 30 με. 

Strain at the top of the subgrade is not a function 
of layer stiffness, hence the magnitude of this strain 
indicates the potential to permanent deformation of 
the subgrade.  To date the values of Subgrade layer 
strain are very much less than design (≈ 250 με 
compares with a design value of 1020 με ) and will 
not be discussed further in his paper. 
 
CONDITIONS FOR CRITICAL FATIGUE 
STRAIN 

 
We now examine data from a 12 month period at 

the Bellevista Site to examine conditions necessary 
for critical fatigue strain. 

 
Occasions when Fatigue Strain is critical 

 
Fatigue Strain exceeded the design value of -248 

µε on 19 Days between 31st May and 29th August 
2016 (Table 10). These data indicate that the lower 
the bound layer temperature and the lower the 
moisture, the greater the tensile strain. 

 
Table 10  Traffic distribution and associated tyre 

pressures. 
 

PARAMETER MAXIMUM MINIMUM 
Structural Layer 

Strain (µε) * -253 -492 

Subgrade Strain 
(µε) * -146 -368 

Gravimetric 
Moisture (%) 11.5 8.1 

Modulus (MPa) 2560 1320 
Air Temperature 

(°C) 21.3 13.2 

Surface 
Temperature 

(°C) 
19.5 14.7 

Layer 
Temperature 

(°C) 
21.2 16.8 
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Negative value indicates that parameter is in Fatigue 
mode. 

 
Relationship between Bound Layer Strain and 
Moisture Content 
 

The relationships between Bound Layer Strain 
and moisture content at various pavement 
temperatures are now examined (Figures 23, 24, 25 
and 26). 

 

 
 
Fig. 23 Moisture content and STRAIN 1 for 
temperatures below 23oC. 
 

Here strain is evenly distributed for all ranges of 
moisture with the only critical values (<-248 με) 
occurring at moisture contents between 8.5 and 9% 
 

 
 
Fig. 24 Moisture content and STRAIN 1 @ 
temperatures 23oC to 27oC. 
 

Here Bound Layer Strain is critical for moisture 
contents above 9.5% and temperatures above 23°C. 
 

 
 
Fig. 25 Moisture content and STRAIN 1 @ 
temperatures 27oC to 33oC. 
 

Here Bound layer strain is critical for moisture 
contents above 8.5 % and Surface layer temperatures 
above 27°C. 

 

 
 
 
Fig. 26 Moisture content and STRAIN 1 @ 
temperatures 33oC to 42oC. 
 

Here Bound Layer Strain is critical for moisture 
contents above 9% and surface layer temperatures 
above 33°C. 

 
From these relationships, we observe that critical 

fatigue strain at this site occurs when moisture 
content lies above 8.5%  

 
CONCLUSION 
 
Although this study is for a single site and one 

type of pavement (thin Hot Mix Asphalt on a 
cemented base) the results are sufficient to warrant 
further investigation of this technology over a wider 
range of conditions. 

Solar Radiation has a critical influence on both 
the pavement surface and the structural layer of a 
cemented base pavement. Further, a road pavement 
is a potential store for solar energy. Between 
midnight and midday the structural layer is hotter 
than the pavement surface and the pavement is 
emitting heat, 

To date the only values under which a critical 
level of fatigue is attained is when the structural 
layer temperature is less than 20°C and at this time 
(December 2016), the pavement is deemed to be 
performing according to design criteria. 

At moisture contents above 8.5 % and 
temperatures above 23°C, for this site, moisture has 
an influence on fatigue damage of the cemented 
layer. Therefore, in design calculations, we are not 
able to adopt one stiffness for the modulus of the 
structural layer. 

 
RECOMMENDATION 

 
Further investigation should be undertaken to 

evaluate the potential energy source of a large solar 
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receptor – an asphalt pavement. The Stirling Energy 
principle has potential in this area. 
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ABSTRACT 

 
For the past four years, the University of the Sunshine Coast (USC) has been monitoring the performance of 

road pavements through “in-situ” monitoring, in association with Sunshine Coast Council and Pavement 
Management Services. During that time four sites have been built and monitored, wirelessly, minute by minute 
24 hours per day. Each monitoring site is equipped with strain gauge sensors at critical positions within the 
pavement, moisture gauges and thermocouples. The system is accompanied by a weather station that measures 
Rainfall, Air Temperature, Wind Speed and Direction, Relative Humidity, Atmospheric Pressure, and Solar 
Radiation. 

Analysis of data accumulated over the past four years has been confirmed that pavement stiffness is strongly 
influenced by pavement temperature, providing the moisture content remains constant, and that for the most part, 
environmental conditions have a greater influence on pavement behaviour than traffic.  

Examination of the of traffic and no traffic on the pavement and over a twelve-month study period reveals 
that traffic load does not appear to severely jeopardise pavement life, at least early in the pavement life-cycle. 

Pavement fatigue occurs due to a combination of numerous factors, one of which is traffic loading. However, 
in SE Queensland, traffic loading may play a less significant role than other environmental factors such as 
pavement temperature fluctuations and moisture ingress. 

 
 
Keywords: Traffic, Moisture, Strain, Pavement performance 
 
 
INTRODUCTION 

 
During December 2012, The University of the 

Sunshine Coast (USC) in association with Sunshine 
Coast Council (SCC) and Pavement Management 
Services (PMS) installed an insitu pavement 
monitoring site on Sippy Downs Drive adjacent to 
the University during construction of the pavement 
to dual carriageway configuration. Results from this 
study have been published by Fairweather (2014), 
Yeaman (2015) and Azawi (2015), with monitoring 
continuing. Two other sites consisting of different 
configurations continue to be monitored with respect 
to Strain Energy Dissipation and Soil Suction. 

As part of this overall research project, Yeaman 
(2017), at this subject site, postulated that 
maintenance of the pavement asset can be predicted 
from in situ strain outcomes as a function of both 
traffic and the environment .  

 The subject site is situated at Bellevista 
Boulevarde, Caloundra at Latitude S. 26° 47’ 41.28” 
and Longitude E. 153° 05’ 49.92” and consists of: 

 
 Yellow Podzol subgrade with a stiffness 

of 70 MPa 
 100 mm gravel subbase course with a 

stiffness of 145 MPa 

 270 mm cement treated base with a 
mean stiffness modulus of 3500 MPa. 

 50 mm Hot Mix Asphalt pavement 
surface. 

Sensors are fitted at the base of the stiff layer at a 
depth of 320 mm and in the subgrade at a depth of 
420 mm in the following configuration: 

 

 
 

Fig. 1 Pavement and sensor configuration – 
Bellevista site. 
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This section of Bellevista Boulevard, Caloundra 
was constructed in September 2013 and has been 
instrumented since that date. 

Bellevista Boulevard is designed for a 20 year 
lifespan with an initial high traffic growth of the first 
five years of 8.3% and subsequent 15 years of 5%.  
The design traffic is calculated as 5.21 million 
(5.21*106) Heavy Vehicle Axle Groups for the 20 
year design life.  

This gives Critical Fatigue Strains of 248 µε for 
a cemented layer of 3,500 MPa modulus and 1020 
µε critical compressive strain for subgrade 
deformation.  For relationships refer to reference 2 
table 8.5. 

 

 
 

Fig. 2a Configuration of Pavement Management 
Site (G4SMART) 

 
Fig. 2b Configuration of Pavement Management 

Site (G4SMART) 
 
Data in the format of Tables 1 and 2, following, 

is passed from this site by telephone to a central 
computer at 6:00 am daily. 

Strain 1 is the strain measured at the underside of 
the bound layer (HMA and cemented layer) and 

Strain 2 is the top of the subgrade (subgrade layer). 
The negative sign (-) in this instrumentation 
indicates that the strain is in tension. 

 
Table 1 Example strain and temperature data. 
 
Tim
e 

Str
ain
#1 
(ue
) 

Str
ain
#2 
(ue
) 

Soil‐
Moist
ure1 
% (by 
vol) 

Air 
Temp 
1min 
(degC

) 

Surfac
e Layer 
Temp 
(degC) 

Roa 
Surfac

e 
Temp 
(degC) 

Solar_R
ad 

Correct
ed 

(W/m2) 

Wind 
Dir 
1min 
(deg) 

1/1
1/2
016 
6:0
1

‐
26.
96
9 

56.
90
6 

32.56
1 

21.1  28.84  27.76  44.46  306 

1/1
1/2
016 
6:0
2 

‐
21.
68
8 

64.
68
8 

32.56
9 

21.1  28.87  27.77  43.74  166 

1/1
1/2
016 
6:0
3

‐
16.
43
8 

59.
50
0 

32.56
7 

21.1  28.87  27.77  42.99  218 

1/1
1/2
016 
6:0
4

‐
11.
21
9 

59.
50
0 

32.56
8 

21.2  28.87  27.78  41.92  195 

1/1
1/2
016 
6:0
5 

‐
19.
09
4 

54.
18
8 

32.56
6 

21.2  28.84  27.76  42.32  114 

1/1
1/2
016 
6:0
6

‐
24.
40
6 

59.
50
0 

32.56
6 

21.2  28.86  27.76  44.04  100 

 
Table 2 Example weather station data. 

 
Wind 
Speed 

1min (m/s) 

Wind Dir 
1min 
(deg) 

Rel. 
Humidity 

1min 
(%RH) 

Air 
Pressure 

1min (hPa) 

0.2 306 88.9 1008.3 
0.4 166 88.8 1008.3 
0.5 218 89 1008.4 
0.3 195 88.9 1008.4 
0.4 114 88.9 1008.4 
0.3 100 88.9 1008.3 
0.1 216 88.9 1008.3 
0.3 147 88.9 1008.3 

 
CLASSIFICATION OF VEHICLE TYPE USED 
IN AUSTRALIA 

 
The following vehicle classifications are adopted 

for this study (Figure 3). 
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Fig. 3 Australian vehicle classifications 
(Austroads [1]). 
 
ACTUAL TRAFFIC 

 
Sunshine Coast Council conducts regular traffic 

counts at the Bellevista site on behalf of the research 
project. The following data were used in this study 
(Figures 4). 

 

 
 

Fig. 4 Traffic count for the Bellevista site, 7th to 
21st September 2017. 
 
Table 3 lists vehicle class [1] and percentage traffic 
for 2016. 
 
Table 3 Vehicle class and percentage traffic. 
 

Vehicle class Traffic (%) 
1 91.3 
2 1.6 
3 6.1 
4 0.3 
5 0.3 
6 0.2 
7 0.2 

PEAK HOUR AND QUEUING TRAFFIC 
 
Table 4 shows hourly data for 2016. At this site 

there are two peak periods: 7am to 10 am and 2 pm 
to 5 pm. In the afternoon the environment is 
important as the pavement is hot, in this case a static 
load may cause strains to go to a maximum, as 
observed, during the calibration of the Sippy Downs 
East site [3] where a standard axle parked on the 
sensors caused Strain 1 to go to 600με and remain 
there until the load was removed after 3 minutes. 

This can be compared with the 2012 traffic 
survey from which we note the increase in Class 3 
traffic due the development of the “Aura” city, a 
new development designed to house a population of 
300,000 residents [3].   

 
Table 4 Comparison of hourly traffic numbers 2012 

to 2016. 
 

Period 2012 survey 2016 survey 
7 am to 10 am 1165 1523 
2 pm to 5 pm 1349 1645 

 
Figures 5 and 6 are typical of the situation as 

traffic queues on the site. 
 

 
 

Fig. 5 Queuing traffic – morning peak. 
 

 
 
Fig. 6 Queuing traffic – afternoon peak. 
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In the afternoon the pavement is at its most 
vulnerable with respect to both fatigue cracking and 
permanent deformation. In this case, the pavement is 
both hot and wet and the static load may cause 
strains to increase to a maximum, as observed during 
the calibration of the Sippy Downs east site (ref 1) 
where a standard axle parked on the sensors caused 
the strain1 to go to 600  µε and remain there until 
the load was removed after 3 minutes. 

Observe here (Fig. 7) three different buses, four 
minutes apart of which two are either standing still 
or moving very slowly over the sensors with the 
strains being in compression and the same order of 
magnitude. 

 
 

Tim
e 

08:23 14 
Nov 16 

08:33 14 
Nov 16 

08:44 14 
Nov 16

Stra
in 1 

31 µε 11 µε 4 µε 

Stra
in 2 

288 µε 184 µε 192 µε 

Moi
st. 

9.07 % 9.06 % 9.06 % 

Lay
er 
Te
mp 

30.7 °C 30.4°C 30.3 °C 

Sfc 
Te
mp 

29.4°C 29.1°C 29.0 

Con
diti
on 

Warm & Dry Warm & Dry Warm & dry 

 
Fig. 7 Comparison of critical strains for Class 3 
vehicle (bus) same day, same time. 

 
And at the same time, three days later (Figure 8). 
 

 

Tim
e 

08:23 14 
Nov 16 

08:33 14 
Nov 16 

08:44 14 
Nov 16 

Stra 31 µε 11 µε 4 µε 

in 1
Stra
in 2 

288 µε 184 µε 192 µε 

Moi
stur

e 

9.07 % 9.06 % 9.06 % 

Lay
er 
Te
mp 

30.7 °C 30.4°C 30.3 °C 

Sfc 
Te
mp 

29.4°C 29.1°C 29.0 

Con
diti
on 

Warm & Dry Warm & Dry Warm & dry 

 
Fig. 8 Comparison of critical strains for Class 3 
vehicle (bus) same day, same time. 
 

Compare this with the afternoon peak where the 
last image has the critical fatigue strain in the fatigue 
mode (Figure 9).  

 
 

Time 14:57; 10 
Nov 16

15:10; 10 
Nov 16 

15:28 10 
Nov 16

Strai
n 1 

30 µε 36µε -16 µε 

Strai
n 2 

234µε 243µε 185 µε 

Mois
t. 

8.60% 8.60% 8.60% 

Laye
r 

Tem
p 

33.0°C 33.1°C 33.3°C 

Sfc 
Tem

p 

36.8°C 37.0°C 37.2°C 

Con
ditio

n 

Warm & 
Dry 

Warm & 
Dry 

Warm & dry 

 
Fig. 9 Comparison of critical strains for Class 3 
vehicle (bus) same day, same time. 
 
‘ROGUES GALLERY’ 

 
One of the features of this in-situ monitoring is 

what we have termed the “Rogues Gallery”. In 
essence a trigger is set in the data collection software 
that takes a photograph of the site whenever a strain 
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exceeds a predetermined value.  In this case, we 
have chosen initially a value of ± 180 με.  

 

 
 

Fig. 10 A concrete pumper has exceeded the 
‘trigger’ strain value. 

 
This method was used over the 12-month study 

period to classify the strain exerted by various 
vehicle classes with the following results (Figure 11, 
12, 13 & 14). 

 

 
 

Fig. 11 Strain for Class 1 & 2 vehicles. 
 

 
 
Fig. 12 Strain for Class 3 vehicles. 
 

 
 
Fig. 13 Strains for Class 4 vehicles. 
 

 
 
Fig. 14 Strains for vehicles Class 5 through 12. 
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Of interest, here is the fact that the strains are 
increasing from December 2015 to December 2016. 
 
LATENT STRAIN 

 
The ‘rogue’s gallery’ was observed on many 

occasions to produce multiple photographs without 
the presence of traffic especially early in the 
morning. 

 These following figures (Figs 15 & 16) 
demonstrate Strains without traffic for the full year. 

 

 
 

Fig. 15 Strain 1 for no traffic. 
 

 
 

Fig. 16 Strain 2 for no traffic. 
 
The values for these strains have  increased with 

time without the influence of traffic .We have called 
this “Latent Strain”. Environmental conditions are 
increasingly observed to play a significant part in 
pavement fatigue (Yeaman and McCallum, 2017a; 
Yeaman and McCallum, 2017b). 
 
DIGRESSION – RESILIENT MODULUS 

 
Recall the theory behind the measurement of 

resilient modulus (Figure 17). 

 

 
 

Fig. 17 Resilient Modulus (Mallick and El-Korchi, 
2015) 
 

It is the accumulation of this plastic strain that 
we see incorporated within the Latent Strain. When 
this value reaches the ultimate critical strain, the 
pavement will have deemed to be failed. 
 
CONCLUSION 
 

At this time, the Bellevista pavement is 
performing within the design criteria. Traffic is not a 
serious issue with this pavement after almost one 
quarter of the design life. Latent Strain is increasing 
according to theory but is well below the critical 
fatigue value  for the bound layer of 428με and 1020 
με for the subgrade layer. Although this study is of a 
limited nature it does serve to prove that in -situ 
monitoring can be a useful tool to understand the 
impact of traffic on a cemented pavement. 
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ABSTRACT 

 
A Nankai megathrust earthquake is expected to occur in the Kansai area within the next 30–40 years. According 

to the worst-case estimations by The Headquarters for Earthquake Research Promotion [1], the earthquake will 
cause economic losses of approximately 220 trillion yen, and 134,000 buildings will be damaged by liquefaction. 
To estimate future damage to the Osaka gulf coast, we conduct liquefaction simulations based on the LIQCA 
program developed by the research group at Kyoto University. The liquefiable layers are composed of relatively 
loose sand and the underground water level is high. The input earthquake motion is the L2 spectrum Ⅰ earthquake-
resistant standard spectrum, according to the Design Standards for Railway Structures and Commentary [2]. We 
consider not only the increase of excess pore water pressure, but also its dissipation. The calculated effective 
stresses in the sand layers approached 0, after which the sand layers liquefied and unevenness occurred at the 
ground surface. We evaluated the damage due to liquefaction by calculating vertical displacements and unevenness 
of the ground surface. Countermeasures are proposed for the shallow sand layers to reduce future liquefaction 
damage. 
 
Keywords: Liquefaction, Simulation, Nankai megathrust earthquake, Gulf coast, Unevenness  

INTRODUCTION 
 
A Nankai megathrust earthquake is predicted for 

the Kansai area within the next 30-40 years. The most 
recent Nankai megathrust earthquake occurred in 
1946 and the recurrence interval of this type of 
earthquake is over 100 years, according to The 
Headquarters for Earthquake Research Promotion [1]. 
If a Nankai megathrust earthquake were to occur, the 
economic losses would be approximately 220 trillion 
yen, and 134,000 buildings would be damaged by 
liquefaction in the worst-case scenario [3], [4]. In 
addition, a Tokai megathrust earthquake has not 
occurred for 168 years, even though the recurrence 
interval of a Tokai megathrust earthquake is also 100 
years. It is expected that a Tokai megathrust 
earthquake would induce the occurrence of a Nankai 
megathrust earthquake earlier than suggested by its 
recurrence interval. A Nankai megathrust earthquake 
would cause huge damage to the Kansai area. Within 
this area, Osaka city has a significant effect on the 
national economy and it contains many embankment 
areas, which tend to liquefy more than other natural 
ground types. In addition, the high ground water 
levels of Osaka city would enhance liquefaction. 

Therefore, it is important to fully comprehend soil 
liquefaction characteristics. This paper presents an 
evaluation of ground liquefaction characteristics for 
the Osaka Gulf coast. A liquefaction analysis is 
implemented to assess the liquefaction characteristics. 
For the scope of this study, the Computer Program for 
Liquefaction Analysis (LIQCA) is used. This 
software was developed by the LIQCA Liquefaction 

Geo-Research Institute (LIQCARI), consisting of 
researchers from Kyoto and Gifu universities. 

 
SIMULATION CONDITIONS 

 
The subject of analysis in this research is a site on 

the Osaka Gulf coast. A cross sectional view of the 
study area is shown in Figure 1. The cross section 
contains an embankment layer, which is 
approximately 0.4 m to 0.5 m thick. The ground water 
level is GL-2.3 m.  

In this study, we consider the effect of a clay layer 
(Ac1) and a structure on the liquid sand layer. The 
influence of the Ac1 layer between the sand layers Bs 
and As1 is evaluated by considering the thickness of 
the Ac1 layer. In addition, the influence of a structure 
is evaluated by comparing the point that bears the 
load of the structure and the point that does not bear 
any load. Point A is most affected by the load of the 
structure and the clay layer Ac1 is thinnest at this 
point. Point B does not bear the load of the structure 
and the clay layer Ac1 is thick here. Point C bears 
some of the load of the structure and the clay layer 
Ac1 is moderately thick at this point. By comparing 
the results at these three points, we consider the effect 
of the clay layer between the liquefaction target layers 
and the liquefaction damage due to the structure. 
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Table 1 Material parameters of the R-O model 

 Bs 
Ac1 
Ac2 
Ac3 

Tc1 Tsg2 Tc2 Oc 

Un-sat. Sat. Sat. Sat. Sat. Sat. 
ρ 1.8 1.6 1.6 1.8 1.6 1.6 

k 1.4 
×10-6 

9.0 
×10-10 

2.6 
×10-7 

1.2 
×10-5 

1.0 
×10-7 

7.5 
×10-9 

e0 0.658 1.038 0.724 0.777 1.098 1.799 
Vs 120 120 200 260 208 208 
ν 0.49 0.496 0.494 0.488 0.492 0.492 
c  

(kPa) 0 33 198 0 149 149 

φ  
(deg) 30.9 0 0 34.0 0 0 

a 6977 2241 4939 8530 4533 4165 
b 0.5 0.5 0.5 0.5 0.5 0.5 
α 1.89 - 2.3 2 1.4 1.5 
r 1.92 - 2.1 3 1.7 1.6 

 
Table 2 Material parameters of the cyclic elasto-
plastic constitutive model 

 Bs As1 As2 Tsg1 
Sat. Sat. Sat. Sat. 

ρ 1.8 1.8 1.8 1.8 
k 1.5E-6 1.5E-6 1.1E-6 5.2E-6 
e0 0.658 0.990 0.673 0.505 
Vs 140 120 170 240 
λ 0.002 0.002 0.1 0.001 
κ 0.025 0.02 0.02 0.001 

OCR* 1.3 1.0 1.0 1.6 
G0/σ'm0 935.5 445.3 646.1 1104 
M*m 0.909 0.909 0.909 0.909 
M*f 1.012 0.966 0.958 1.215 
B*0 3500 2500 5000 10000 
B*1 80 50 100 200 
Cf 0 0 0 0 
γP* 0.02 0.002 0.02 0.005 
γE*r 0.001 0.3 0.3 0.001 
D*0 1 1.5 4 4 

n 7 2 6 8 
Cd 2000 2000 2000 2000 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The cross section in Figure 1 includes a structure 
in the form of a building, modeled as a point load in 
the LIQCA program. It is hypothesized that this point 
load will affect liquefaction damage. We evaluate the 
effect of the load on liquefaction through the presence 
and absence of the load. 

Analysis parameters are based on the Design 
Standards for Railway Structures and Commentary 
[2]. LIQCA specific parameters are based on their 
operating manual. Dynamic parameters are 
determined using element simulation.  

At first, all soil layers are classified as those that 
determine the target of liquefaction (‘Liquefaction-
Layers’) and those that determine the non-target of 
liquefaction (‘Non-Liquefaction-Layers’) based on 
[2]. Non-Liquefaction Layers are modeled using the 
Ramberg-Osgood (R-O) model. Liquefaction-Layers 
are modeled using the cyclic elasto-plasticity 
constitutive model. The parameters of these models 
are shown in Table 1 and Table 2, respectively. 

The coefficients of permeability k of Bs, As1, As2, 
and Tsg1 are determined based on a permeability test 
conducted in the study area. The rest are determined 
based on the Creager method. The shear wave 
velocity, Vs, is determined from the Design Standards 
for Railway Structures and Commentary [2]. The Oc 
layer is considered as an engineering base surface. 
The unit weight γ in the Bs, As1, As2, and Tsg1 layers 
is determined from a mean density soil test in the 
study area; the rest are determined from the Design 
Standards for Railway Structures and Commentary 
[2]. Other specific parameters and the dynamic 
parameters are determined using the LIQCA program 
and element simulation. 
  

Fig. 1 Cross section of the study area showing the different soil layers. 
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Input Seismic Vibration 
 
The input seismic vibration is the H24 L2 

earthquake-resistant standard spectrum, shown in 
Figure 2. It is designed by the Design Standards for 
Railway Structures and Commentary [2].  

 

 
Fig. 2 Input seismic vibration. 
 
Element Simulation 

 
The specific parameters of Liquefaction-Layers 

are determined by fitting the liquefaction strength 
curves from the Design Standards for Railway 
Structures and Commentary [2]. The specific 
parameters of Non-Liquefaction-Layers are 
determined by fitting the dynamic deformation 
characteristics from the Yasuda-Yamaguchi 
equations [5]. 

The liquefaction resistance is regulated by the 
number of cycles. The liquefaction layer is supported 
in a simple shear test with a double amplitude of axial 
strain (DA) of 7.5%, and the number of cycles 
regulating the strength of the liquefaction is 20. The 
cyclic shear stress ratios of Bs, As1, As2, and Tsg1 
are 0.43, 0.35, 0.31, and 0.31, respectively. 

 
Initial Conditions 

 
We conduct an initial effective stress analysis, 

where the mean effective stress with static 
overburden pressure is analyzed for the case where 
the coefficient of earth pressure, K0, is 0.5. All layers 
are modeled using the Drucker-Prager type plasticity 
models. Poisson’s ratios are determined as 0.33 for K0 
=0.5. The Young’s modulus, E, was determined by 
considering the influence of the effective overburden 
pressure (Eq. 1), as follows: 

 
𝐸𝐸 = 𝐸𝐸0𝜎𝜎𝑚𝑚0𝑛𝑛                                 (1) 

 
𝑬𝑬𝟎𝟎: Constant of proportionality of Young's modulus 
(kN/m2) 
𝝈𝝈′𝒎𝒎𝟎𝟎: Average effective stress in initial stress state 
(kN/m2) 

 
The side boundary condition is the vertical 

roller support and the bottom boundary condition 
is fixed. After the effective stress analysis, all 
displacements and pore water pressures are set to 0.  

 
SIMULATION RESULTS 

 
Here, we consider the results in terms of 

displacements and acceleration, the effective stress 
reduction ratio, the angle of rotation, and the 
relationship between effective stress reduction and 
volume strain, respectively. 

 
Displacements and Acceleration  

 
Figures 3, 4, and 5 show the time series of the 

horizontal acceleration response, the horizontal 
displacement response, and the vertical displacement 
response, respectively. Table 3 shows the maximum 
absolute values of displacement and acceleration on 
the ground surface during shaking. Table 4 shows the 
displacements on the ground surface during the 
dissipation stage of excess pore water pressure. 

Each horizontal acceleration of the output node is 
converged. Once again, every output node is selected 
from the ground surface on the longitudinal plane. 
After all horizontal accelerations are converged, a 
dissipation stage of excess pore water pressure  
analysis is conducted. The time series of horizontal 
acceleration show the same trend and the maximum 
absolute value of horizontal acceleration is 
approximately 2.0 m/s2 (Figure 3). 

Each horizontal displacement of the output node 
is converged, as with the horizontal accelerations. 
The maximum absolute value of the horizontal 
displacement of three output points is approximately 
0.847 m. Although the time series of horizontal 
displacement show the same trend, the final 
displacements are different (Figure 4). The further to 
the right the point is on the longitudinal plane, the 
larger the horizontal displacement.  

Again, each vertical displacement of the output 
node is converged. The vertical sinking was largest at 
point A, where the clay layer, Ac1, is thinnest (Figure 
5). Point B rose slightly due to lateral flow from the 
thinnest point of the clay layer. 

Looking at the time series, when maximum 
acceleration occurred and the excess pore water 
pressure rose sharply, the ground surface vibrated 
slightly. After that, with dissipation of the excess pore 
water pressure, points A and C experienced vertical 
sinking. In response to this, the ground surface at 
point B rose, but subsequently there was slight 
vertical settlement following dissipation of the excess 
pore water pressure of the target layer under point B. 

Regarding the effect of the structure, the ground 
surface of point A and point C dropped significantly 
under the load. Because of this reaction, the ground 
surface at point B underwent significant flow. Since 
the ground surface at point A received a larger load 
than point C, point A dropped further. 

After this, the excess pore water pressure 
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dissipated to between 1×104 and 1×108 seconds and 
the ground surface at all points experienced sinking. 
 

 
Fig. 3 Time series of the horizontal acceleration 
response. 
 

 
Fig. 4 Time series of the horizontal displacement 
response. 
 

 
Fig. 5 Time series of the vertical displacement 
response. 
 
Table 3 Maximum absolute value of displacements 
and acceleration on the ground surface during shaking 

 Displacement (m) Acceleration (m/s2) 

 Horizontal Vertical Horizontal 

A 0.847 -0.355 2.020 

B 0.440 0.088 1.649 

C 0.631 -0.163 2.079 

 
Table 4 Displacements on the ground surface during 
the dissipation stage of excess pore water pressure 

 
Horizontal  

displacement (m) 
Vertical 

displacement (m) 

A 0.846 -0.355 
B 0.437 0.042 
C 0.626 -0.162 

 
Effective Stress Reduction Ratio 

 
Figures 6, 7, 8, and 9 show the effective stress 

reduction ratio of Bs, As1, As2, and Tsg1, 
respectively. Table 5 shows the effective stress 
reduction ratios during shaking. There is no Bs layer 
at the B output point, so the table does not include the 

effective stress reduction ratio of the Bs layer. 
The excess pore water pressures of the sand, As1, 

As2, and Tsg1 layers rose more than that of the Bs 
layer. Because the Bs layer is closer to the ground 
water level than other sand layers, the excess pore 
water pressure of the Bs layer dissipated more quickly 
than that of the other layers.  

Regarding the difference between the output 
points, point B required more time for dissipation of 
the excess pore water pressure than other points. We 
consider that the thickness of the upper clay layer is 
related to the time required for dissipation of the 
excess pore water pressure. A thicker clay layer 
results in a longer dissipation time for the sand layer.  
Because As1, As2, and Tsg1 layers are above the clay 
layer, Ac1, their dissipation times are longer than that 
of the Bs layer.  
 

 
Fig. 6 The effective stress reduction ratio of the Bs 
layer. 
 

 
Fig. 7 The effective stress reduction ratio of the As1 
layer. 
 

 
Fig. 8 The effective stress reduction ratio of the As2 
layer. 
  

-3.0

-2.0

-1.0

0.0

1.0

2.0

3.0

0 50 100 150 200

A
B
C

Ho
r
iz
on
ta
l 
a
cc
. 
(m
/s

2 )

Time (s)

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

0 50 100 150 200

A
B
C

Ho
ri
zo

nt
al
 d
is
.
 (
m)

Time (s)

-0.4

-0.3

-0.1

0.0

0.1

0.3

1E+0 1E+2 1E+4 1E+6 1E+8

A
B
CV

e
r
t
i
c
a
l
 
d
i
s
.
 
(
m
)

Time (s)

0.0

0.2

0.4

0.6

0.8

1.0

1E+0 1E+2 1E+4 1E+6 1E+8

A

C

1-
σ

' m
/σ

' m
0

step (s)

0.0

0.2

0.4

0.6

0.8

1.0

1E+0 1E+2 1E+4 1E+6 1E+8

A

B

C

1
-
σ
'
m
/
σ
'
m
0

step (s)

0.0

0.2

0.4

0.6

0.8

1.0

1E+0 1E+2 1E+4 1E+6 1E+8

A

B

C

1
-
σ
'
m
/
σ
'
m
0

Time (s)



GEOMATE - Mie, Japan, Nov. 21-24, 2017 

325 
 

 
Fig. 9 The effective stress reduction ratio of the Tsg1 
layer. 
 
Table 5 Effective stress reduction ratios during 

shaking 
 Bs As1 As2 Tsg1 

A 2.9% 61.3% 98.8% 98.8% 
B - 79.5% 96.1% 96.7% 
C 21.1% 55.4% 99.0% 99.0% 

 
Angle of Rotation 

 
Figures 10 and 11 show the angle of rotation at the 

ground surface and the vertical displacement at the 
ground surface, respectively. 

The angle of rotation is an index indicating the 
degree of unevenness. It is an angle represented by 
the absolute value of a certain node and the angle 
between two adjacent nodes. For example, it is 
horizontal when it is 180° and vertical when it is 90°.  

The angle of rotation decreased the most around 
the point at which the load was applied. The ground 
tilted approximately 0.9° at the point that was most 
severely affected. Ground unevenness when the 
shaking ended and when the dissipation stage of 
excess pore water pressure converged showed the 
same trend. Therefore, it is considered that 
liquefaction and loss of strength would occur in a 
relatively short time. 

 

 
Fig. 10 Angle of rotation at the ground surface. 
 

  
Fig. 11 Vertical displacement at the ground surface. 
 

 

Relationship between the Effective Stress 
Reduction Ratio and Volume Strain 

 
Regarding the excess pore water pressure, the 

effective stress reduction ratio of the As2 and Tsg1 
layers reached 1, indicating liquefaction. This result 
shows that deeper layers can liquefy. However, the 
As1 layer and the Bs layer were responsible for 
significant vertical sinking and horizontal 
displacement. Figure 12, 13, 14 and 15 show the time 
series of volume strain of Bs, As1, As2 and Tsg1, 
respectively. Figure 16 shows the relationship 
between the effective stress reduction ratio and 
volume strain. As a result, even though the sand layer 
at a relatively large depth was liquefied, the amount 
of volume strain is considered small.  

In the study area, the Bs and As1 layers, which are 
the sand layers near the ground surface, are greatly 
deformed. Therefore, it is necessary to propose 
countermeasures.  
 

 
Fig. 12 Time series of volume strain of the Bs layer. 
 

 
Fig. 13 Time series of volume strain of the As1 
layer. 
 

 
Fig. 14 Time series of volume strain of the As2 layer 

 
Fig. 15 Time series of volume strain of the Tsg1 
layer. 
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Fig. 16 Relationship between volume strain and the 
effective stress reduction ratio. 
 
CONCLUSION 
 

Liquefaction simulations using the LIQCA 
program showed that the ground surface on the Osaka 
gulf coast would sink by a maximum of 0.355 m and 
move horizontally by a maximum of 0.847 m due to 
liquefaction. In addition, if there is a structure on the 
ground surface, the sand would liquefy due to a 
sudden loss of strength. Conversely, parts of the 
ground surface would rise as a reaction to the sinking 
elsewhere. 

Shallow sand layers were displaced more than 
deep sand layers by liquefaction. Regarding the 
effective stress reduction ratio, the shallow sand 
layers did not liquefy much, although they did 
experience significant sinking. The shallow sand 
layers moved horizontally because Liquefaction-
Layers lose strength due to liquefaction. Therefore, 
the possibility of damage of liquefaction on the 
ground at Osaka Gulf Coast is considered high.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

REFERENCES 
 

[1] The Headquarters For Earthquake Research 
Promotion, “Past earthquake occurrence 
situation”, Earthquakes occurring in the Nankai 
Trough, 
http://www.jishin.go.jp/main/yosokuchizu/kaiko
/k_nankai.htm (accessed 2017-06-05) 

[2] Railway Technical Research Institute, Design 
Standards for Railway Structures and 
Commentary, 2012.  

[3] Nihon Keizai Shimbun, Inc., “Estimated damage 
amount of the Nankai Trough massive 
earthquake”, Nankai Trough Earthquake, 
damage amount of up to 220 trillion yen Halved 
by reduction, 
http://www.nikkei.com/article/DGXNASDG180
2L_Y3A310C1000000/ (accessed 2017-06-05) 

[4] Disaster Management, Cabinet office, “Aspect of 
Immediate Disaster”, About the damage estimate 
of the Nankai Trough massive earthquake, 
http://www.bousai.go.jp/jishin/nankai/taisaku_
wg/pdf/20130318_shiryo2_1.pdf, (accessed 
2017-0605) 

[5] Yasuda S. and Yamaguchi I., “Dynamic soil 
properties of undisturbed samples.”, Proceedings 
of 20th Japan National Conference on 
Geotechnical, 1985, pp539:542. 

 

0.0

0.2

0.4

0.6

0.8

1.0

0.0 4.0E-3 8.0E-3 1.2E-2 1.6E-2 2.0E-2

Bs

As1

As2

Tsg1

E
ff

e
c
ti
ve

 s
tr

e
ss

 r
e
d
u
c
ti
o
n
 r

at
io

Volume strain



 

327 
 

Seventh International Conference on Geotechnique, Construction Materials and 
Environment, Mie, Japan, Nov. 21-24, 2017, ISBN: 978-4-9905958-8-3 C3051 

NUMERICAL SIMULATION OF LIQUEFACTION AND RELATED 
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ABSTRACT 

 
The Kansai area has a high possibility of a huge plate-boundary-type earthquake within 30 years. If an 

earthquake occurs, the Osaka Gulf coast will be struck by severe liquefaction disasters. Therefore, we tried to 
apply LIQCA, which is often used for liquefaction analysis, to a site on the Osaka Gulf coast. The input 
earthquake motion is the seismic standard spectrum I, which is commonly used in Japan. The calculation time 
continued until the excess pore water pressure dissipated. The site has an underground structure, so we 
investigated not only the liquefaction phenomenon of the ground itself but also the behavior of the underground 
structure. The results of this analysis indicate that these soil layers of the target area become liquefied. After the 
excess pore water pressure dissipates, the ground surface settles in the vertical direction and moves in the 
horizontal direction. In addition, at the vicinity of the underground structure center, it rises in the vertical 
direction and moves in the horizontal direction. 
 
Keywords: Liquefaction, Numerical Simulation, Tunnel, Float up 
 
 
INTRODUCTION 

 
A Nankai trough earthquake, which is a plate-

boundary-type huge earthquake, has a high 
probability of occurring within 30 years, and the 
western part of Japan will be severely damaged by 
this earthquake. The Osaka Plain is no exception. In 
particular, the Osaka Gulf coast is predicted to suffer 
from a severe liquefaction disaster [1]. Therefore, 
we apply a liquefaction simulation to a typical site 
on the Osaka Gulf coast. The simulation is based on 
the LIQCA [2] program, which is widely used as a 
liquefaction simulation tool in Japan. The target 
ground has a tunnel beneath the ground, so we 
investigated not only the liquefaction phenomenon 
of the ground itself but also the behavior of the 
underground structure. 

 
OUTLINE OF ANALYSIS  

 
Ground to be analyzed 

 
The analysis target is the ground of a plain on the 

Osaka Gulf coast. Figure 1 shows the cross section 
of the ground that is the target of the analysis. The 
cross section has a length of 100 m in the horizontal 
direction and a depth of 40 m in the vertical 
direction. The tunnel is located near the surface in 
the center of the ground. The soil layers that may 
liquefy are the As1 layer, As2 layer, and Tsg1 layer. 

Other layers are composed of clayey soil and hard, 
sandy soil. Thus, it is considered that liquefaction 
barely occurs. Therefore, these layers are not judged 
for liquefaction.  

The groundwater level is set at GL-2.3 m. The 
Oc layer is the base surface in this cross section. In 
the B layer, the layer above the groundwater level is 
considered hard to liquefy, so the R-O model is 
applied to this layer. The layer below the 
groundwater level is modeled as a cyclic 
elastoplastic constitutive model. Table 1 lists the 
material parameters used in the analysis. The 
liquefaction layers and non-liquefaction layers are 
fitted based on the respective standards. The 
liquefaction layers have liquefaction strength curves 
based on the Design Standards for Railway 
Structures and Commentary [3]. The non-
liquefaction layers are fitted as a Yasuda-Yamaguchi 
model [4]. 
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Fig. 1 Target ground of the analysis  

 
 

Table 1 Material parameters used in analysis 
 

  
          ① ② ③ ④ ⑤ ⑥ ⑦ ⑧ ⑨ 

            Bs As1 
Ac1, 
Ac2 As2 Tsg1 Tc1 Tsg2 Tc2 Oc 

type Y X X Y X Y Y Y Y X 
γ 

(kN/m3) 18.0 18.0 18.0 16.0 18.0 16.0 18.0 16.0 16.0 18.0 
ρ 

(g/cm3) 1.8 1.8 1.8 1.6 1.8 1.6 1.8 1.6 1.6 1.8
k 

(m/s) 
1.47 
E-06 

1.47 
E-06 

1.47 
E-06 

9.00 
E-09 

5.17 
E-06 

2.60 
E-07 

1.20 
E-05 

1.00 
E-07 

7.50 
E-09 

1.12 
E-06 

e0 0.658 0.658 0.990 1.038 0.505 0.724 0.777 1.098 1.799 0.673 
Vs 

(m/s) 120 140 120 120 240 200 260 208 208 170 

λ   0.002 0.002   0.001   0.1 
κ   0.025 0.02   0.001   0.02 

OCR*   1.3 1.0   1.6   1 
G0/σ'm0   935.5 445.3   1104   646.1 

M*m   0.909 0.909  0.909   0.909
M*f   1.012 0.966   1.215   0.958 
B*0   3500 2500   10000   5000 
B*1   80 50   20   100 
Cf   0 0   0   0 
γP*r   0.02 0.002   0.005   0.02 
γE*r   0.001 0.3   0.001   0.3 
D*0   1.0 1.5   4.0   4 
n   7.0 2.0   8.0   6 
Cd   2000 2000   2000   2000 
ν 0.496     0.496   0.494 0.488 0.492 0.492   

c (kPa) 0     33   198 0 149 149   
φ (deg) 30.9     0   0 34 0 0   

a 6977     2241   4939 8530 4533 4165   
b 0.5     0.5   0.5 0.5 0.5 0.5   
α 1.89     16.7   2.3 2 1.4 1.5   
r 1.92     1.78   2.1 3 1.7 1.6   
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Notations: 
X: cyclic elastoplastic constitutive model 
Y: R-O model 
γ = unit weight, ρ = density, k = coefficient of 
permeability, e0 = initial void ratio, Vs = shear wave 
velocity, λ = compression index, κ = expansion 
index, Mf = stress ratio parameter corresponding to 
failure angle, OCR* = factoid overconsolidation 
ratio, G0/σ’

m0 = non-dimensional initial shear 
modulus, Mm = stress ratio parameter corresponding 
to phase transformation angle, B*

0, B*
1, and Cf = 

plastic modulus parameters, γr
P* = plastic strain, and 

γr
E* = elastic strain, D*

0, n = dilatancy coefficient, Cd 

= anisotropy elimination parameter, ν = Poisson’s 
ratio, c = cohesion, φ= internal friction angle, and a, 
b, α, and r = R-O parameters 
 
Tunnel model 
 

Figure 2 shows model of the ground with the 
tunnel. The green lines indicate the tunnel. The 
tunnel consists of an upper base plate and a lower 
base plate, a sidewall, and a center pillar. The tunnel 
is represented by beam elements. Table 2 lists the 
tunnel parameters used in the analysis. B is the 
horizontal length of the element, and H is the 
vertical length of the element. 
 

 
 

Fig. 2 Tunnel model  

Boundary conditions 
 

Soil skeleton 
 

In the analysis model, the bottom of the 
boundary is an elastic base (viscous boundary). The 
elastic base is placed as a dashpot on the bottom of 
the model. The input earthquake motion is a 2E 
wave. In LIQCA, only the horizontal lower 
boundary can be set for the viscous boundary. When 
a consolidation analysis is conducted, the dashpot is 
automatically replaced with a rigid spring. The side 
boundary is a method of connecting a wide free 
ground part, which is not easily influenced by the 
FEM region, to the side surface when the soil layer 
configuration of the side boundary is different.  

 
Tunnel 
 

The boundary condition between the tunnel and 
adjacent ground is free from friction in the vertical 
direction. The tunnel and its adjacent ground behave 
similarly in the horizontal direction. 

 
Input earthquake motion 
 

The input earthquake motion is the seismic 
standard spectrum I, which is commonly used in 
Japan. The waveform is shown in Fig. 3. The 
increment of the calculation time is 0.005 s. The 
Newmark method coefficients are β = 0.3025 and γ 
= 0.6. These values are common in LIQCA 
simulations. The constant of the Rayleigh 
attenuation α1 is equal to 0.001–0.003. The Rayleigh 
attenuation α1 in the example of the LIQCA manual 
is 0.0023. After seismic motion, consolidation 
analysis is carried out until the vertical settlement 
converges. 

 

 
Fig. 3 Waveform of seismic standard spectrum I 

 

 
 

B 
(m) 

H 
(m) 

Pitch 
(m) 

Unit volume 
weight 
γ(kN/m3) 

Sectional area 
A(m2) 

Sectional Secondary 
moment  
I(m4) 

Unit length 
Weight  
G(kN/m) 

base plate 
(upper) 1 0.3 1 25 0.30 0.001125 7.5 
base plate 
(lower) 1 0.4 1 25 0.40 0.002667 10 
side wall 1 0.4 1 25 0.40 0.002667 10 
center pillar 2.3 0.4 4 25 0.23 0.001533 5.75 
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Initial stress analysis 
 
The initial values of the soil skeleton 

displacement and excess pore water pressure are all 
0. The soil skeleton displacement and excess pore 
water pressure in LIQCA are the increments from 
the initial state, that is, the incremental values at the 
time of the earthquake. What is necessary under the 
initial conditions is to set the initial effective stress 
of the ground. Therefore, it is important to estimate 
the initial stress state in the ground. The initial stress 
analysis in this paper is a self-weight analysis. The 
self-weight analysis calculates the initial stress by 
applying self-weight to the model used for the 
liquefaction analysis in the zero-gravity state. It 
considers the increase in ground rigidity and 
nonlinearity caused by adding weight to the model.  
 
ANALYSIS RESULT 

 
The analysis results are shown below. After the 

earthquake motion, a consolidation analysis was 
carried out until the convergence of the vertical 
displacement was confirmed. The effective stress 
reduction ratio R is used as an index for determining 
liquefaction. It is shown in the following equation:  
 
                                 R ൌ 1 െ

ఙ
,

ఙబ
,                            (1) 

σ’
m：  average effective stress corresponding to 

some elapsed time (kN/m2) 
σ’

m0：average effective stress in the initial stress 
state (kN/m2) 
 
When this value reaches 1, it can be said that 
liquefaction occurred in the ground. The nodes and 
elements that output the analysis results are the 
vicinity of the tunnel center and the stratum of the 
point 25 m northward from the tunnel center. 
 
At the stratum of the point 25 m northward from 
the tunnel center  

 
Figure 4 shows the effective stress reduction 

ratio of As1, As2, and Tsg1. According to these 
results, it turns out that these soil layers become 
liquefied. The effective stress reduction ratio 
decreases after 108 s (approximately 3 years). This 
indicates that the excess pore water pressure that 
occurs by liquefaction is dissipated, and the 
consolidation settlement converged. Figures 5 and 6 
show the vertical displacement and horizontal 
displacement, respectively. After the excess pore 
water pressure dissipates, the ground surface settles 
by 0.5 m in the vertical direction and moves 0.8 m in 
the horizontal direction.  

 

 

 

 
Fig. 4 Effective stress reduction ratio of As1, As2, 

and Tsg1 (25 m northward from tunnel center) 
 

 
Fig. 5 Vertical displacement  

(25 m northward from tunnel center) 
 

 
Fig. 6 Horizontal displacement  

(25 m northward from tunnel center) 
 
At the vicinity of the tunnel center 

 
Figure 7 shows the effective stress reduction 

ratio of As1, As2, and Tsg1. According to these 
results, it turns out that these soil layers become 
liquefied. Figures 8 and 9 show the vertical 
displacement and horizontal displacement, 
respectively. After the excess pore water pressure 
dissipates, the tunnel rises by 0.9 m in the vertical 
direction, and moves 0.8 m in the horizontal 
direction. 
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Fig. 7 Effective stress reduction ratio of As1, As2, 

and Tsg1 (tunnel center) 
 

 
Fig. 8 Vertical displacement (tunnel center) 

 

 
Fig. 9 Horizontal displacement (tunnel center) 
 
 

Summary of some indices 
 

Table 3 lists the results of the effective stress 
reduction ratio (just after excitation). Table 4 lists 
the results of the effective stress reduction ratio 
(after excess pore water pressure dissipates). Point A 
corresponds to the stratum, which is 25 m northward 
from the tunnel center. Point B corresponds to the 
vicinity of the tunnel center. 
 
 
 

Table 3 Effective stress reduction ratio  
(just after excitation) 

 
Effective stress reduction ratio (%) 

                 As1                As2               Tsg1 
A 99.9 99.9 99.9 
B 99.9 99.9 99.9 
 

 
Table 4 Effective stress reduction ratio  

(after excess pore water pressure dissipates) 
 

  A B 
 horizontal displacement (m) −0.733 −0.758 
 Vertical displacement (m) 0.898 −0.496 
 
Displacement of the ground surface 

 
Figure 10 shows the vertical displacement for 

each time history. The data corresponds to the state 
of the initial coordinate after excitation and after 
consolidation of the ground surface coordinates. The 
part from 45 to 55 m of the X coordinate is the 
tunnel position. When the state, after the excess pore 
water pressure dissipates,  is examined, it can be 
seen that the tunnel rises by 0.9 m. This 
phenomenon is caused by the boundary condition 
between the side surface of the tunnel and the 
surrounding ground. The boundary was set under a 
free condition in the vertical direction, which has no 
friction. Therefore, a settlement of 0.9 m is thought 
to be the maximum floating amount.  

In this analysis, we do not consider the changes 
in the buoyancy of the surroundings owing to the 
floating of the tunnel. In other words, the buoyancy 
around the tunnel remains in its initial state. In 
addition, this is considered to be a cause of the large 
level of floating of the tunnel. The other surface part, 
except for the tunnel position, settles at 
approximately 0.5 m after the excess pore water 
pressure dissipates. 
 

 
Fig. 10 Vertical displacement for each time history 

 
Deformation map of the ground 
 

Figure 11 shows the deformation of the ground 
around the tunnel after the excess pore water 
pressure dissipates. The floating of the tunnel may 
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depend on how the sediment cuts under the tunnel when the As1 layer around the    
tunnel becomes liquefied. The floating of the tunnel 
is approximately 0.9 m. However, this value is 
perhaps the maximum floating amount, as 
mentioned earlier. In fact, there is friction between 
the tunnel and the surrounding ground, so it is highly 
likely that the floating of the tunnel may have a 
smaller value than that of the analysis result. 
 

CONCLUSION 

 
When an earthquake corresponding to seismic 

standard spectrum I occurs at the target ground of 
the Osaka Gulf coast, from the results of a 
liquefaction simulation based on LIQCA, it turns out 
that the ground becomes liquefied and the tunnel at 
the surface of the target ground floats up slightly. It 
is necessary to investigate the floating amount more 
precisely, hereafter, because the floating has a 
serious impact on the restoration process of the 
target area.  

However, a settlement of 0.9 m is thought to be 
the maximum value of the floating amount. This 
phenomenon is caused by the boundary condition 
between the tunnel and the surrounding ground. In 

addition, we did not consider the changes in the 
buoyancy of the surrounding ground. We think that 
it is necessary to make this phenomenon more 
realistic. The buoyancy problem may be difficult. 
Therefore, we will further investigate the boundary 
condition between the sidewall of the tunnel and the 
adjacent ground. We will conduct more realistic 
simulations. 
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ABSTRACT 
 
For land use monitoring, the main problems are robust positioning in urban canyons and strong terrain reliefs 

with the use of GPS system only. Indeed, satellite signal reflection and shielding in urban canyons and strong 
terrain relief results in problems with correct positioning. Using GNSS-RTK does not solve the problem 
completely, because in some complex situations the whole satellites system works incorrectly. We transform the 
weakness (urban canyons and strong terrain relief) to an advantage. It is a vision-based navigation using a map 
of the terrain relief.. We investigate and demonstrate the effectiveness of this technology in Chinese region 
Xiaoshan. 
 
Keywords: Vision-based navigation, Robust positioning, Land use monitoring, Urban canyons and strong 
terrain relief, DTM 
 
 
INTRODUCTION 

 
Recently International Journal of Geomate has 

published a very important paper about the 
integration of Geography Information System (GIS) 
and Global Navigation Satellite System – Real Time 
Kinematics (GNSS-RTK) for land use monitoring 
[1].  
Indeed, the authors of [1] write: “limited open space 
area requires accurate monitoring to maintain 
changes in land use that is not suitable with city 
spatial planning. The difference between spatial 
planning and existing land Use should be 
minimized”. The main problems are robust 
positioning in urban canyons and strong terrain 
reliefs with the use of GPS system only. Indeed, 
satellite signal reflection and shielding in urban 
canyons and strong terrain reliefs results in problems 
with correct positioning. “In urban area study, signal 
problems become obstacles for determining the 
position and navigation due to some problems such 
as shadowing and multipath effects” [1,2]. 
 The paper suggests using GNSS-RTK (full 
system which is a constellation of current satellites 
such as GPS (Global Positioning System-USA), 
GLONASS (Russia), Galileo (Europe), BeiDou 
(China), and QZSS (Japan)) that can improve 
positioning [1,3]. However, it does not solve the 
problem completely, because in some complex 
situations the whole satellites system works 
incorrectly.  

We need to transform the weakness (urban 
canyons and strong terrain reliefs) to an advantage. 
It is a vision-based navigation using a map of the 
terrain relief. This topic had been recently widely 
developed by the authors [4-10].   Vision-based 
algorithms have been a major research issue during 

the past decades. Two common approaches for the 
navigation problem are: the landmarks [11,12]. And 
the ego-motion integration [13-17].   

In [18], the drift is being corrected with the help 
of a Digital Terrain Map (DTM). The DTM is a 
discrete representation of the observed ground's 
topography. It contains the altitude over the sea level 
of the terrain for every geographical location.  A 
patch from the ground was reconstructed using 
`structure-from-motion' (SFM) algorithm and was 
matched to the DTM in order to derive the camera's 
pose. The algorithm presented in this work [4-9] 
does not require an intermediate explicit 
reconstruction of the 3D world. By combining the 
DTM information directly with the images 
information it is claimed that the algorithm is well-
conditioned and generates accurate estimates for 
reasonable scenarios and error sources.  

Comparison of the corrected position of the 
object, measured from the data of Google Earth in 
China, with the calculated position of the object 
would estimate the real effectiveness of navigation 
corrections. The correspondent investigation for the 
described method was carried out during the flight in 
Galilee in Israel [19]. The position error was about 
25 meter and angle error was about 1.5 degree. 

Based on the core theory [4-10], TRANSIST 
VIDEO LLC (Russian Skolkovo company under the 
leadership of Kupervasser) developed the computer 
program “Vision-based navigation of UAV over 
relief” [20]. This program was tested in Zhejiang 
Province in east China near the capital Hangzhou 
using Google Earth data. This work was funded by 
Hangzhou AVISI Electronics Co. LTD. Currently 
TRANSIST VIDEO LLC won the grant from the 
governing body of Hangzhou for creation of the 
real-time version of the program. This program will 
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be developed in collaboration with Ariel University 
in Israel. 

 
METHODOLOGY  

 
 
Finding of the corresponding characteristic 

points on the first and second shots (optical-flow 
field) 

 
Two methods are used to choose the 

characteristic points on the first shot: 
1) the characteristic points on the first shot are 
chosen on the regular grid on the boundaries of the 
shot. The grid is square of the size of N x N, where 
N2 is the general number of the characteristic points. 
2) the characteristic points on the first shot are 
chosen with the help of Shi Tomassi corner detector. 
The Shi Tomassi corner detector [21] (Shi-Tomasi 
or Kanade-Tomasi, 1993) works as follows: for the 
given picture let us consider the window (usually the 
size of the window is 5x5 pixel, but it can depend on 
the size of the picture) in the centre (x0,y0).Let’s 
determine M – autocorrelation matrix: 
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(1) 
where w(x,y) is a weight function (usually the 
Gaussian function or a binary window is used) 
(Fig.1).  
 

 
 
Fig 1.  Weight function 
 

A corner is characterized by large absolute 
values of the matrix eigenvalues M: M: λ1>>0 , 
λ2>>0. Shi and Tomassi suggested the measure of 
corner: F(x,y)=min (λ1, λ2).The function finds the 
angles with large eigenvalues. 

We use the same equation to analyze the Lucas 
and Kanade optical flow[22], this local method of 
optical flow measurement widely used in the 
computer vision. 

 The optical-flow field is supplied:  )( ki tu  

(i=1...n, k=1,2). For the i 'th feature, 2
1)( tui  

and 2
2 )( tui  represent its locations at the first 

and second frame respectively: 
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(2) 
 
We use affine or translation monitoring of the 

first shot points on the second shot using pyramid 
realization (affine or translation) of Lucas and 
Kanade tracker. [22].   

 
The Navigation Algorithm of DTM usage and 
optical flow finding 
 

The problem can be briefly described as follows: 
At any given time instance t , a coordinate system 

)(tC  is fixed to a camera in such a way that the Z
-axis coincides with the optical-axis and the origin 
coincides with the camera's projection center. At that 
time instance 1t the camera is located at some 

geographical location 1 1( )p p t  and has a given 

orientation 1 1( )R R t  with respect to a global 

coordinate system W ( )(tp  is a 3D vector, )(tR  is 
an orthonormal rotation matrix). Consider now two 
sequential time instances 1t  and 2t : the 
transformation from )( 1tC  to )( 2tC  is given by 

the translation vector 12 1 2( , )p p t t   and the 

rotation matrix 12 1 2( , )R R t t  . Let 

1 1( )
Ci

iq q t and 2 2( )Ci
iq q t  be the 

homogeneous representations of 
2

1 2( ), ( )i iu t u t  � . As standard, one can think of 
these vectors as the vectors from the optical-center 
of the camera to the projection point on the image 
plane. Using an initial-guess of the pose of the 
camera at 1t , the line passing through )( 1tpE  and 

1( )
Ci q t  can be intersected with the DTM. Any ray-
tracing style algorithm can be used for this purpose. 
The location of this intersection is denoted as W

iE
Q

. The subscript letter “ E ” highlights the fact that 
this ground-point is the estimated location for the 
feature point, that in general will be different from 
the true ground-feature location W iQ  (Fig. 2).  
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Fig. 2 Ground-feature location 

 
Denoted by iN  the normal of the plane tangent to 

the DTM at the point W
iE

Q , one can write:  
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(3) 
where i  in the above expression represents:  

1

1 1

=
T

i i
i T

i i

q N
N R q

  

(4) 
This constraint involves the position, orientation and 
the ego-motion defining the two frames of the 
camera. For each of the n  optical-flow vectors, the 
function 12 3:if � �  is defined as the left-hand 
side of the constraint described in (7). In the above 
expression, 12R  and 1R  are functions of Euler 

angles ),,( 121212   and ),,( 111   respectively. 
Additionally, the function nF 312:    will be 
defined as the concatenation of the if  functions: 

 TnffppF ,,=),,,,,,,( 1121212121111  . 
According to these notations, the goal of the 
algorithm is to find the twelve parameters that 

minimize
2),(=),( DFDM  , where   

represents the 12-vector of the parameters to be 
estimated, and D  is the concatenation of all the 
data obtain from the optical-flow and the DTM. If 
D  were error-free, the true parameters would have 
been obtained. Since D  contains some error 
perturbation, the estimated parameters are drifted to 
erroneous values. An iterative scheme will be used 
in order to solve this system. A robust algorithm 
which uses Gauss-Newton iterations and M-
estimator is described in [20].We begin to use 
Levenberg-Marquardt method if Gauss-Newton 

method after several iterations stopps to converge. 
The applicability, accuracy and robustness of the 
algorithm were verified though simulations and lab-
experiments. 
 
THE FLIGHT TESTING OF THE 
PROGRAMME 
 

It was decided to carry out the flight testing of 
the vision-based navigation programme on the 
terrain relief with the help of Google Earth video 
data (based on the real data). 

We chose the following conditions of the flight, 
parameters of the trajectory, the video shooting and 
the inertial navigation: 

1) The trajectory parameters: The flight is over 
Xiaoshan district between 30.0421571732 -
30.0545167923 degrees latitude and 
120.1245546341- 120.1479005814 degrees 
longitude. The picture of the district of the flight and 
the digital map of the flight district are presented on 
Fig  3. The flight was at a speed of 50 m/sec during 
19,6 sec in a straight line at an altitude of 1000 m 
above mean sea level from the pint (30.05048444, 
120.1321713) to the point (30.04588944, 
120.1408507). This way is depicted by the red line 
from the point 1 to the point 50. 
 

 
 
Fig. 3 The district of the flight and the digital map of 
the flight district. 
 

2) The parameters of the video shooting are as 
follows: 
The 50 images were shot with the 0,4 sec interval 
between them. The field of view angle of the camera 
along the short side of the shot are 38,68 degrees; 
along the long side of the shot - 59,97 degrees. The 
pixel size of the picture is 4800х2923. The shots are 
made with the help of the Google Earth. The long 
side of the shot is perpendicular to the direction of 
the movement and the airframe, the short side is 
parallel to the movement, the aircraft flies to the 
upper side of the picture.  

3) The parameters of the inertial navigation 
system with a random noise are following: the noise 
results in the average velocity change for the 
∆V=±20 m/sec during 1 sec along every axis and 
average Euler angle change for ∆φ= ±0.33 degrees 
during 1 sec. Modeling of the inertial system outputs 
was carried out with the help of the standard 
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programmes of Matlab INS Toolbox, produced by 
GPSoft [23]. 

For the vision-based navigation measuring the 
index shots were chosen with time interval about 3.6 
sec and an approximate distance from the previous 
shot of the pair 175m. The characteristic points 
(about 300) were presented as a regular grid on the 
shot, the displacement of these points was measured 
with the help of Lucas and Kanade method with the 
use of the series of shots between the pair of the 
index shots for the vision-based navigation (Fig. 4). 
The arrows show the found displacement of the 
characteristic points between the pair of shots, used 
for the vision-based navigation. 
 

 
Fig. 4 The pair of shots, used for the vision-based 
navigation 
 
GRAPHIC RESULTS OF THE VISION-BASED 
NAVIGATION PROGRAMME TESTING 
 
On Fig. 5 we present three trajectories: the precise 
trajectory; the trajectory based on the inertial 
navigation; the trajectory based on the vision-based 
navigation. 
 

 
 
Fig. 5 Three flight trajectories: the precise trajectory 
is presented in red, the trajectory based on the 
inertial navigation is presented in green; the 
trajectory based on the vision-based navigation is 
presented in blue 
 
The navigation errors are drawn on Fig. 6,7. 
 
 

 
 

Fig. 6 The navigation errors. The red graphic is 
based on the inertial navigation; the blue graphic is 
based on the vision-based navigation with the use of 
the inertial navigation, the blue graphic is based on 
the vision-based navigation  
The upper graphics – coordinates x,y,z. the lower 
graphics – Euler angles, roll, pitch, yaw 
 

 
 

Fig. 7 The same graphic as on Fig 6, but in smaller 
scale 
 
 
CONCLUSION 
 
We can make the following conclusions: 
 

1) The methods of vision-based navigation were 
used for shots, obtained from an independent source 
– the programme Google Earth (they are obtained 
from the flight testing). That means that these results 
of the vision-based navigation are valid because they 
are obtained not on the basis of synthetical shots of 
computer simulation but from an independent source 
on basis of flight testing.  

2) The accuracy of the vision-based navigation 
system corresponds to the expected for these 
conditions: 

а) Maximum position error based on vision-
based navigation is 20 m   

б) Maximum angle Euler error based on vision-
based navigation is 0.83 degree. 

3) Also the measurement without INS usage was 
carried out: 
For all the pairs of shots (used for vision-based 
navigation) every other shot of the previous pair is 
the first for the next pair except the first and the last 
shot.  
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Between the two measurements with the help of 
vision-based navigation method we consider the 
camera movement as a straightforward one (without 
rotation) at a speed found either from positions of 
the cameras (with the help of the vision-based 
navigation) for two pairs of shots or from the initial 
conditions. For this case we got the following 
results: 

а) Maximum position error based on vision-
based navigation is 30 m 

б) Maximum Euler angle error based on vision-
based navigation is 2.2 degrees 
The results are worse than with the use of INS. 

 
 

ACKNOWLEDGEMENTS 
 

We would like to thank Alexander Domoshnitsky, 
Ronen Lerner, Ehud Rivlin and Hector Rotstein for 
very useful consultations. 

 
REFERENCES 

 
[1] K. Djaja, R. Putera, A. F. Rohman, I. Sondang, 

G. Nanditho,  E. Suyanti,”The integration of 
Geography Information System (GIS) and 
Global Navigation Satellite System – Real Time 
Kinematics (GNSS-RTK) for land use 
monitoring”, International Journal of 
GEOMATE, Aug, 2017, Vol.13, Issue 36, 
pp.31-34 
http://www.geomatejournal.com/sites/default/fil
es/articles/31-34-2768-Komara-Aug-2017-36-
g3.pdf 

[2] A. Bourdeau, M. Sahmoudi, J.-Y. Tourneret, 
“Tight Integration of GNSS-RTK and a 3D City 
Model for Robust Positioning in Urban 
Canyons”, Conference Proceedings of the 25th 
International Technical Meeting of the Satellite 
Division of the Institute of Navigation (ION 
GNSS-RTK 2012), pp. 1263 – 1269  

[3] Paul D. Grove, “Shadow Matching: A New 
GNSS-RTK Positioning Technique for Urban 
Canyons”, The Journal Of Navigation, Volume 
64, Issue 03, July 2011, pp. 417–430  

[4] Kupervasser, Rubinstein “Correction of Inertial 
Navigation on System’s Errors by the Help of 
Vision-Based Navigator Based on Digital 
Terrain Map”, Positioning, 2013, 4,89-108 
http://file.scirp.org/pdf/POS_201302281149173
8.pdf 

[5] O. Kupervasser, R. Lerner, E. Rivlin and Hector 
Rotstein “Error Analysis for a Navigation 
Algorithm based on Optical-Flow and a Digital 
Terrain Map”, In the Proceedings of the 2008 

IEEE/ION Position, Location and Navigation 
Symposium, P.1203-1212  

[6] Oleg Kupervasser, Vladimir Voronov , “A 
navigation filter for fusing 
DTM/correspondence updates”, 
Proceedings of the IEEE International 
Conference on Robotics and Biomimetics 
(ROBIO), 2011 , Page(s): 1591 - 1596  

[7] R. Lerner, O. Kupervasser, .E. Rivlin,”Pose and 
Motion from Omnidirectional Optical Flow and 
a Digital Terrain Map”, In the Proceedings of 
the 2006 IEEE/RSJ International Conference on 
Intelligent Robots and Systems, P.2251-2256 

[8] Kupervasser O. Yu., Voronov V.V., “Correction 
of Inertial Navigation System's Errors  by the 
Help of Vision-Based Navigator Based on 
Digital Terrarium Map”, presented at XIX St.-
Petersburg international conference on the 
integrated navigation systems  (MKINS2012) 

[9] Kupervasser O. Yu., Rubinshtein A.A. “The 
system of vision-based navigation for 
unmanned aerial vehicles”, IV TRIZ 
Conference, «TRIZ. Practice for applicaton of 
methodical instruments», Moscow 19-20 
October 2012 

[10] R. Lerner, E. Rivlin and H. P. Rotstein, “Pose 
and Motion Recovery from Correspondence and 
a Digital Terrain Map,” IEEE Transactions on 
Pattern Analysis and Machine Intelligence, Vol. 
28, No. 9, 2006, pp. 1404-1417.  

[11] Y. Liu, M.A. Rodrigues, ``Statistical image 
analysis for pose estimation without point 
correspondences'', Pattern Recognition Letters, 
vol. 22, pp. 1191-1206, 2001 

[12] P. David, D. DeMenthon, R. Duraiswami, H. 
Samet, ``SoftPOSIT: Simultaneous pose and 
correspondence determination'', ECCV 2002, 
LNCS 2352, pp. 698-714, 2002 

[13] D. Shin, S. G. Park, B. S. Song, E. S. Kim, O. 
Kupervasser, D. Pivovartchuk, I. Gartseev, O. 
Antipov, E. Kruchenkov, A. Milovanov, A. 
Kochetov, I. Sazonov, I. Nogtev, S. W. Hyun, 
“Precision improvement of MEMS gyros for 
indoor mobile robots with horizontal motion 
inspired by methods of TRIZ”, Proceedings of 
9th IEEE International Conference on 
Nano/Micro Engineered and Molecular Systems 
(IEEE-NEMS 2014) April 13-16, 
2014,Hawaii,USA, pp 102-107 

[14] J. L. Barron, R. Eagleson, ``Recursive 
estimation of time-varying motion and structure 



GEOMATE - Mie, Japan, Nov. 21-24, 2017 

338 
 

Parameters'', Pattern Recognition vol. 29, no. 5, 
pp. 797--818, 1996 

[15] T.Y. Tian, C. Tomashi, D.J. Hegger, 
``Comparison of approaches to egomotion 
computation'', Department of Psychology and 
Computer science, Stanford university, CA 
94305, 1996 

[16] A.Chiuso, S.Soatto, ``MFm: 3-D Motion From 
2-D Motion, Causally integrated over time'', 
Washington University Technical Report, 1999 

[17] M. Irani, B. Rousso, S. Peleg, ``Robust 
Recovery of Ego-Motion'', Proc. Of CAIP 93, 
pp. 371-378, 1993 

[18] D.G. Sim, R.H. Park, R.C. Kim, S.U. Lee, I.C. 
Kim, ``Integrated position estimation using 
aerial image sequences'', IEEE transactions on 
pattern analysis and machine intelligence, vol. 
24, no.1, 2002 

[19] R. Lerner, E. Rivlin, “Direct Method for Vision-
Based Navigation Using a Digital Terrain 
Map”, IEEE transactions on pattern analysis 
and machine intelligence, vol. 33, no. 2, 2011 

[20] Computer programs "Vision-navigation of UAV 
over relief" Part 1, Part 2. The certificates on the 
state registration of the computer programs № 
2016613306, 2016613305. It is registered in the 
register of the computer programs of Federal 
service on intellectual property, patents and 
trade marks, Russia, on March, 24, 2016 
(http://leah.haifa.ac.il/~skogan/Apache/mydata1
/Oleg_home/2016613306.pdf). 

[21] Shi-Tomasi Corner Detector: 
http://aishack.in/tutorials/shitomasi-corner-
detector/ 

[22] J. Y. Bouguet “Pyramidal implementation of the 
affine Lucas-Kanade feature tracker description 
of the algorithm” Intel Corporation, 2001 
http://robots.stanford.edu/cs223b04/algo_affine
_tracking.pdf 

[23] Matlab INS Toolbox, produced by GPSoft: 
http://www.navtechgps.com/ins_toolbox_v3_0_
for_matlab/ 
 
 

 
 



 

339 
 

Seventh International Conference on Geotechnique, Construction Materials and 
Environment, Mie, Japan, Nov. 21-24, 2017, ISBN: 978-4-9905958-8-3 C3051 

DEGRADATION OF CEMENT TREATED SOIL DUE TO SULFATE 
ATTACK 

 
 

Cynthia Debby Heriyani, Sumiyati Gunawan, John Tri Hatmoko, and Luky Handoko 
Faculty of Engineering, Universitas Atma Jaya Yogyakarta, Indonesia 

 
ABSTRACT 

 
Ground treatment method by utilizing binding agents has been becoming very popular. Some of the ground 

treatment were applied at seabed under seawater level. The hardened soil mixture is subjected to sulfate attack 
contained by sea water. This paper discusses about physical and mechanical degradation of cement treated clay 
due to sulfate exposure. Grain size distribution, Atterberg limit and Penetration Test were conducted to cement 
treated clay specimen by varying the initial clay water content, cement content prior to sulfate exposure. In this 
paper, natrium sulfate (Na2SO4) was used as degrading agent to cement treated soil. Based on grain size 
distribution, the size of particle especially in clay size range is increasing due to the addition of cement and curing 
time. Furthermore, the plasticity index of cement treated clay decreases when the cement content increases. 
However, the grain size and Atterberg limit of cement treated clay tends to turn back to original clay properties 
after exposed with sulfate. The depth of degradation caused by sulfate exposure can be observed from Penetration 
Test. It increases with the decrease of cement content after immersed to natrium sulfate. Those results indicate that 
degradation occurs due to loss of binding ability of cement treated clay.   
 
Keywords: Cement Treated Clay, Degradation, Natrium Sulfate, Penetration Test 
 
 
INTRODUCTION 

 
High water content soil has been utilized as 

construction materials, recently. Dredged materials 
from Port of New York and New Jersey was studied 
to be used for geotechnical application [1]. In 
Singapore, slurry pond has been used as part of 
Changi East reclamation project [2]. Dredged soil 
mixed with cement has been used as filling material 
for airport construction in Japan [3]. High water 
content material is available numerously and mostly 
produced from contaminated sediments at riverbed 
and seabed [4] and port navigation channel dredging 
works [1]. In Indonesia, huge volume of high water 
content volcanic mud existed in East part of Java 
Island [5]. The volcanic mud has been produced since 
2006 and continue until now. 

High water content soil is commonly known to 
have poor characteristics and not suitable for 
construction materials. It has low strength, high 
compressibility and low permeability. To be used for 
construction materials, improvement is required. 
There are many studies to improve the poor 
characteristic of high-water content soils. One of the 
available and famous method is chemical 
stabilization by mixing high water content soil with 
binding agent such as lime and cement [6-10]. This 
method relies on chemical reaction process of 
employed binding agent, water and soil. There are 
two reaction that might occur: hydration reaction and 
pozzolanic reaction. The product of both reaction is 
strong amorphous materials. Many researches have 

focused on finding the influencing factors that can 
retard the reaction process [11, 12], such as organic 
content, clay, and sulfate. However, not much 
researches discuss about the strength degradation of 
cement treated clay under external corrosive 
environment attack, such as seawater, sulfate and acid. 
This paper discusses about the change of physical and 
strength properties of cement treated clay under 
sulfate immersion. The physical properties include 
Atterberg limit and grain size distribution. The 
strength properties were observed by conducting 
penetration test to investigate the depth of 
degradation occurred due to sulfate. Natrium sulfate 
was selected to represent the corrosive environment.  

 
LABORATORY TEST PROGRAM 

 
Materials  

 
This research utilizes a clayey silt soil as parent 

material. The soil is derived from Vulcanic mud 
eruption in Sidoarjo district, East of Java Province, 
Indonesia. Physically, the soil contains high content 
of water and 96.62% of the dry weight percentage is 
fine-grained soil (diameter less than 0.075 mm). The 
liquid limit (wL) and plastic limit (wP) are 60% and 
34.08%, respectively. Ordinary Portland Cement was 
used as chemical binder. The specific gravity (Gs) of 
soil and cement are 2.785 and 3.00, respectively. 
Natrium sulfate (Na2SO4) is used to represent the 
corrosive environment which is expected to decrease 
the strength of cement treated clay. 
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Specimen Preparation and Penetration Test 
 
Specimen were made by mixing soil, cement and 

water. Before mixed, soil and cement were placed in 
the 105C oven for 24 hours. A certain dry weight of 
soil, cement and water were mixed thoroughly using 
automatic hand mixer for 10 minutes to insure the 
homogeneity of the mixture. The mixture then placed 
into a cylinder mold with diameter 6 cm and height 
10 cm. The specimens were sealed to keep the water 
inside the specimen by closing the top of the cylinder 
using lid tightly. During the curing time, the 
specimens were keep under constant temperature of 
30C. Samples were prepared with a certain water 
content (wc=100%,) and varied cement content 

 
 

Fig. 1 Scetch of penetration test apparatus 
 

 

Load sensor

Penetration needle

SampleDisplacement 
sensor 

Compression 
test machine 

Fig. 2 Evolution of Atterberg limit due to addition of 
cement 

Fig. 3 Evolution of grain size distribution 
 



GEOMATE - Mie, Japan, Nov. 21-24, 2017 

341 
 

(cc=10% - 30%). Fig. 1 shows the arrangement of 
penetration test equipment. This test uses a 
penetration needle which form a 60 conus at the end. 
During the test, the needle will penetrate the specimen 
and the tip resistance was measured for each depth. 
The penetration rate of the needle is set to be 3 
mm/minutes. To investigate the degradation occurred 
due to corrosive environment, specimens were 
submerged into Na2SO4 solution for 28 days. The 
concentration of Na2SO4 solution used in this 
research is 10 gr/L. For each specimen, 0.7 L Na2SO4 
solution was prepared.  

 
RESULTS AND DISCUSSIONS 

 
Atterberg Limit 

 
Change of physical characteristics of cement 

treated clay due to additional cement and sulfate was 
observed by conducting Atterberg limit test and grain 
size distribution test. The tests were conducted on 
three different soil condition: 1) original soil, 2) 
original soil added by cement and 3) 28-days age of 
cement treated clay mixed with Na2SO4.  

Figure 2 shows Atterberg limit test results. The 
results show that Liquid limit is increasing along with 
the increase of cement content, while the Plasticity 
Index tends to decrease. When submerged to Na2SO4, 
the Plasticity Index tends to increase. 
 
Grain Size Distribution 
 

Figure 3 shows the change of particle size 
distribution due to cement addition with and without 
Na2SO4. Based on the test results, the mixture 

between soil and cement has particle size larger than 
the original soils. The different of particle size 
between cement addition 1%, 2% and 3% is not too 
significant. However, when it is compared with the 
original soil, the different is significant. When 
submerged into Na2SO4, the particle size is 
decreasing at particle size between 0.005 mm – 0.02 
mm, while the other range does not change 
significantly. 

 
Penetration Test 
 

Penetration test result shows the tip resistance at a 
certain depth measured by load sensor attached at the 
penetration needle. Figure 4 shows the result of 
penetration test of specimen without immersed in 
Na2SO4. Based on the result, the tip resistance at near 
surface is very low due to the small contact of the 
needle. The tip resistance gradually increase until a 
certain constant value which is referred to Rref. Figure 
5 shows the result of penetration test of specimen 
after immersed into Na2SO4 with the same water 
content and same cement content as the specimen at 
Fig. 4. Comparing the result of specimen with and 
without immersed into Na2SO4, it is clearly observed 
that the depth of the zone with low tip resistance is 
deeper. This results shows that Na2SO4 decrease the 
strength of the cement treated soil. Figure 6 shows the 
comparison of penetration test for specimen with and 
without immersed into Na2SO4. The plot data was 
fitted with the Eq. (1). 

 

   d

R
RR reff

reff



1

 (1) 

Fig. 4 Penetration test result of specimen without 
immersed to Na2SO4 (cc=15% and wc=100%) 

 

Fig. 5 Penetration test result of specimen without 
immersed to Na2SO4 (cc=15% and wc=100%) 
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Where: R=tip resistance at certain depth, 
Rreff=reference tip resistance where the contact area 
ofpenetration needle has been fully work, d=depth of 
penetration and , , =fitting constant.  

Based on the results shown in Fig. 6, it is clearly 
observed that the zone which has low tip resistance is 
getting deeper when specimen is immersed into 
Na2SO4. This results agree with obtained by other 
researchers [13, 14]. This zone is deeper as the 
cement content decreases as shown in Fig. 7. Figure 
8 shows the Rreff value for each specimen. The 

results indicated that the tip resistance at undegraded 
zone for the specimen immersed with Na2SO4 is 
higher than the one not immersed into Na2SO4. This 
results indicate that while the cement treated soil 
specimen losing the strength at the surface due to 
Na2SO4, the strength of the lower layer keep 
increasing due to continuous reaction of cement, soil 
and water. The reaction occurred in this zone is more 
likely to be the Pozzolanic reaction which take longer 
time than Hydration reaction. 

 

 
Fig. 6 Comparison of penetration test results for specimen with and without immersed into Na2SO4: a)cc=15%; 

b)cc=20% ; c)cc=25% and d)cc=30% 
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CONCLUSION 
 

This paper shows the comparison of physical 
properties and penetration test of cement treated soil 
with and without immersed into natrium sulfate 
solution. The natrium sulfate solution was selected to 
represent the corrosive environment.  

Based on the test result, the plasticity of cement 
treated soil tends to decrease as the increase of cement 
content. After submerged into natrium sulfate, the 
plasticity index tends to increase. The grain size of 
cement treated soil is larger than original soils. There 
is no significant differences of grain size distribution 
for addition cement from 1-3%. After submerged into 
natrium sulfate solution, the percentage of particle 
size between 0.005 mm – 0.02 mm become smaller. 
The penetration test results clearly show the 
degradation caused by natrium sulfate solution. As 
the cement content increases, the degradation depth 
of cement treated soil due to natrium sulfate decreases 
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ABSTRACT 

 
Open dumping of Municipal Solid Waste (MSW) is a common method for waste disposal in most of developing 

countries. Due to rapid population growth and lack of lands, abandoned waste dumping sites are highly demanded 
for the redevelopment and construction especially at big cities and their surrounding in developing countries. In 
order to examine the stability analysis and the construction plan of abandoned waste dumping sites, more studies 
for characterizing geo-mechanical properties of buried MSW are needed. In this study, a comprehensive laboratory 
testing program including fundamental physical and chemical properties, and the standard proctor test were 
performed on buried MSW collected from three waste dumping sites, representing three different climate zones in 
Sri Lanka. The results indicated that Loss on Ignition (LOI) decreased with the dumped age of tested samples. For 
all tested samples, measured specific gravities ranged between 2.3 to 2.6 and correlated inversely to LOI values. 
Electrical conductivities decreased with the age of MSW and pH values ranged between 7 to 8. Based on the results 
from particle size distribution curves, Uniformity Coefficient decreased and Coefficient of Curvature increased 
with the age of MSW and the fraction with less than 2mm increased with the age of MSW. Measured maximum 
dry densities highly correlated to LOI values, suggesting that the LOI is a good indicator to evaluate the particle 
density and compaction property for buried waste samples.  
 
Keywords: Municipal Solid Waste, open dumping, laboratory testing, Geo-mechanical properties, Loss on Ignition 
(LOI) 
 
 
INTRODUCTION 

 
Open dumping of Municipal Solid Waste (MSW) 

is a common method for waste disposal in most of 
developing countries and many large dump sites are 
located in urban and suburban areas. Due to rapid 
urbanization and increase in population, the 
generation of MSW is increasing. Available land in 
urban and suburban areas are becoming scarcer with 
time. Therefore, the local authorities are forced to 
strain the existing open dumps to a level which the 
landfills are reaching to critical heights, causing slope 
failures or shear failures. Then the operation of dump 
site is happened to be stopped, it must essentially 
move to another location near urban or suburban area. 
The landfills of Cincinnati, Ohio in USA [1], Payatas 
in Philippines [2] are examples of catastrophic 
failures of MSW dumps in the world. Sri Lanka is 
correspondingly facing this problem attributed to the 
improper MSW management [3], most of collected 
MSW is dumped at the disposal sites without any 
engineering considerations such as ground settlement 
and slope stability. The famous Meethotamulla 
tragedy occurred on 14th April 2017 in Sri Lanka, is 
one of the most appropriate examples, which took 
approximately 30 lives and a huge property damage 
[4] 

Due to the limited available resources of lands in 
city areas, expanding communities now frequently 

encompass waste fill areas and build more frequently 
in disposal areas and over wasteland. They sometimes 
operate with a design life of several generations [5]. 
The post closure use of dump sites was not only 
limited to the recreational uses, but also other hard 
end uses [6]. In Sri Lanka where available lands are 
very much limited for development projects, the 
abandoned lands are leaned towards use for 
constructions (i.e. Bloemandhal garbage mountain, 
Colombo). 

In order to take precautions for the safety of 
structures in designing foundations on such lands and 
to examine the stability of waste areas, the knowhow 
of geotechnical properties of MSW is essential. 
Though some studies have been done on this 
emerging engineering aspect, more studies for 
characterizing geo-mechanical properties of buried 
MSW are needed. One first feasible approach to this 
study, is to characterize basic physical, chemical and 
compaction properties to correlate with the geo-
mechanical properties of MSW. 

Unlike soil, investigation of geo physical, 
chemical and mechanical properties of MSW is 
intricate due to high variability of MSW in its 
composition which is dependent on a variety of 
factors such as climate, disposal technology, and the 
demography of the local community. It is therefore 
essential that the design and stability evaluations of 
landfills/dump sites in each region be performed 
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based on the local conditions [7]. However, effects of 
climate condition and waste age on geotechnical 
properties of MSW are not well understood [8]. 
Therefore, this study was formed with the objective 
of evaluating the climate and aging effect on the geo-
technical properties of buried MSW by conducting a 
comprehensive laboratory testing program. It 
includes fundamental physical and chemical 
properties, and the standard proctor compaction test.  
The tested buried MSW samples were collected from 
three waste dumping sites, representing three 
different climate zones in Sri Lanka. Each dump site 
has three different urbanization statuses. Climate 
condition controls biological decomposition of buried 
waste. Level of urbanization controls the fresh MSW 
composition, and aging cause to change the 
composition of buried waste. Therefore, it is essential 
to characterize new MSW and old MSW to identify 
the aging effect on the geotechnical properties. 

However, the benefits of such study are not 
exclusive to post closure land use and slope stability 
issues on non-engineered landfills. Prominently they 
could be utilized for designing, constructing and 
operating engineered landfill facilities. Additionally, 
as MSW is a burden to a society, these findings could 
be used to make recommendations to use MSW as a 
geo-material/fill material for roads or land 
reclamations projects, etc. Therefore, this is a 
sustainable engineering approach on utilizing MSW 
as a geo-material and the knowledge made by the 
study would support for preventing slope failure 
disasters. 
 
METHODOLOGY 
 
Site Selection and Sampling 
 

Table 1 summarizes the details of selected open 
dump sites in Sri Lanka. Fig. 1 shows the satellite 
map of Karadiyana dump site which is located in 
Colombo district. The existing dumpsite is handling 

garbage by seven Local Authorities in Colombo Area. 
The extent of the waste disposal site is 37 acres 
marking it as the largest dump site in Sri Lanka. This 
dump site is climatically located in Intermediate zone 
and it represents the most urbanized locality in Sri 
Lanka. It has been used as a dump site for more than 
30 years. However, it is officially started operation 
under Waste Management Authority, Sri Lanka in 
1996 [9]. The dumpsite consisted of old and new 
sections. The old section has buried waste more than 
25 years old. The samples were collected at the oldest 
location of the dump site and upon the excavation, up 
to 8m depth, the buried waste of more than 20 years 
old was found. Point sampling at each 1m interval 
from 0-8m were done. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1 Site map of Karadiyana dump site 

(Source:2017 Google Map on 16/5/17 and 
modified) 

 
Site and sampling information at Udapalatha 

abandoned open dumping site in Central Province and 
Hambanthota operating dumping sites in Southern 
Province are shown in [8].  

 
Table 1 Information of sampling locations 
 

Sampling 
Site Local Authority Population 

[10] Site Location  
Annual Rainfall 
and Temperature 

[11] 

Daily Quantity 
Receiving 

(T/D) 

Karadiyana 
Western Province 

Waste Management 
Authority 

1,185,458 06°48'54.2"N 
79°54'08.2"E 

>2000mm 
25-27.5 0C 632[9] 

Udapalatha Udapalatha 
Pradeshiya Saba 97,567 07°80'30.1" N 

80°34'43.2" E 
>2500mm 

17.5-25.0 0C 1.78[12] 

Hambanthota Hambanthota 
Municipal Council 22,691 06010'36.0" N 

81007'40.5" E 
<1250 mm 
25-32.5 0C 9.9[12] 

Sampling Location, Fill 
Age > 20 Years 

Active 
Dump B 

Active 
Dump A 

50m
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Testing Methods 
 

The point samples and core samples taken from 
boreholes were used to determine basic physical 
properties including moisture content, Atterberg 
limits, specific gravity (Gs), and particle size 
distribution. Importantly the basic chemical 
properties including Loss on Ignition (LOI), pH and 
electric conductivity (EC) were performed. Those 
tests were carried out conforming to Japanese 
Industrial Standards (JIS) (JIS A 1202, JIS A 1203, 
JIS A 1204, JIS A 1205) and Japanese Geotechnical 
Society (JGS) standards (JGS 0211-2009, JGS 0212-
2009, JGS 0221-2009). The compositions for buried 
MSW were characterized by the waste composition 
analysis in which the waste components were 
separated visually based on the dry weight of each 
group. Standard Proctor compaction test was carried 
out according to (JIS A 1210). The material which has 
the particle size distribution less than 9.5mm was 
used in order to conform to the testing methods.  

 
RESULTS AND DISCUSSION 
 
Basic physical and chemical properties 

 
Table 2 shows basic physical and chemical 

properties of bored core samples taken from the 
disposal sites of Udapalatha (wet zone), Hambanthota 
(dry zone) and point samples taken from the disposal 
sites of Karadiyana (intermediate zone). Field 
moisture content values are highly scattered 
depending on the daily weather conditions.  

The results indicated that LOI decreased with the 
dumped age of tested samples and is becoming lesser 
from wet zone, intermediate zone and dry zone 
respectively at each new and old site. Inverse trend is 
shown for the change of Gs with age and the Gs 
values for buried waste samples were ranged between 
2.3 - 2.6, which were lower than that of soil samples. 
The pH values for waste samples of old site in the wet 
zone were lower than other samples. The pH values 
in dry zone is higher than that of intermediate zone. 
Buried waste samples for all three sites were 
characterized as having higher EC value compared 
with soil. Especially, EC values are higher in wet 
zone, intermediate zone and dry zone respectively  

 
MSW Composition 

 
Many research studies have identified the 

composition of fresh MSW usually composed of 
kitchen waste, garden waste, wood, paper and 
cardboard, plastics, textiles, ceramic, glass, rubber, 
rock, and soil [12], [13]. The composition analysis of 
this study showed that after around 1 year fill age, all 
the kitchen waste and around 80% of garden waste 
portion is converted to residue by biodegradation. 
Other materials could be inert and degrade very 

slowly with time unless they were subjected to 
mechanical crushing during dumpsite operation. 
When the fill age is more than 20 years, in Karadiyana 
dump site, the composition was basically identified as 
a combination of a soil like material and other waste 
materials as defined in [14]. The composition of other 
waste materials could only be distinguished and soil 
like materials were hardly identifiable. The results of 
composition analysis of Karadiyana dump site 
showed that the contribution from the other waste 
materials was increased as their fill age was 
increased. 

The paste portion was rich with organic content 
The LOI values which give the organic content is high 
in all three sites compared with those of intact soil 
samples. The LOI values for wet zone and 
intermediate zone were higher than those for dry zone. 
It was clearly identified that the Loss on Ignition was 
decreasing with age in each site introducing the Loss 
on Ignition as an indicator parameter of the age of 
MSW. Due to particle crushing and packing, naturally 
there should be higher specific gravity values for old 
buried waste than that of new buried waste. As LOI 
verifies the exact age of the waste sample, specific 
gravity showed a higher inverse correlation with Loss 
on Ignition as shown in Fig. 2. 

 

 
 

Fig. 2 Graph of Correlation of Specific Gravity with 
Loss on Ignition.
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Table 2 Basic Physical and Chemical Properties for Tested Samples
 

 
 

Location 
(Age)/ 

Depth(m) 
Description 

Field 
Moisture 
Content 

wf % 

Atterberg limits Specific 
gravity 

Gs 
<2.0 mm 

pH EC 
mS/cm 

Loss on 
Ignition 
LOI % wL wP Ip 

% % 
Karadiyana (Old >20 Years) 
0.00-2.00 

Black, dumped waste 

45.5 - - - 2.26 7.1 1.46 19.5 
2.00-4.00 59.0 - - - 2.26 7.3 1.63 18.7 
4.00-6.00 47.8 - - - 2.35 7.3 1.41 13.6 
6.00-8.00 65.9 68.2 54.3 13.9 2.66 7.5 1.55 11.2 
 
Udapalatha (New <3 Years) 

0.00-1.00 
Black, dumped waste 
with fine to medium 

sand 
6.7 - - - 2.28 7.5 1.43 14.3 

1.00-2.00 
Black, dumped waste 

with organic clay, trace 
of coarse to fine sand 

35.8 - - - 2.23 7.1 1.98 16.7 

2.00-3.20 
Black, dumped waste 
with Coarse to fine 

sand 
27.2 - - - 2.40 7.3 1.18 12.1 

3.20-4.50 
Blackish Brown, coarse 

to medium sand with 
organic clay and 
dumped waste 

14.8 - - - 2.60 7.7 0.57 5.5 

 
Udapalatha (Old 7-11 Years) 
0.00-1.50 

Black, dumped waste 

57.1 - - - 2.32 6.0 0.84 22.4 
1.50-3.00 78.7 - - - 2.06 6.1 1.15 14.2 
3.00-4.00 13.6 - - - 2.57 6.7 0.71 9.4 
4.00-4.20 10.1 17.8 - - 2.82 6.9 0.20 2.7
 
Hambanthota (New <1 Year) 

0.00-1.00 
Blackish dumped waste 
with clay, trace of fine 

sand 
29.9 25.7 - - 2.49 7.4 0.64 10.0 

1.00-2.00 
Blackish dumped waste 
with clay, trace of fine 

sand 
11.8 40.5 - - 2.68 7.3 0.69 4.4 

2.00-3.00 
Reddish brown to 
yellowish brown 

lateratic clay, Trace of 
fine sand 

7.0 64.4 25.0 39.4 2.55 8.0 0.29 3.6 

 
Hambanthota (Old7-8 Years) 

0.00-1.00 
Blackish dumped waste 
with clay, trace of fine 

sand 
19.1 29.5 - - 2.63 7.9 0.37 10.1 

1.00-1.50 Blackish dumped waste 
with clay, trace of fine 

sand 

7.3 30.6 15.5 15.1 2.64 7.6 0.46 2.9 
1.50-2.50 4.4 66.5 24.8 41.7 2.54 7.3 0.33 3.9 
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Particle Size Distribution 
 
Fig.3 shows results of Particle Size Distribution 

(PSD) curves and Table 3 summarizes the derived 
values of particle size distribution of buried waste 
samples from the three dump sites. The coarser 
fraction higher than 2.0 mm in waste samples was 
comparatively higher than soil, though to a lesser 
extent for waste sample from old site in Hambanthota 
dump site. There was no significant difference in PSD 
for waste samples except for that of waste sample 
from old site in Hambanthota and Karadiyana. 
Hambanthota old samples are mixed with sands 
reasoning to end up with a finer curve than other 
locations. Though the sample collected from 
Karadiyana dump site are more than 20 years old, the 
particle size distribution is much coarser than other 
two sites. It is attributed to the urbanization level. As 
Karadiyana dump site is located in highly urbanized 
area, the plastic, polythene usage is higher than other 
two sites. As those materials are non-degradable or 
take more time to degrade or crushing, despite the 
age, it has higher coarser fraction. More than 60% of 
residues of Karadiyana buried waste samples were 
observed as aggregated together making bigger unite 
particles larger than 4.75 mm which are easily 
crushable. 
 

 
 
Fig. 3 Graph of Particle Size Distribution. 

In wet and dry zones, the residue content below 4.75 
mm were high for all waste samples, and that for the 
new site in dry zone exceeding 60%. Based on the 
results, it can be found that more variety of waste was 
mixed in the wet zone samples. The results from 
particle size distribution curves demonstrates that the 
uniformity coefficient decreased and the coefficient 
of curvature increased with the age of MSW and the 
fraction with less than 2mm increased with the age of 
MSW.   
 
Compaction  

 
Fig. 4 shows results of compaction tests. It can be 

found that maximum dry densities ( ) for dry 
zone were about 1.5 times higher than those for wet 
and intermediate zones. There is no any significant 
difference between compaction curves for both new 
and old waste samples from wet and intermediate 
zone. Fig. 5 illustrates the correlations between the 

 values from standard proctor compaction tests 
and LOI. The values were well correlated with 
LOI values. This implies that the LOI is a good 
indicator to evaluate the particle density and 
compaction property for buried waste samples. 

 

 
 

Fig. 4 Compaction Curves.
 
Table 3 Properties of Particle Size Distribution for Buried Waste Sample 
 
 

Sample Location <0.075mm 
Fraction % 

<2mm 
Fraction %

D50 
mm

Uniformity 
Coefficient 

Coefficient of 
Curvature

Karadiyana Old 0.4 22.9 11.2 16.5 0.8 
Udapalatha New 2.3 37.1 4.0 28.7 0.6 
Udapalatha Old 2.3 38.6 4.7 16.7 1.2 

Hambanthota New 0.4 42.8 3.5 14.9 0.5 
Hambanthota Old 0.6 64.7 1.0 6.4 0.6 
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Fig. 5 Graph of correlation of maximum dry density 
with Loss on Ignition. 
 
CONCLUSION 
 

Using buried waste samples of three different ages 
from wet, intermediate and dry zone in Sri Lanka, 
basic physical and chemical properties, and 
compaction properties were determined in the 
laboratory. Results showed that buried waste samples 
were characterized as having high EC and LOI values 
and Gs values for waste samples in all zones were 2.3-
2.6. The Gs values were highly correlated to LOI 
values, implying the LOI as an indicator parameter to 
characterize the age and the particle densities of the 
waste samples. Based on the results from PSD curves, 
Uniformity Coefficient decreased and Coefficient of 
Curvature increased with the age of MSW and the 
fraction with less than 2mm increased with the age of 
MSW. The values for dry zone became higher 
than those for wet and intermediate zone, and it is 
well correlated with LOI. With increasing in LOI, the 

values decreased, implying that compaction 
properties for buried waste samples could be well 
characterized by LOI of samples.  
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ABSTRACT 

 
In this paper, stress-strain-dilatancy relationships of normally consolidated Dhaka clay is presented. Here two 
constitutive models of soils are used - one is Cam clay model (both original and modified) and subloading tij model. 
To obtain the model parameters, drained triaxial tests of saturated cylindrical specimens under constant effective 
confining pressure were conducted. The observed stress-strain relationship of the soil under consideration is 
presented in the paper which confirms the normally consolidated soils. It is observed from the stress-dilatancy 
relationship that, subloading tij model can well describe the stress-dilatancy behavior of normally consolidated 
Dhaka clay. Therefore, subloading tij model can be used for the soil with better accuracy for the Dhaka clay. 
 
Keywords: Stress-Dilatancy Relationship, Constitutive Modelling, Stress-Strain Relation, Drained Tri-axial Test. 
 
 
INTRODUCTION 

 
Usually, geotechnical engineering problems are 

solved by considering soil as an elastic or rigid plastic 
material where stress-dilatancy characteristics are not 
taken into considerations. As in actual soil is an 
elastoplastic material most of the designs are either 
over designed or under designed for not taking proper 
considerations of constitutive model. There is the 
necessity of a constitutive model which can simulate 
the soil behavior accurately. On the contrary, most of 
the constitutive models are not able to simulate total 
behavior of the soil and does not fit with all the soils. 
In this paper comparison between two simple 
constitutive models in terms of stress-dilatancy 
relationship is made to choose a better constitutive 
model for Dhaka soils. 

The first simple model which considered the soil 
as an elastoplastic material is the Cam-clay model. In 
the Cam-clay model (e.g., Schofield and Wroth, 
1968) positive dilatancy during strain hardening is not 
taken into consideration along with some other 
limitations (Nakai et al., 2011). Subloading tij model 
(Nakai et al, 2011) can consider positive dilatancy 
during strain hardening which has also been used in 
this paper.     

  
STRESS-DIALTANCY EQUATIONS 
 

In this paper, comparison of stress-dilatancy 
relation is made among the original Cam-clay model, 
Modified Cam-clay model and subloading tij model. 

 
Original Cam-Clay Model 

 

Like most of the constitutive models for soils, 
Cam clay model is formulated using the stress 
invariants, e.g. mean stress p and deviatoric stress q 
and the strain increment invariants, e.g. volumetric 
strain increment dεv and deviatoric strain increment 
dεd (Nakai et al., 2011).  

Yield function of the model is defined by the 
following equation: 

ln p + ζ(η) – ln p1 = ln 
భ

 + ζ(η) - ln 
భ

 = 0              (1)  
 
Where, ζ(η) is an increasing function of η (η= q/p) 

and satisfies the condition ζ(0) = 0, p0 is the value of 
the initial yield surface at p-axis, and p1 determines 
the size of the current yield surface (the value of p at 
η = 0).  

The stress ratio function ζ(η) is expressed as 
follows in Cam-clay model: 
Original: 
 
ζ(η) = ଵ


 (2)                                                                     ߟ	

Modified: 

ζ(η) = 
మାఎమ

మ  (3)                                                                    ߟ	

Here, M is the stress ratio, η at critical state. 
The plastic strain increment assuming associated 

flow rule then can be expressed as follows (Nakai et 
al., 2011): 
 
ௗఌೡ



ௗఌ
 ൌ 	

డ
డൗ

డ
డൗ
	ൌ ଵିᇲሺఎሻ.ఎ

ᇱሺఎሻ
                                                      (4) 
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Using Eq. (2), Eq. (3) and Eq. (4), the stress-
dilatancy relation can be derived as follows: 
Original: 
 
ௗఌೡ



ௗఌ
 ൌ Μ െ  (5)                                                     ߟ

 

 
 

Fig. 1 Stress-dilatancy relation of original Cam 
clay model. 
 
Modified: 
 

ௗఌೡ


ௗఌ
 ൌ

మିఎమ

ଶఎ
                                       (6) 

 
 
Fig. 2 Stress-dilatancy relation of modified Cam-
clay model. 
 
Subloading tij model 

 
In the subloading tij model (Nakai and Hinoko, 

2004) yield function is given by, 
 

lnݐே+ ζ(X )– ln ݐேଵ	= ln ௧ಿ
௧ಿబ
	+ ζ(X) - ln௧ಿభ

௧ಿబ
 = 0            (7)                                                  

 
The stress ratio function ζ(X) is then given by the 

equation below (Chowdhury and Nakai, 1998; Nakai 
and Hinokio, 2004):   

 
ζ (X) = ଵ

ఉ
ሺ 
∗ሻ

ఉ                                                        (8) 
 

Where β (≥1) is the parameter which controls the 
shape function. Finally, the stress dilatancy relation 
can be expressed as, 
 

ௗఌಿ
∗

ௗఌೄ
∗ ൌ

ଵିᇲሺሻ.

ᇱሺሻ
ൌ 	

ሺ∗ሻಊିಊ

ಊషభ
                        (9) 

 
Here, Μ* expressed using XCS and YCS, which are the 
stress ratio X and Y at critical state (dεv

p = 0). 
 
Μ* = (XCS β + XCS

 β-1YCS)1/β                                          (10) 
 

Xcs and Ycs are expressed as follows (e.g., Nakai 
and Mihara, 1984): 

 
ܺௌ ൌ

√ଶ

ଷ
ሺඥܴௌ െ

ଵ

ඥோೄ
ሻ                       (11) 

 

ܻௌ ൌ ሺ
ଵିඥோೄ

√ଶሺඥோೄା.ହሻ
ሻ                                     (12) 

 
Where, Rcs is the critical stress ratio and expressed as 
follows: 
 
RCS = (σ1/σ3)CS(comp).                                               (13) 
 

 
 

Fig. 3 Stress-dilatancy relation of subloading tij 
model. 
 
TRIAXIAL COMPRESSION TEST 
 

To evaluate the stress-dilatancy relation, triaxial 
consolidated drained compression test has been 
conducted on two saturated specimens of Dhaka clay 
under constant confining effective pressure of 199 
kPa and 397 kPa. 
 
Table 1 Test conditions. 
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A 38 76 0.97 199 
B 38 76 0.98 397 

 
RESULTS 

 
Fig. 4 and Fig. 5 show the observed stress-strain, 

volumetric strain – deviatoric strain relationships in 
different arrangements.  
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Fig. 4 Observed Stress-strain relation. 
 

 
 
Fig. 5 Observed relation between volumetric strain 
and deviatoric strain. 

 
Figures 6 – 8 show the observed stress – dilatancy 

relationship of Cam-clay model and subloading tij 
model. In Fig. 6 it is observed that stress – dilatancy 
relation of original Cam-clay model is linear.  In Fig. 
7 stress dilatancy relation of modified Cam-clay 
model does not follow the unique pattern. In case of 
the specimen A, the shape of the curve does not 
follow the theoretical pattern as shown in Fig. 2.   
 

Fig. 6 Observed Stress-dilatancy relation of Cam-
clay model 

 

 
 

Fig. 7 Observed Stress-dilatancy relation of 
Modified Cam-clay model. 
 

In Fig. 8 stress – dilatancy relation in subloading 
tij model shows that for both the specimens the stress 
– dilatancy relation follow the identical pattern shown 
in Fig. 3. 
 

 
 

Fig. 8 Observed Stress-dilatancy relation of 
subloading tij model. 

 
CONCLUSIONS 
 

From the stress-dilatancy relationship presented 
above it can be concluded that subloading tij model 
fits better than the Cam clay model. Hence subloading 
tij model can be used for the Dhaka clay.  
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ABSTRACT 

 
 The absence of natural unbound granular materials (UGMs) necessitates investigating alternatives such as 
processed crushed rock. Extensive use of crushed rock in pavement design requires proper modification of 
characterization, design and construction practices. Many specifications and standards require adopting of 
dense gradation of base materials. Although dense gradation has a high dry density, it also has low permeability 
or voids. This low permeability results in a decrease in material strength when the pavement is exposed to 
moisture. This research examines the effects of fines content on mechanistic behaviors of UGMs, particularly 
resilient modulus (Mr) and permanent deformation (PD) using repeated load triaxial test (RLTT). Class 2 
(Victoria, Australia) crushed rock is used in two gradation, dense gradation and open gradation (without filler- 
passing sieve 0.0075mm). Results from RLTT show that open graded Class 2 has an acceptable PD resistance 
under repeated loads for test’s Stages 1, 2 and 3 followed by a significant collapse at Stage 4 as per Australian 
pavement design guide. This investigation has found that open graded Class 2 has higher Mr than dense graded 
Class 2. This paper suggests that open graded Class 2 could be used as a porous base material for roads with 
low traffic volumes.  
 
 
Keywords: Unbound granular material, Resilient modulus, Permanent deformation, Fines content, Repeated 
load triaxial test.  

1. INTRODUCTION 
 

Unbound granular pavement materials (UGMs) 
are used in many pavement structural systems as 
base and subbase layers to support the surface layer 
by distributing the traffic stresses to subgrade. 
UGMs are mainly naturally occurring sourced 
rocks, gravel or manufactured crushed rock [1]. 

The absence of natural aggregate necessitates 
the need of such as processed crushed rock [2]. 
Crushed rock is the most widely used products in 
construction materials. It is produced by mining 
suitable rock and processing it, then  by breaking it 
down to the proper size using crushers [3]. A proper 
adjustment of  characterization, design and 
construction guides is needed after the  extensive 
usage of manufactured aggregates [4]. In addition, 
producing fine particles from crushed rock is costly 
and energy consuming. Some quarries are closed 
because of the lack of fine particles, and row rocks 
in these quarries are robust and difficult to process 
into fines.  

The UGMs are nonlinear and have a complex 
behavior under repeated wheel loads (time- 
dependent elastoplastic response) [5] [6]. Many 
researches have been conducted to better 
understand the behavior and the characteristics of 
UGMs [7-12]. These materials reflect both 
permanent strain (permanent deformation) and 
recoverable strain (resilient deformation) as shown 

in Fig. 1.  
The deformation behavior of UGMs is essential 

for performance and stability of the pavement 
structure [11]. Permanent and resilient 
deformations usually are tested by using repeated 
load triaxial test (RLTT), which is the best test that 
simulate the field traffic loads [13].  Both strains are 
used in flexible pavement structural design through 
the Mechanistic- Empirical (M-E) design methods. 
For instance, Austroads pavement design method 
and NCHRP design method [14].  

Gradation of aggregates is one of the main 
features when studying the mechanical behavior of  

Fig. 1 Plastic strain and resilient strain 
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UGMs [15]. Specifications on gradation are 
intended to guarantee that the designer selects the 
superlative available combination of materials to 
achieve the desirable mechanical responses. Many 
gradation specifications’ ambits assure to achieve 
dense gradation to attain the maximum dry density 
of the compacted materials such as specification of 
VicRoads (Roads Corporation of Victoria). 
Therefore, gradation specifications are so restricted 
for this purpose. Pavement is susceptible to 
moisture which comes from variety of sources such 
as rainfall [16]. As mentioned latterly, dense graded 
base layer materials have high dry density that 
coincide with low permeability because of the low 
voids ratio. If the pavement is exposed to moisture, 
then this low permeability allow water to get 
trapped inside the base and subbase layers. 
Eventually, pore pressure is induced yielding  a 
decrease of material strength [17]. The purpose of 
aggregate base material in low volume pavement is 
to protect the surface layer from the contamination 
of subgrade’s fines and do not add much strength to 
the pavement system [18]. Therefore, high quality 
gradation with high resilient modulus (Mr) and high 
permanent deformation (PD) resistance are not 
needed all the time, low traffic volume pavement 
can be designed with low mix quality. 

Several factors affect the pavement strain 
response of UGMs. These factors can be classified 
broadly into two categories: stress and materials 
related factors. Stress related factors include: 
exerted repeated stresses by tire loads, load 
duration, frequency of loading and load sequence. 
Materials related factors include material density, 
particles gradation, fines content, maximum grain 
size, aggregate types, particle shapes and moisture 
content [19].  

 
1.1 Effect of Grading and Fines Content  

 
The significance of identifying proper aggregate 

gradation has been recognized for achieving 
suitable performance in pavement design [15].  

There are limited studies that investigated the 
effect of gradation and fines content on the dynamic 
properties of the UGMs. Hicks and Monismith [20] 
tested two types of materials, partially crushed 
aggregate and crushed aggregate with different 
relative densities and percentage of passing sieve 
number 200 (filler) using RLTT. The effect of 
gradation on Mr was not clear. However, when the 
fines content (in partially crushed aggregate) 
increases, Mr decreases. In the other hand, Mr 
increases with the increase of fines content of 
crushed aggregates. Raad, Minassian [21] studied 
the behavior of UGMs with different gradations 
under saturated and undrained RLTT conditions. It 
was recognized that the saturated dense graded 
aggregates under dynamic loads induce excess pore 

pressure which leads to a decrease in the Mr. In 
addition, open graded aggregates resist higher 
stresses and strains compared to dense graded 
aggregates. Type 5 aggregate base was tested by 
Richardson and Lusher [22] in order to investigate 
the effect of gradation on Mr. The purpose of the 
proposed gradation is to help the manufacturer to 
lower the production cost of said aggregate. A 
comparison has been made between the proposed 
gradation (open gradation) and as-delivered 
gradation. It was concluded that the open graded 
gradation for the Type 5 aggregate base (without 
fines passing #200) is better than as-delivered one 
(dense, high fines content) because Mr is higher and 
the degree of saturation is low. 

Contrary to the previous findings, the variation 
of Mr is less significant depending on the material 
gradation. However, the moduli were highest for the 
open graded specifications than the dense graded 
specifications for lime stone aggregates [23]. 

Barksdale [24] observed the effect of fines 
content in a crushed granite gneiss base after 
100,000 load repetitions. Increasing the fines 
percent from 3 to 11.25 caused 60 percent increase 
in rut index. Thus, when the fines percentage 
increase, the plastic strain increase significantly. 
Kamal, Dawson [25] conducted RLTT on UGMs at 
a range of gradations and the results of the tests 
revealed that the resistance to PD was high for well 
graded mix in comparison to the open graded one. 

A recent study on the deformation behavior of 
UGMs established by Rahman [11] has been 
suggested to examine the influence of the grain size 
distribution (gradation) and fines content on the 
permanent deformation behavior of the UGMs. 

It can be clearly seen from the previous works 
that there is no agreement about the effect of 
gradation and particularly the fines content on the 
behavior of UGMs under repeated dynamic loads. 
Therefore, this research focused on the fines content 
effect on the deformation behavior of Class 2 
crushed rock under repeated loading. Similarly to 
Richardson and Lusher [22], open and dense graded 
crushed rock are investigated. In addition, 
permanent deformation test is included and 
different material is used (VicRoads’ Class 2).  The 
main objective of this research is to find the 
response of UGMs without filler (particles passing 
sieve 0.0075 mm) as an approach to design a porous 
base layer. This research is part of an ongoing study 
to investigate the response of UGMs with different 
fines content.   
 
2.  EXPERIMENTAL INVESTIGATION 

 
2.1 Material  

 
Crushed rock Class 2 is used as UGMs for this 

research. Class 2 is recommended by VicRoads 
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specifications to be used as base material.  Igneous 
(basalt) rock is the origin of crushed Class 2, which 
was collected from Mountain View quarry located 
in Point Wilson, Victoria, Australia and delivered in 
plastic boxes. Fig. 2 shows Class 2 (as-delivered) 
particle size distribution. It can be clearly seen that 
Class 2 is a dense graded material and fits inside the 
VicRoads specification limitation envelope: upper 
and lower limits (UL, LL).  

 
Fig. 2 Class 2 particle size distribution 
 
2.2 Specimen Preparation 
 

To prepare the open gradation, VicRoads’ Class 
2 (as-delivered dense graded crushed rock) is 
washed through sieve 0.0075 mm to purge out the 
fine particles. The specimens from these two 
gradations are compacted into three split cylindrical 
mold with respect to optimum moisture content 
(OMC) and maximum dry density (MDD) of the 
two gradations as presented in Fig. 3. 

 

 
Fig. 3 Dry density-moisture content relationship 

 
Each specimen is compacted into 8 layers using 

modified compactive effort with 25 blows per layer. 
The final specimen size is 200 mm high and 100 
mm diameter. Rubber membrane is encased the 
cylindrical specimen as shown in  

Fig. 4. The preparation process is applied in 
accordance with Austroads [26].  

 

 
2.3 Testing Equipment  

 
Repeated load triaxial test is conducted on the 

cylindrical crushed Class 2 specimens. The main 

 
 
Fig. 4 New specimen confined by membrane 
 
parts of the system consist of load frame, actuator 
motor, triaxial cell, digital control system, 
pneumatic controller, external displacement 
transducer and computer control. The actuator is 
electro-mechanical with maximum dynamic axial 
load capability of 5 kN, high precision position 
feedback is provided capable of measuring the axial 
displacement. The other transducer is used as 
additional transducer to check the internal axial 
displacement reading. The range of the LVDTs is ± 
11 mm. The system is capable of exerting up to 500 
kPa of static confining pressure. Air and water are 
used as a confining medium. Triaxial cell pressure 
is controlled via pneumatic controller which 
controls air pressure. The digital control system is 
capable of logging data from eight transducers.  
 
2.4 Testing Sequences 

 
     Specimens are subjected to 4 stress stages. The 
first preconditioning stage involves 50 cycles and 
each permanent deformation stage involves 10,000 
cycles. Repeated deviator stress, static confining 
stress magnitudes and number of cycles are 
presented in Table 1.  

 
Table 1 Stress sequences for permanent 
deformation test [26] 

 
Stages σ3 (kPa) σd (kPa) Cycles 

1 50 90 50 
2 50 350 10000 
3 
4 

50 
50 

450 
500 

10000 
10000 

Note: Preconditioning stage is added by author as 
described in the European standard [27] 
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3. RESULT AND DISSCUSSION  
 

In order to investigate the fines content effect on 
the deformation behavior of the UGMs, zero fines 
content gradation (no particles passing sieve 0.0075 
mm) is prepared by using the washing process 
through sieve 0.075 mm to prepared the open 
graded Class 2 crushed rock. Both dense and open 
graded Class 2 were examined under RLTT to 
investigate the deformation behavior.  
      Fig. 5 compares the axial PD behavior for the 
two gradations of crushed rock materials, dense 
graded Class 2 and open graded Class 2. 
 

 
Fig. 5 Permanent deformation 

 
It can be seen that open graded Class 2 has high PD 
resistance in the second stage (σd =350 kPa) and the 
third Stage (σd =450 kPa) of the RLTT than dense 
graded Class 2. This finding is contrary to Kamal, 
Dawson [25]. Afterwards, when the test entered 
Stage 4 (after 20000 cycles, σd =500 kPa), PD 
resistance starts to decrease showing steep upwards 
trend while PD resistance of dense graded Class 2 
decreases steadily. A possible explanation of this 
behavior could be that the open graded Class 2 
could not withstand the high deviator stress at Stage 
4 (σd =450 kPa) because of the absence of fine 
particles, which support the mix by transmitting the 
loads to other big particles. This preliminary finding 
suggests that open graded Class 2 could be used as 
a porous base material but for low traffic volume. 
Missing fine particles tends to high permeability 
which minimizes the failure probability from 
moisture. Even though further tests are required to 
confirm this result with high degree of confidence. 

Fig. 6 shows no significant variation in the RD 
behavior for the two gradations. 
     Fig. 7 reveals that Mr values of open graded 
Class 2 are greater than the Mr values of dense 
graded Class 2, as concluded by Richardson and 
Lusher [22]. Surprisingly, at Stage 4 of the RLTT 
stress sequence (σd =450 kPa), Mr of open graded 
Class 2 remain greater than Mr of dense graded 
Class 2 despite the dramatic PD that happened in 

the specimen at this stage as shown in Fig. 7. This 
finding confirm that pavement design procedures 
should not only be based on Mr values of pavement 
materials, the PD needs to be examined likewise. 

 
Fig. 6 Resilient deformation 
 
      

 
Fig. 7 Resilient modulus 
 
3. CONCLUSION 
 

Results from RLTT show that open graded Class 
2 has an acceptable PD resistance under repeated 
loads for test’s Stages 1, 2 and 3 followed by a 
significant collapse at Stage 4 as per Australian 
pavement design guide. Moreover, open graded 
Class 2 has higher Mr than dense graded Class 2 for 
all stages. This paper suggests that open graded 
Class 2 could be used as a porous base material for 
road pavements with low traffic volumes. 
Surprisingly, open graded Class 2 has high PD in 
coincidence with high Mr. Therefore, it is 
recommended to examine both Mr and PD for an 
accurate assessment. 
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ABSTRACT 

The anchor method involves connecting a structure or a slope with the anchorage zone by using the frictional 

force between the grouting material and the surrounding ground to stabilize the structure or slope. However, over 

a long period of time said friction from traditional anchoring methods has been known to decrease, resulting in 

decreased anchor pullout resistance and ultimately, in anchor pull out. An open-wing type (OW) anchor method 

developed by our research group is a new type of earth anchor method, in which we use open wings for pullout 

resistance. Hence, this method can solve problems associated with existing methods. This study suggests an 

optimum structure for the parts that open in the OW anchor using a numerical analysis, ANSYS (FEM). Three 

types of 3D analytical models – rotation axis type, bended steel sheet type, and impaction type – are used. The 

analysis results show the optimum structure to be the impaction type structure, and simulations show that with a 

base metal yield strength safety factor of 1.5, an OW anchor could generate approximately 4250 N of extreme 

pullout resistance. 

Keywords: Landslide Prevention Work, Anchor Method, OW Anchor, Numerical Analysis, Ansys 

INTRODUCTION 

The anchor method employs means for 

connecting a land retaining structure or a slope with 

the anchorage zone by using the frictional force 

between the anchor grouting material and 

surrounding ground. Examples of the many types of 

anchor methods include the ground anchor method, 

earth anchor method, and ground reinforcing method. 

These are applied at many construction sites for 

maintaining slope stability, preventing overturning of 

retaining structures, in earth-retaining walls, etc. 

The anchor’s pullout resistance relies on the 

functionality of the anchor’s main component, 

grouting material, which is made of mortar. The 

grouting material works as an adhesive connecting 

and affixing the anchor via friction to its surrounding 

ground in the anchorage zone. This friction has been 

known to decrease over a long time period, ultimately 

causing the anchor’s functionality to be lost as it is 

pulled out from its anchorage zone. The open-wing 

type (OW) anchor method is a new type of earth 

anchor method [1]. In this method, we use open wings 

for pullout resistance. Hence, this method can solve 

the problems that are associated with the existing 

methods. 

This study presents an ANSYS (FEM) numerical 

analysis to suggest an optimum structure for the 

opening parts of an OW anchor. Then, using the 

results of preceding studies, values of the cohesion 

and, the internal friction angle. And this study 

determines a range of root depths for which the OW 

anchor would be well suited to withstand significant 

pullout resistance and enable practical anchoring. 

VERIFICATION OF THE OPTIMUM 

STRUCTURE BY NUMERICAL ANALYSIS 

Method of Numerical Analysis 

The pullout resistance of the OW anchor results 

from wings opened perpendicular to the direction of 

pull and frictional force between the shaft and 

surrounding ground. In analysis tool, pullout 

resistance is expressed load to wings. 

In this study, an analysis tool is used to model and 

compare the pullout resistance of three anchor wing 

configurations. When the wing or opening parts 

stresses exceed a criterion, the corresponding load is 

defined as the extreme pullout resistance for each of 

the three configurations and the greatest value 

determines the optimum OW anchor structure. 

Points of Attention for Developing Analysis Model 

 Section size of analysis model 

     Ground anchors are used in the casing pipe of a 

borehole, which is placed underground. Hence, the 

OW anchor must fit into the borehole when the 

anchor wings are not open. For example, consider 

“shield casing 85” manufactured by TOHO 

Underground Inc. as a reference [2]. Its outer 

diameter is 85 mm and the inner diameter is 69 mm. 
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Therefore, the outer size of the model must not be 

more than 69 mm. 

Cost of manufacturing 

In the ground anchor method, many anchors of 

ordinary quality are used. Hence, a cheap material is 

suitable for fabricating an OW anchor. Therefore, it 

is preferable that the OW anchor structure is simple 

and expensive materials are not used. 

Criterion for Judgment of Practical Application of 

Model  

The pullout safety factor is widely used to 

determine whether the anchor can be used practically. 

Table 1 lists the pullout safety factors of different 

ground anchors. 

 The OW anchor safety factor is related to wing 

breakage during pullout, which is a primary 

consideration when considering the practicality of an 

OW anchor for use. When planning for long time 

usage of an OW using pullout safety factor, its safety 

factor should be at least 2.5. But in this study, we use 

breakage safety factor. Hence, we consider OW 

anchors with a safety factor of 1.5. 

3D Analytical Model 

Three types of 3D analytical models are used in 

this study. They are the rotation axis type, bended 

steel sheet type, and impaction type models. 

All 3D model have four wings and the angle 

between shaft and open wing is 60°. 

The rotation axis type model 

Figure 1 shows the rotation axis type model. In 

this model, wings are attached to shaft by rotation 

axis (see Fig. 1 (b) and (c)). In this system, the wings 

open as a result of rotation. 

The bended steel sheet type model 

Figure 2 shows the bended steel sheet type model. 

In this model, wings are attached to shaft by steel 

sheet. In this system, the wings open owing to 

bending of the steel sheet. 

The impaction type model 

Figure 3 shows the impaction type model. This 

model has wings with a round base (see Fig. 3 (b)) 

and base part that contains a round hole (see Fig. 3 

(c)). This type is used to insert wings in a base part 

and the wings open as a result of the rotation of 

wings. 

Table 1 Safety factor from pull out of ground anchor 

[3]. 

Fig. 1 (a)    Rotation axis type model. 

Fig. 1 (b)    Rotation axis type model. 

Fig. 1 (c)    Rotation axis type model. 

Type of anchor 
Safety 

factor 

Short span anchor (less than 2 years) 1.5 

Long span 

anchor 

(more than 

2 years) 

Normal time 2.5 

During an earthquake 1.5–2.0 
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Fig. 2 Bended steel sheet type model. 

Fig. 3 (a)    Impaction type model. 

Fig. 3 (b)    Impaction type model. 

Fig. 3 (c)    Impaction type model. 

Analysis Results 

The rotation axis type 

Figure 4 shows the relationship between the safety 

factor and the extreme pullout resistance. The 

optimum structure of the rotation axis type model can 

generate approximately 3350 N of extreme pullout 

resistance when it is designed with a safety factor of 

1.5. Figure 5 shows a colored distribution of safety 

factor. Red shows the areas with the lowest safety 

factor; hence, continuously increasing the load would 

result in the red parts breaking first. 

The bended steel sheet type 

It can be concluded that the bended steel sheet 

type model is not suitable for practical use, because 

some parts have safety factors less than 1 before the 

wings fully open. Figure 6 (a) and (b) show the 

distribution of the safety factor. The factor is low 

when the color is closer to red. 

The impaction type 

Figure 7 shows the relationship between the safety 

factor and the extreme pullout resistance. The 

optimum structure of the impaction type model can 

generate approximately 4250 N of extreme pullout 

resistance when it is designed with a safety factor of 

1.5. Figure 8 shows the distribution of the safety 

factor. The safety factor is low when the color is 

closer to red. When the load is increased, parts of 

circle in red break first, owing to the low safety factor. 

Fig. 4 Relationship between safety factor and 

extreme pullout resistance of the rotation 

axis type. 
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Fig. 5 Distribution of safety factor. 

Fig. 6 (a)    Distribution of safety factor. 

Fig. 6 (b)    Distribution of safety factor. 

Fig. 7 Relationship between safety factor and 

extreme pullout resistance of the impaction 

type. 

Fig. 8 Distribution of safety factor. 

STUDY ON MAXIMUM ROOT DEPTH OF 

THE OPTIMUM STRUCTURE 

Estimation of Maximum Root Depth when using 

Optimum Structure 

The optimum OW anchor structure was the 

impaction type, owing to the greatest value of 

extreme pullout resistance. To calculate the 

maximum root depth that can be withstood by said 

pullout resistance, we use the results of preceding 

studies, values of cohesion, and internal friction angle. 

For estimation and comparison, a formula for the 

computation of pullout resistance exerted by a disk is 

used. Then, a series of experiments was conducted to 

investigate the relationship between the actual pullout 

resistance exerted by an OW anchor and the actual 

pullout resistance exerted by disk.  

Formula for Computation of Pullout Resistance 

Exerted by Disk-shaped Earth Anchor 

Katsumi and Nishihara (1978) suggested a 

formula for computing the extreme pullout resistance 

exerted by a disk as a model of an earth anchor [4]. 

The formula is based on the formula for computation 

suggested by Balla [5], Matsuo [6] - [8], Mors [9] and 

can be expressed as Eq. (1), 

Q = G1 + Tv＋G2 (1) 

Where G1 is the weight of the soil mass, G2 is the self-

weight of the anchor, and Tv is the summation of the 

perpendicular component of the shear resistance force 

that is exerted on a slide plane and the perpendicular 

component of the force that is perpendicularly exerted 

on a slide plane. 

Experimental Estimation of Pullout Resistance of 

OW Anchor 

We experimentally investigated the relationship 

between the pullout resistance exerted by the OW 

anchor and a disk. Figure 9 shows the experiment. 

There are four experiment models. The first is the 

open-wing ground anchor with four wings opened at 
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45°. The second is the same anchor with the wings 

opened at 60°. The third is at 90°. The fourth is the 

disk. The projected lengths of each wing on the 

horizontal plane are all the same as the radius of the 

disk. Figure 10 shows the pullout resistance exerted 

by the OW anchor and the disk. Experimental results 

show that an OW anchor with four wings opened at 

60° exerts 58% of the pullout resistance exerted by 

the disk.  

Calculation of Root Depth 

Figure 11 shows the flow chart of the method of 

calculation of the root depth when using the 

impaction type OW anchor. The results are shown in 

Table 2. The root depth of the optimum structure 

varies between 79 cm and 156 cm when the cohesion 

value varies between 0–10 and the internal friction 

angle varies between 15° and 45°. 

Fig. 9 Image of the experiment. 

Fig. 10  Pullout resistance exerted by OW anchor 

and disk. 

Fig. 11  Method of calculation of root depth. 

Table 2 Root depth when using impaction type OW 

anchor. 
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CONCLUSION 

Summary 

The optimum structure is the impaction type 

structure, and it can generate approximately 4350 N 

of extreme pullout resistance. The root depth of the 

optimum structure varies between 79 cm and 156 cm 

when the cohesion value varies between 0 kN/m2-10 

kN/m2 and the internal friction angle varies between 

15°-45°. 

Future works 

It is conceivable that for some use cases, 

especially in applications with shallow root depths, an 

OW anchor type, as described and proposed in this 

study, could be used as a substitute for the existing 

ground reinforcing type anchors. However, as the root 

depths increase and approach 2 m, the OW anchor 

type would not provide the holding abilities of 

existing ground reinforcing type anchors. For greater 

root depth applications, it would be essential to 

improve the proposed OW anchor model or propose 

a new model that would be capable of exerting more 

extreme pullout resistance. 
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ABSTRACT 
Dynamic soil properties have their own impact on ground motion intensity and hence regulate the damage. 

Local site conditions control the frequency content of ground motions due to amplification or de-amplification. 
Therefore in the present research an attempt has been made to estimate local site effects in Vishakhapatnam city. 
The port city Vishakhapatnam comes under seismic zone II according to IS 1893:2002 and is one of those 
rapidly growing cities of Andhra Pradesh, India. It lies in the midst of Bay of Bengal and Eastern Ghats, 
occupying an area of about 681.96 sq.km and is positioned at 17°41′18″N latitude and 83°13′07″E longitude. To 
establish the predominant frequency and investigate the dynamic behavior of soils in the study area, micro 
tremor testing was carried out in 75 locations of the city. Microtremor has been one among the contemporary 
advances in geophysical testing techniques and is proved to be quite reliable from past studies. The results from 
the site study has shown presence of soils with frequency greater than 4Hz in most of the parts of the city and 
few places has shown frequency of less than 1.9Hz where the predominant soils are clayey soils. 
 
Keywords: Micro tremor, Vishakhapatnam, Local site effects, Spectral ratio 
 
 
INTRODUCTION 

 Dynamic soil properties play a prominent role in 
the estimation of deformations and strains due to 
cyclic loading during an earthquake event. When the 
frequency of the soil and the structure equals under 
cyclic loading, resonance occurs which leads to 
severe damage. Therefore Frequency, time period, 
amplitude are the influential parameters of a strong 
ground motion. These parameters of strong ground 
motion are highly variable depending on the local 
site conditions. Hence estimation of local site effects 
forms a reliable base for site characterization 
studies. Though the study area Vishakhapatnam city 
falls under Zone-II as per IS 1893:2002 with a zone 
factor of 0.1, presence of operational port and rapid 
development of infrastructure makes the city 
prominent inspiring current research. The micro 
tremor testing was therefore done to measure the 
fundamental frequency and amplitudes of the soils 
all over the city. Site effects due to sand and clay 
sediments are characteristic of the study area.  
Higher frequency values (>4Hz.) are observed in 
many parts of the city due to presence of rock and 
gravel and few places in eastern and western parts of 
the city has shown lower frequency values (<4Hz.) 
indicating presence of silty sand and stiff clay 
followed by marine clay with frequency values less 
than 1.9Hz in few places of the study area.  
 
STUDY AREA  

The study area Vishakhapatnam is a port city 
located in southern part of India at 
17°41′18″N latitude and 83°13′07″E longitude. 
Characterized by Eastern Ghats Mobile Belt 

(EGMB) Vishakhapatnam is bounded with Kailasa, 
Narava and Yarada hill ranges on all the other three 
sides whereas the other side of the city is bounded 
with Bay of Bengal. Figure-1 shows the political 
map of the study area. 

Major mineral deposits in the city comprises of 
charnockites, quartzites, pegmites and khondalites,   
whereas predominant soil types in the area are red 
clay, gravel clay, sandy soil, clay, gravel loams. 
Addressing the seismicity of the study area, the area 
lies in Stable central region of peninsular India. 
Though major faults were not in the vicinity of 
Vishakhapatnam city; abundant number of 
lineaments covers the area. About 85 seismic events 
(1828-2017) have been identified in about 300km 
radius of the city with magnitude ranging from 2.0 
to 5.5. Contrariwise, the regions which are deficit in   
past seismic history are assumed to be prone to 
seismic risk due to excessive buildup of strain 
energy. Therefore, the seismic hazard of the city is 
proposed to be estimated in present research. The 
quantification of seismic hazard can be done by the 
parameters such as frequency and amplitude. 
Therefore it is proposed to carryout micro tremor 
survey to estimate predominant frequency and 
amplitude. 
 
MICROTREMOR METHOD 

Artificial ground vibrations with low amplitude 
range are called as micro tremors. Microseisms can 
be differentiated from micro tremors based on their 
origin and frequency range. Micro tremors are the 
ground vibrations with frequencies >1Hz because of 
man-made activities such as movement of vehicles, 



GEOMATE - Mie, Japan, Nov. 21-24, 2017 

368 
 

impact loading etc. Heavy wind forces and other
 

 
Fig.1 Political boundaries of the study area and  marked test locations 

 

 
Fig.2 Geological map of the study area (Modified from Subba Rao, 2008) [16] 
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Oceanic activities causes vibrations with 
frequencies <1Hz. which are termed as microseisms.  
Micro tremors are pivotal in dynamic 
characterization of soil. 

The micro tremor peak which denotes the 
frequency of first mode of vibration can be obtained 
either from Raleigh wave ellipticity (Bonnefoy -
Claudet, Cornou, et. al., 2006)[3] or S-wave 
resonance (Nakamura, 1989, 2000)[11] or Airy 
phase of love waves (Bonnefoy-Claudet et al., 
2008)[2]. Rayleigh dominate the records in the case 
of high impedance (I) contrast or frequency range 
(6-20Hz) and love waves when I< 3 or in the case of 
low frequency (3.6-6Hz) (S.Bonnefoy-Claudet et al., 
2008; Chavez-Garcia & Luzon, 2005)[2][6]. Basin 
geometry can have effects on resonance frequency 
from HVSR technique (Gueguen et al., 2007) 
particularly in narrow sediment basins.  

Micro tremor method can be best described as an 
analog of electrically passive magneto-telluric 
exploration (Asten, 2004)[1]. Micro tremor methods 
can be array based (ReMi) or single station. Array 
based methods require more than one sensor and can 
be used to correlate shear wave velocity using 
Spatial Auto Correlation (SPAC) or Frequency 
Wave number (FK) methods resulting in 
identification of sediments thickness. Single station 
method is much simple and can be used to estimate 
dominant earth period, amplitude and vulnerability 
of an area. 

Estimation of dynamic characteristics of soil 
using micro tremor has been very habitual in the 
1980s. But Standard spectral ratio method which 
was used in earlier practices requires a reference site 
very near to the site of interest which is not viable in 
all geological and environmental conditions. The 
horizontal to vertical spectral ratio (HVSR) method 
has been introduced by Nakamura (1989)[12] gained 
prominence in practice. H/V spectral ratio method 
does not require any reference site for recordings. 
Identification of a reference site at every survey 
location will be a herculean task when the testing is 
to be performed in densely populated cities. The 
reliability of H/V method has been scrutinized by 
many researchers by matching the results with the 
analysis from strong motion records (Ch’avez-
Gare’ia & Cuenca, 1996; Teves-Costa et a., 1996; 
Bour et al., 1998; Jensen, 2000; Ch’avez- Garc’ia & 
Tejeda-J’acome, 2010; Surve & Mohan, 
2010)[4][5][18]. Since 1989, the method has been 
applied to study dynamic properties and for micro 
zonation of several cities Dinar-Turkey (Ansal, 
2001); Southeastern Iran (Motamed et al., 2007); 
lower Manhattan-New York (Stephenson et al., 
2009); Marmara region- Western turkey (Hasancebi 
& Ulusay, 2006) ; Hong kong (Pappin et al., 
2012)[13]; Izmir- Turkey (Eskisar et al., 2013); 

October 6th  city- Egypt (Mohamed et al., 2013). 
Apart from these applications micro tremor has 

been used to map collapsed columns in coal mines 
(Pei-Fen et al., 2009)[15] and for estimation of 
seismic motion along expressways (Maruyama et al., 
2000). Surve & Mohan, (2010)[18] conducted micro 
tremor testing in Mumbai to demarcate the 
reclaimed area and actual basaltic islands from the 
resonant frequencies. Vulnerability index (Kg) from 
micro tremor can be obtained by dividing the square 
of amplitude with peak frequency. The index can be 
used to identify liquefiable sites. Supporting 
evidence has been provided from case histories 
(Hardesty et al., 2010; Huang & Tseng, 2002; Saita, 
Nakamura, & Sato, 2012)[16]. 

The steps involved in micro tremor survey are 
data acquisition, data processing and analysis. 
Important information regarding the site and source 
of noise can be observed from the type and form of 
the H/V peaks. Clear peaks in the frequency plots 
infer distinct impedance between upper soft layer 
and the bedrock. Lower peaks at higher periods are 
usually imperative of hard rock. Clear peaks at 
higher frequencies indicate that the sediment is 
indicative of weathered soil overlying rock. H/V 
curves exhibit single peak when the sources are near 
(4 to 50 times the layer thickness) and surficial. Two 
peaks show up in case of distant source (more than 
50 times the layer thickness) and located inside the 
sedimentary layer (Bonnefoy-Claudet,S. et al., 
2006)[2]. Pappin et al., (2012)[14] from their study 
in Hong Kong area inferred that the measured 
frequency values match the calculated values when 
the soil profile is considered up to a values where 
SPT N>100. The limitation of using single station 
micro tremor is that it is not reliable when the local 
geology is complex and site effects are not due to 
single-impedance contrast (Chavez-Garcia et al., 
2007)[7]. 

 
FIELD TESTING AND DATA ACQUISITION 

Though the present study area has experienced 
no significant earthquakes in the past, from previous 
earthquake case histories (1997 Jabalpur and 1993 
Latur) no region of India is considered to be safe 
against earthquakes. In case of a linear to low range 
earthquakes, micro tremor along with non-invasive 
active source technique best demonstrates the 
ground response (Hardesty et al., 2010; Molnar et 
al., 2007). Hence this method can be applied to 
locations such as Vishakhapatnam with no 
significant earthquake records.  

Micro tremor survey has been conducted in 75 
locations well distributed all over the city. Open 
grounds away from structures, obstructions, wind 
and underground structures were chosen to carry out 
the test without any disturbances. During day light 
the ambient noise will be high that deviates the 
results of frequency and amplitude. Hence 
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recordings have been taken at early morning and late 
evenings to assure reliability. The recorder records 
microseisms instead of micro tremors if the ambient 
noise is not avoided. The recording setup consists of 
a tri axial velocity sensor (MS 2003+), recorder (MR 
2002-CE) and a field laptop. Figure-3 shows the 
setup of the instrument at testing location MVP 
colony.  

The sensor is leveled and noise has been 
recorded for duration of 60 min with 1 sec pre-event 
and post-event time. To record the latitude and 
longitude of recording site global positioning system 
(GPS) has been used. Three-component recordings 
for H/V spectral ratio analysis were made at each 
location stretching from Devada to Kapulauppada. 
The frequency at maximum H/V ratio is indicative 
of (among other parameters) presence of soft 
sediment overlying stiffer materials. 
  

 
 

Fig.3 Instrument set up at testing location 
(MVP Colony) 

 
Summation of two horizontal components in 

each sample was done to produce the Fourier 
spectrum of horizontal ground motion for each 
location. Fourier spectrum for the vertical 
component was also calculated. The ratio of 
horizontal to vertical spectral amplitude was 
calculated to produce H/V spectrum for each 
location. For the clear identification of peak the 
curves have been smoothened up to 10%. Each 
spectrum was used to get the predominant frequency 
of  that location.  
 
RESULTS AND CONCLUSIONS 

From Micro tremor test results analysis using 
Nakamura Horizontal to vertical spectral ratio 
method, the peak frequency and amplitude has been 
estimated at all the locations in the study area. 
Figure5 shows the study area along with marked 
testing locations. The frequency values are ranging 
from 0.44-10.1Hz. The H/V plots of the locations 

with frequency value greater than 4Hz. has shown a 
clear distinctive peak indicating high impedance 
contrast between the bed rock and the soil sediment 
whereas plots for the locations with frequency range 
of 2.0-4.0Hz. has two peaks. This indicates that the 
source of noise has been distant i.e, about 50 times 
the layer thickness. It was observed that the areas 
with gravely sand and soft disintegrated rock have 
shown higher frequency values of greater than 
4.0Hz. Whereas locations with soft clay deposits and 
marine clay deposits near to the coast line has shown 
lower frequency values of less than 2.0Hz.  
 

Based on the frequency values and response 
spectrum detailed characterization was carried out. 
the proposed site classification based on H/V 
spectral ratio analysis  is shown in table-1 

 
Table-1 site classes based on the results 

 
S.No. Proposed 

class 
Fundamental 

frequency  
1. Type-1 > 4.0Hz. 

2. Type-2 2.0-4.0Hz. 

3. Type-3 < 2.0Hz. 

 
From the results it was observed that  most of the 

locations where the predominant soils are  gravelly 
soil with pebbles, weathered rock and rock in few 
places with a thin layer of soil cover has shown 
higher frequency values as high as 10Hz resulting in 
lower amplification values. These locations with are 
classified as Type-1. Few places in southern part of 
the city and western part of the city with mostly silty 
sand and clayey sand has shown frequency values of 
range 2.0-4.0Hz and classified as Type-2. Other 
locations in eastern part of the city and few locations 
in the central part has shown frequency values < 
2.0Hz indicating presence of soft clay and marine 
clay. These locations have shown higher amplitude 
values indicating increased seismic risk in terms of 
ground motion amplification. Figure 4 shows typical 
response spectrum for few locations of the study 
area. 

The amplitude values range from 1.11 to 2.46. 
Amplitude values are dependent on the noise 
produced and its amplitude. During day time 
amplitude may be recorded high and during nights it  
might be low. High amplitude of vibration are 
distinctive of south western locations (>2) and 
moderate amplitude values (<1.5) has been recorded  
all over the city. Iso-frequency maps have been 
prepared from the frequency values of the study area 
and can be used in further geotechnical engineering 
practice. 
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Fig.4  Response spectra for test locations (a) Pendurthi, (b) Pedawaltair, (c) Dasapalla hills, 

(d) Chinnamushidiwada 
 

 
Fig.5 Predominant frequency map of Vishakhapatnam city
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Figure 5 shows the frequency map along with 
site characterization. Vulnerability index has been 
calculated from the frequency and amplitude values 
of each location and hazard map was created using 
the vulnerability index.  
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ABSTRACT 

 
 This study, as part of the way to prevent ground settlement by deteriorated sewer, was intended to identify the 

cause of cavity and soil relaxation and evaluate the cavity exploration technique using GPR (Ground Penetrating 
Radar) exploration method. To simulate the cavity and ground relaxation caused by sewer leak, field test was 
conducted. 450mm in diameter and 2,500mm long concrete pipe was used install the sewer for the test and to 
evaluate the exploration performance by depth, sewer was buried at 1.0m and 1.5m depth. After putting the ice 
seized 1m×1.0m×0.3m on top and at the bottom of the sewer, hose was connected to promote the thawing. To 
measure the cavity caused by ice thawing, GPR exploration was carried out in a day, 5 days and 15 days.  
In the result of test, Cavity and ground relaxation caused by sewer leakage were simulated using GPR exploration 

and the cavity and ground relaxation by sewer leakage were monitored. According to GPR analysis, ice thawing 
caused ground relaxation and the cavity. Given the reflective surface under the ground over time, cavity appeared 
to have developed upward.  
 
Keywords: Sewer, GPR exploration, Ground settlement, Field test 
 
 
INTRODUCTION 

 
Ground settlement in downtown is attributable to 

various factors such as the impact by excavation, soft 
ground settlement, deteriorated sewer and poor 
compaction. According to Seoul city office, 2,714 of 
3,205 or 84% of road sinking occurred since 2010 
were attributable to deteriorated sewer and of 
10,392km-long sewer, 73.3% was more than 20 years 
old, indicating the need for urgent maintenance [1] . 
According to National Land Technical Policy 
Institute in Japan which investigated the causes of 
road sinking from 2006 to 2009, the cases caused by 
the sewer totaled as many as 4,000 annually [2].   
Road sinking resulting from deteriorated sewer is 
mostly by the soil penetrated into the damaged sewer. 
Amid ever-increasing road sinking in urban area of 
Korea, more concern on refurbishing deteriorated 
sewer has been drawn and in a bid to prevent the 
ground settlement in urban area, prediction and 
recovery technology which will prevent the ground 
settlement in advance becomes more than important  
[3]. 

 Thus to prevent ground settlement in downtown,  
it's necessary to develop the detection technique that 
will evaluate the mechanism and predict the ground 
settlement by leaked sewer. GPR exploration is used 
to detect the cavity under the ground but when the 
cavity is deep or boundary between cavity and 
loosened soil is unidentified or complicate utilities 

and cavity and loosened soil are mixed, it's difficult 
to detect them. This study, as part of the way to 
prevent ground settlement by deteriorated sewer, is 
intended to identify the cause of cavity and soil 
relaxation and evaluate the cavity exploration 
technique using GPR exploration method. Cavity 
simulation and GPR exploration were carried out 
through field experiment and the possibility of 
detecting cavity and soil relaxation was reviewed. 
 
SEWER TEST INSTALLATION AND GPR 
EXPLORATION 

 
 

GPR exploration is one of the geophysical 
prospecting technologies for commercial use with 
highest resolution which has been commonly used 
domestically for investigating underground utilities, 
cavity and anomaly zone  For detecting the cavity 
below heavy traffic road, vehicle-mounted device 
runs at normal traffic speed which is the optimal 
method when considering the site condition and 
safety [4]. GPR exploration is to evaluate the internal 
state in a way of analyzing the wave refracted, 
reflected and distracted from other material or 
structural layer by dielectric constant while 
electromagnetic wave from the transmitter to the 
ground passes the pavement structure [5]. 

To simulate the cavity and ground relaxation 
caused by sewer leak, field test was conducted. 



GEOMATE - Mie, Japan, Nov. 21-24, 2017 

374 
 

450mm in diameter and 2,500mm long concrete 
hume pipe was used in stall the sewer for the test and 
to evaluate the exploration performance by depth, 
sewer was buried at 1.0m and 1.5m depth. After 
putting the ice seized 1m×1.0m×0.3m on top and at 
the bottom of the sewer, hose was connected to 
promote the thawing. Sand and soil were used to bury 
the sewer and cavity and ground relaxation were 
simulated by ice thawing. To measure the cavity 
caused by ice thawing, GPR exploration was carried 
out in a day, 5 days and 15 days. GPR equipments 
used for the test is as Table 1. To evaluate the 
exploration performance depending on frequency, 
frequency wad varied to 100MHz, 300MHz 500MHz 
and 1,500MHz during exploration. 
 

 
Fig 1. Sewer installed   

 

Table 2. GPR equipment  

specification  View 

Zond 12e(RADAR Systems, Inc.) 
Shield Antenna (300MHz, 500MHz) 
Notebook P/C 
S/W (Prism2.5) for analysis 

 

(a) Excavation                     (b) Ice installation 
 

(c ) Sewer installation           (d) ice installation  
 

(e) Compaction                      (f) GPR  
Fig 2. Field test installation process  
 

GPR EXPLORATION OF THE CAVITY 
UNDER THE GROUND 
 
Ground cavity and relaxation mechanism 
 
Fig 3 shows the result of GPR exploration analysis 
over time. As a result of sewer cavity exploration with 
the frequency 300MHz and top soil depth 1.5m, a 
parabolic reflective surface was distributed above the 
sewer after installation which was considered made 
by the ice on top of the sewer. After a day, 5 days and 
15 days, a parabolic reflective surface appeared at 
upper level than immediately after installation, which 
was attributable to cavity resulting from thawing of 
ice.  According to GPR exploration, the surrounding 
ground was loosened while the ice is thawing which 
caused to form the cavity. Reflective surface formed 
under the ground in 5 days indicated that the cavity 
was developed upward. Ground surface settlement 
following the cavity was expected, but no ground 
settlement occurred thanks to sufficient compaction. 
And no reflective surface was monitored when the ice 
was buried below the sewer, which was attributable 
to the failure of penetration by radar wave into the 
bottom of the sewer. 
 

Table 1. Specification of CCTV 
Parts Specification 

Monitor 19 in (48.26 cm) 

Main 
devices 

Power, Lighting, Brightness, 
Forward/ backward, Rotation camera, 
Side-looking camera, Input power: 
220V, 60Hz 

Camera  
Rotation endless, 1.3 million pixels, 
Waterproof, Size: ø 110, L 250 mm, 
Weight: 1 kg 

Lighting Camera LED: 12 (1 W)  
Halogen lamps: 2 (12 V, 35 W)   

Self- 
propelled 

car 

Pipe diameter: ø 300~1200 mm 
Wheel: ø 80, ø 120, ø 50 mm 
Output: 30 V, 60 W 
6 wheel drive  
Height adjustable (remote control)  
Size: 621 × 530 × 55 mm 
Weight: 20 kg 

Cable Size: ø 12.5 mm, L 150m 
Weight : 15Kg 
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(a) Immediately after installation 

 

 
(b) After a day 

 

 
(c) After 5 days 

 

 
(d) After 15 days 

 
Fig 3. GPR analysis results  

 
 GPR exploration performance depending on 
frequency  

 
Fig 4 shows exploration result varied depending on 
frequency. No response appeared at 100MHz but a 
horizontal reflective surface with a little curve along 
the top of the sewer was extended to sewer length 
15.0m. A parabolic reflective surface was distributed 
above the sewer where the ice was put on  which was  
attributable to the cavity formed when the ice above 
the sewer was thawing. Reflective surface by cavity 
was monitored at 500MHz which however 
disappeared over time, indicating less reliability for 
road sinking comparing to 300MHz. No reflective 
surface by the sewer was monitored at 1,500MHz and 
the signal considered the reflective surface by cavity 
which was formed when the ice was thawing was very 

weak. Generally the higher the GPR frequency the 
higher the exploration precision and at the depth 1.0m 
～  1.5m, 300MHz ～  500MHz appeared to be 
appropriate.   

 

 
(a) 100MHz 

 

 
(b) 300MHz 

 

 
(c) 500MHz 

 

 
(d) 1,500MHz 

Fig 4. Result of  depending on GPR frequency 
 
CONCLUSION 
 
Field test installation and GPR exploration were 

conducted in a bid to identify the cavity and ground 
relaxation by sewer leakage and as a result, the 
conclusion was obtained as follows.  

1) Cavity and ground relaxation caused by sewer 
leakage were simulated through field experiment and 
the cavity and ground relaxation by sewer leakage 
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were monitored.  
2) According to GPR analysis, ice thawing caused 
ground relaxation and the cavity. Given the reflective 
surface under the ground over time, cavity appeared 
to have developed upward. Though ground settlement 
by cavity was expected, no ground settlement 
occurred which was attributable to bearing capacity 
of the well-compacted ground.   
3) In case that the ice was buried below the sewer, no 
reflective surface was monitored which seemed to be 
attributable to GPR radar wave that failed to penetrate 
into the bottom of the sewer.  
4) According to GPR exploration, reliability to road 
sinking was higher than others at 300MHz and no 
reflective surface was monitored at 1,500MHz.  
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ABSTRACT 
 
This study assessed the effects of anisotropy in sands with various confining stresses. The tests conducted in 

this research include 20 hollow cylinder torsion shear tests conducted on Tehran sand with high angularity. The 
confining stresses of the samples were 100, 200 and 400 kPa, and the effect of the inclination angle on the major 
principal stress (alpha) was investigated. In each confine stress three inclination angle 15, 30 and 60 degree were 
applied. According to the results, an increase in the alpha will result in a more contractive behavior in the sands. 
The effect of anisotropy also becomes more obvious, as the confining stresses increases; however it was found 
that the mechanical properties of sands changed markedly with confining stress. 
 
Keywords: Sand; Strength; Anisotropy; Confining stress;  
 
 
INTRODUCTION 

 
The stress-strain behavior of sands under 

monotonic loading has been the subject of various 
studies in the past [1-3]. Key parameters-such as 
density, grain size distribution, particle shape and 
mineralogy, method of sample preparation, direction 
of loading, and anisotropy that affect the behaviour 
of a sand under monotonic loading have been 
presented widely [3-6]. 

In addition, Extensive studies have been focused 
on the effects of inherent and induced anisotropy on 
the behavior of clean sand [7-9].In some 
geotechnical problems, such as the bearing capacity 
of shallow foundations on sand ground, the 
confining stress dependency of sand mechanical 
behavior plays an important role as a stress level 
effect.  

In the geotechnical literature, a large number of 
intensive experimental studies have been devoted to 
induced anisotropy of granular material. First, the 
conventional triaxial apparatus was largely used by 
Poorooshasb, et al. [10], Poorooshasb, et al. [11], 
Tatsuoka and Ishihara [12], Ishihara and Okada [13] 
and Vaid, et al. [14], among others, used to 
investigate the effects of stress-induced anisotropy 
on the subsequent drained and undrained behaviour 
of dense sand. One of the objectives was to 
recognize the yield surface within the light of the 
elasto plasticity framework. Therefore, in the 
following decades, with advances in measurements 
and control techniques, complex machines such as 
the true triaxial, by Arthur and Menzies [15]; hollow 
cylinder torsional shear (HCTS) by Hight, et al. 
[16]; Khayat, et al. [1]; and plane strain machines by 

Park, et al. [17], were used to further explore the role 
of induced anisotropy, principal stress rotation and 
intermediate principal stress. 

The mechanical properties of sands change 
notably with a variation of the confining stress. 
Sugiura, et al. [18]were investigating confining 
stress dependency of mechanical properties of sands. 
From their test results, it was found that the 
mechanical properties of sands changed very 
markedly with confining stress, and the degree of 
confining stress dependency diverges with the 
primary properties.  

In this paper, the role of angularity differences in 
three types of sand with the same initial confining 
stress and same mineralogical properties was studied. 
The tests was conducted on Tehran sand (TS), with 
high angular grains,.  The effective confining stress 
was performed in 100, 200 or 400 kPa. In addition, 
the effects of the inclination angle of the major stress 
were investigated. 

 
EXPERIMENTAL PROCEDURE 

 
Material Properties 
 

The materials employed in this study was TS 
with angular grains,. The grain size distribution 
curves for sand is given in Fig. (1), which indicates 
that influence of particle shape alone is isolated 
without introducing a possible additional variable in 
the form of grain size distribution. 

Results of the XRD scans of sands indicate that 
quartz as the main phase is the dominant mineral 
(>75%)among analyzed sands. The minor amount 
contains Palygorskite and Kaolinite (<10%). The 
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minor phases Kaolinite (Table.1). 
 

 
 

Fig.1 Grain size distribution curves of the Tehran 
sand. 

 
Table1 Results of semi-quantitative bulk XRD 

analysis. 
 

Sample 
No 

Main 
Phase 

Minor 
phase 

Trace 
Phase 

Tehran quartz Kaolinite - 
    

 
In addition one of the important factors in 

experiments on the sands under high pressure is 
particle’s fracture. If the particles of the sands are 
broken, under load, the grain size distribution of the 
sand is changed. Hence, to assessment of the particle 
fracture, two direct shear tests with 64 kg load 
(equal 900 kPa) were performed for each type of the 
sands. The weight of the sands was passed through 
the sieve No.40 & 100 which measured before and 
after the test. Results indicated that only one percent 
of the sand was fractured during the test, which can 
be neglected. The physical characteristics of studied 
sand were measured (Coefficient of curvature and 
uniformity respectively 1.22 and 1.69) 

 
Maximum And Minimum Void Ratios Of Sand 

Kandasami and Murthy [19] based on their 
experimental results, indicated that the influence of 
sand mechanical response, is a function of the 
deviatoric stress, relative density and confining 
stress. Some researcher has extensively described on 
the non-coaxial behaviour of sand under various 
stress paths through a series of HCTS tests [1, 16, 
19]. The non-coaxial behaviour was found to depend 
on the type of sand, relative density of the sample 

and on the direction of stress increment, and was 
also found to decrease with increasing strains[20]. 

An effective factor in the general behaviour of 
saturated sands in monotonic loading is soil relative 

density     minmaxmax / eeeeDr  , which is 
a factor that indications the sample’s specifications 
at the end of consolidation stage. The samples 
prepared at low densities display contractive 
behaviors in the drained tests; this behavior causes 
excess pore water pressure in undrained tests, which 
decreases the effective confined stress. The change 
of stress-strain from the softening to hardening states 
is related mostly to the relative density, which is 
observed and reported by several researchers such as 
Bishop [21], Castro [22], Castro, et al. [23]and Seed 
and Idriss [24]. 

 
Testing Apparatus And Method 

To investigation the inherent anisotropy, a 
hollow cylinder torsional shear (HCTS) device is 
used. For a better investigation of the post peak 
response, the device can perform tests with both 
stress and strain controls. A closed loop control is 
applied to the machine to handle any type of desired 
stress history including major principal stress 
rotation and intermediary stress ratio. Four 
electrical/pneumatic [E/P] transducers are used to 
control the pressure for the inner and outer cell 
pressures in addition to the torsion and axial load 
pneumatic actuators. The use of an alternative DC 
motor for torsional strain control test enables the 
study of the post peak behavior. In the case of our 
tests, the motor is utilized because strain control is 
essential to study the softening response. The motor 
speed in all of the tests remains constant and equal 
to one degree per min. Eleven transducers are 
adjusted to measure the different factors constantly: 
three water pressure sensors, two for the inner and 
outer cell pressures and one for the pore pressure; 
one vertical dislocation sensor to measure axial 
strain and one rotation angel sensor to measure 
torsional strain; two differential pressure sensors; 
two axial and torsional stress sensors; and finally, 
two limit switch sensors are set up. A computer 
program is utilized to control all of the test 
procedures by means of a PID control algorithm. A 
data logging device is the last part of the control 
system. The sample dimensions were 16 cm in 
height, 5 cm in inner diameter and 8 cm in outer 
diameter. 

The maximum inclination of the principal stress 

(
 ), initial confining stress and particle shape are 

considered the critical parameters in this research. 
The intermediate stress parameter (b)is constant (= 
0.5), for avoid of more variable parameters in tests.  

Figure (2) schematically displays details of 
apparatus, the stresses and their directions in the 
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hollow cylindrical torsional shear test. In Fig. (2), 
rA and sA are the cross sections area of the axial 

rod and the sample, respectively. 
 

 
 

Fig. 2 Schematic details and view of stresses in 
hollow cylindrical torsional shear test.                     

   a) Schematic details of HCTS apparatus      
    b) Stress distribution 
 
Experimental Program 

For sample preparation, the proper amount of 
sand are deposited into a split mold through a funnel 
with a long tube after a molding vacuum of 5 kPa is 
applied to the sample and the split mold is removed. 
Then the cell parts are assembled. Carbon dioxide 
(CO2) and de-aired water are passed through the 
sample in their saturated states. The circulating time 
for the CO2that is used in the tests conducted by 
Zlatovic and Ishihara [25] were 30 min for clean 
sand. This method is applied in the present study. 
After circulation of the CO2, the de-aired water 
enters from the bottom similar to the CO2, in the 
opposite direction of gravity and seeps into all of the 
voids in the sample. The saturation procedure 
continues as the confining stress increased, and the 
pore water pressure is measured in several steps. If 
the B-value exceeded 0.95, then the sample is 
supposed to be wholly saturated. At this time, the 
saturation stage is completed and the sample should 
be consolidated. Since all of the tests conducted in 
this research are of the Consolidated Undrained 
(CU) type, all drainage valves should be opened 
during consolidation and connected to the system. 
The amount of water discharged from the sample 
during consolidation can be measured by reading the 
burette numbers at the beginning and end of this 
stage. After consolidation, the shear stage starts with 
one degrees per minute, which is the lowest speed 
can be applied to the system. During the shearing 
step the pore pressure is almost uniform. 

 
RESULTS 

The stress-strain behaviour of sands under 
monotonic loading has been the subject of various 

studies in the past. Key parameters-such as density, 
grain size distribution, particle shape and mineralogy, 
method of sample preparation, direction of loading, 
and shearing mode which can affect the behaviour of 
a sand under monotonic loading have been 
investigated and reported widely [4, 26]. 

The main goal of this research is to study the 
effect of grain shapes as well as the confining stress 
upon anisotropy features. The sand is tested using 

different initial confining stresses and various
 ,to 

avoid of another variable parameters effect on tests, 
the intermediate stress parameter is constant ( b = 
0.5). In the laboratory, the protocol for reconstitution 
of a sand sample generates an inherently anisotropic 
fabric structure due to the orientation and 
morphology of the particles [27]. As a result of 
different inherent anisotropy of investigated sands, 
reaching the same void ratio in the similar 
preparation method of samples is difficult. In equal 
confining stress, we reach similar relative density in 
sample sands. For this reason, ASTM 4253 and 
ASTM 4254[28] (ASTM, 2006b)are used to 
measure the minimum void ratio (emin) (densest 
state) and maximum void ratio (emax) (loosest state) 
respectively. 

Test results of stress-strain and effective stress 
path curves are presented in Figs (3-5). According to 
these curves, the samples behavior are similar to 
those of dense sands based on the classification of 
undrained sand behavior in most conducted tests, 
which the results are in good agreement with 
Yoshimine, et al. [8].The results also indicate that, 

the samples strength decrease with increasing
 .  

 

 
 
Fig. 3  (a) Stress path and  (b) stress–strain curves in 

Tehran sand subjected to an initial effective 
stress of 100 kPa. 
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Fig.4 (a) Stress path and (b) stress–strain curves in 

Tehran sand subjected to an initial effective 
stress of 200. 

 

 
 
Fig.5 (a) Stress path and (b) stress–strain curves in 

Tehran sand subjected to an initial effective 
stress of 400 kPa. 

 
The Effect Of Inclination Angle (

 ) On The 
Sand’s Behaviours 
 

In Figs (8-10), the strength of samples in phase 
transformation point is reduced as 

  increases in, 
which indicates that the soil becomes softer. This 
behaviour has been confirmed and described by 
Yoshimine and Ishihara [29] for Toyoura sand and 
by Khayat, et al. [1] for a Firoozkuh sand-silt 
mixture.  

The changes in the strength and deformation as a 
consequence of principal stress inclination can be 
construed as a continuum level indicator of the 
fabric anisotropy in sands [20, 30]. During shearing, 
sand particles continuously rearrange and adjust 
themselves in an ensemble by sliding and rolling so 
as to form an optimal and unique anisotropic fabric-
structure [31] in relation to the loading conditions. 

A slow monotonic shearing process is used in 
experiments to reach the final state, which also 
shows coincident orientation of the stress and strain 
increments. While this does not present a detailed 

mapping of the network of contact vectors, 
experiments of this study utilize the principal stress 
inclination (α) as an ensemble measure of fabric of 
sands.  

In summary, it is especially interesting to study 
the effects of fabric on very angular particles, such 
as the ones used in this testing program. Angular 
sands have a propensity for orienting themselves in a 
plane normal to the direction of deposition under 
gravity and exhibit significant interlocking. The 
inherent anisotropy is especially predominant in 
very angular sands[32]. Research hitherto reported 
on various sands such as rounded sands (Ottawa 
sand—by Dakoulas and Sun [33], sub rounded sands 
like Nevada sand [30], angular sands by Kandasami 
and Murthy [19], have significantly enhanced our 
understanding of sand behaviour. The samples with 
a different roundness ratio generate different fabric-
structures.  

 
Effect Of Initial Effective Confining Stress On 
The Behaviour Of Sand 
 

As showed in Figs. (5-7), with increasing the 
confining stress these phenomena is more obvious in 
investigated sand. In other hand confining stress has 
a significant effect on the strength behavior of 
granular materials. Alim, et al. [34], also indicated 
that confining stress has a significant effect on the 
strength behaviour of granular materials. Vaid and 
Negussey [35] showed that, at equal relative 
densities, angular sand was more resistant to 
liquefaction at lower confining pressures however, 
less resistant at higher confining stress than rounded 
sands. Alim, et al. [34]was defined the average 
number of contacts per particle, and called it, the 
coordination number of the particle. The average 
coordination number of the assembly is defined as 
the ratio of the total number of contact points within 
the assembly volume to the total number of particles 
in the assembly.  
 
CONCLUSIONS 
 

In this study, the following parameters were 
controlled:   

1) The grain-size distribution curves of the 
investigated sands were close to each other. 

2) The sampling stages for studied sand were 
similar. 

3) The comparison samples were consolidated 
under similar confining stresses (100, 200 
and 400 (kPa)). 

4) With applying same initial confining stress 
the relative density of studied will be close 
to each other. 

Among the parameters which have effect on sand 
behaviors the grading curve, sampling stages, 
relative density, tried to be identical, and results 
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indicated variation of roundness ratio ( rr ), 
 and 

confining stress. 
The results can be summarized as follow: 
1) With increasing confining stress, anisotropy 

behavior became remarkable, so the effect of shape 
more pronounced.   

2) For each sand at constant mean effective stress, 
the decrease in the final state friction angle was a 
direct consequence of the decrease in final state 

shear strength under various inclination angles (
 ).  

Finally, these experimental results indicated that 
sands with more angularity, not only cause 
increasing the shear strength, but also cause 
increasing the anisotropy. This behaviour has been 
more pronounce with increasing confining stress. 
The anisotropic behaviour of sand was a function of 
the stress ratio, relative density, initial confining 
stress and particle shape ratios, which could effect 
on the behaviour of sand samples. 
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ABSTRACT 

At present time the large-scale constructions are built highly in Kazakhstan in particular a building with pile 

foundations on problematic soils. In this paper are presented the results of pile field test in construction site in 

Astana and Caspian Sea Port Prorva. In this construction sites were carried out the static load test with ASTM 

and Kazakhstan standards (GOST) and dynamic load test with GOST. Also using the Pile Dynamic Analyzer 

testing method need for quickly determination of bearing capacity for single joint piles. These investigations are 

important for understanding of interaction mechanism of joint piles with problematical soil ground of “Cargo 

Transportation Route for Facilities of the north-eastern part of the Caspian Sea North Caspian Marine channel 

with berthing facilities Cargo Offloading Facility” the “Prorva” oilfield, Atyrau region, Western Kazakhstan. 

Results of static test of steel piles are shown in graphs. 

Keywords: joint pile, GOST, bearing capacity, SCLT. 

1. INTRODUCTION

In Western Kazakhstan, a mega-project is 

“Cargo Transportation Route for Facilities of the 

north-eastern part of the Caspian Sea North Caspian 

Marine channel with berthing facilities Cargo 

Offloading Facility” (CaTRO, COF) the “Prorva” 

oilfield, Atyrau region. Testing of soils by piles was 

submitted data by engineers of the LLP “KGS-

Astana” during November 2016 to May of 2017. 

This working plan (WP) has been developed for the 

production of driving operations of precast concrete 

piles consists of two segments, segment 1 and 

segment 2 are interconnected that supply the 

segment 1 length 16 m, segment 2 lengths 9.5 and 

11.5 m, the total lengths 25.5 and 27.5 m, the 

reinforcement diameter of 8 mm with a cross section 

400x400 mm. The pile tested areas in construction 

site were showed on Figure 1. 

Fig. 1 The pile tested areas in construction site 

Caspian Sea Port “Prorva”. 

The project area is situated on the Northern 

Caspian Shelf. At present the North Caspian Sea has 

a limited water depth (maximum 5 to 8 m). The 

water level in the Caspian Sea depends on a balance 

between the inflow of river water and evaporation 

(see Figure 2). 

Fig. 2 Geotechnical profile based on Lab Results. 

This has resulted in large variations in sea level 

in the past. This explains the sequence and soil 

characteristics of the deposits. Table 1 shows 

engineering-geological structure of the construction 

site. Eleven engineering-geological elements (units) 

are identified based on the geological setting and the 

borehole logs. 
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Pile driving in EGE-10 material may be difficult. 

However, this layer is only encountered in one 

borehole (at the west side of the COF). 

Table 1 Engineering-geological elements 

(EGE) 

Soil 

type 

Genera

l 

consist

ency 

С φ, 

deg 

γnat

ural 

* ),

kN/

m3 

Su, 

kPa 

Eoe

d 

;ref 

(EGE-

1) 

FILL: 

SAND, 

clayey, 

calcareo

us 

loose 

to 

mediu

m 

dense 

0.7 29.4 19.4 25 2,80

0 

(EGE-

2) 

SILT, 

slightly 

organic, 

calcareo

us 

soft to 

firm 

0.7 29,4 19.3 15 2,75

0 

(EGE-

3) 

SAND, 

silty, 

calcareo

us 

mediu

m 

dense 

to 

dense 

2.7 31.5 19.0 - 30,0

00 

(EGE-

7) 

CLAY, 

silty, 

calcareo

us 

stiff 20.

8 

24.7 19.1 80 2,00

0 

(EGE-

8) 

SAND, 

silty, 

calcareo

us 

very 

dense 

2.4 31.8 20.0 - 40,0

00 

(EGE-

9) 

CLAY, 

sandy, 

calcareo

us 

very 

stiff 

22.

7 

23.8 20.6 150 4,00

0 

(EGE-

10) 

CLAY, 

silty, 

calcareo

us 

very 

stiff 

25 24.7 20.2 150 2,00

0 

Second Project construction site-Embassy of USA in 

Astana, Kazakhstan 

Construction site located at South-East part of 

capital of Republic Kazakhstan. Construction site 

located at South-East part of capital of Republic 

Kazakhstan. Territory of Astana city arranged in 

Kazakh shield so territory isn’t seismicity Loam, 

clay, eluvia formation presented by loam with 

inclusion of gruss and ballast stone, sandstone, 

siltstone. Geology-lithologic cut of construction site 

shown in Figure 3 [1].  

Fig. 3 Geology of construction site-Embassy 

of USA in Astana, Kazakhstan [1]. 

2. COMPRESSION STATIC LOAD TEST

IN CONSTRUCTION SITE PRORVA 

This test is used to measure the axial deflection of a 

vertical deep foundation when loaded in static axial 

compression. This vertical compression pile 

maintained load test is usually carried out to ensure 

the structural and geotechnical soundness of the pile 

and also to predict settlement of other piles. The 

usual procedure is to increase the load in stages until 

the proposed working load and a certain factor of 

safety is reached and then to unload and to leave the 

load off until the rise or rebound substantially ceases, 

the test in standardized by ASTM D1143 [2]. 

Testing with a static load (compression) was 

carried out in accordance with ASTM D 1143 [2]. 

Vertical static loading of piles using the SCLT 

method is one of the most widely used field test 

methods for soil used to analyze pile bearing 

capacity [2]. 

Static compression load tests were performed on 

precast concrete joint piles No. TP-02 and TP-03, 
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which are driving in COF Area with depth 25.50 and 

27.50, from ground level Baltic datum -25,609 m 

and pre-augering with auger dia. 330 m, depth 11.40 

m before driving. 

In SCLT testing, the test load on the pile is 

specified for two cycles (1639 kN and 3274 kN, 

respectively). Loading and unloading was carried 

out in the following sequence: 0, 30, 60, 90, 125, 90, 

60, 30, 0, 170, 210, 250, 210, 170, 125, 80, 40 and 

0% of design. In the first cycle, the experimental pile 

was loaded to 100% of the design value (1639 kN); 

during the second cycle, to 200% (3274 kN). The 

hold time while loading was 60 min; while 

unloading −10 min. It took 360 min, respectively, to 

attain peak load [3-6]. 

Testing platform presented itself system from 

steel, which consists of metallic beam and 2 

platforms located on equidistant distances from the 

centre main beams (see Figure 4). 

Fig. 4 Testing platform for static compression 

load test. 

SLT is a highly accurate and robust system that 

enables you to monitor static pile tests whilst also 

ensuring the safety of site operatives. 

Davisson’s Offset Limit Method (ultimate load) 

offers the benefit of allowing the engineer, when 

proofing a pile for a certain allowable load, to 

determine in advance the maximum allowable 

movement for this load with consideration to the 

length and size of the pile (See Table 1 and Figures 

5 and 6) [7-11]. 

Table 1 Pile characteristics and formula’s Davisson 

Pile number TP-02 

1 Pile section area A=0.16 m
2
 

2 Approximated pile 

diameter 

D=45.0 cm 

3 Load P=3000 kN 

4 pile length, L 26,75 m 

5 Young’s B 40 

6 Econ 45 000 000 kPa 

7 Elastic 

line=(P*L)/(A*E) 

0.011 m= 11 mm 

8 Davisson (ASTM) 

offset Δ=D/120+0.4 

0.78 cm= 7.8 mm 

9 Pile Ultimate Capacity 

(pile number TP-02) 

Fu 

2480 

(see Figure 5) 

Second pile (Pile number TP-03) 

10 Pile length, L 23,00 m 

11 Elastic 

line=(P*L)/(A*E) 

0.0096 m= 9.6 

mm 

12 Davisson (ASTM) 

offset: Δ=D/120+0.4 

0.78 cm= 7.8 mm 

13 Pile Ultimate Capacity 

(pile number TP-03) 

Fu 

2450 kN 

(see Figure 6) 

Figures 5 and 6 shows the results of SCLT testing. 

Fig. 5 Results of SCLT pile number TP-02. 

Fig. 6 Results of SCLT pile number TP-03. 

A primary advantage of this method is that the 

actual limit line can be drawn on the load movement 

diagram already before starting the test. The offset 

limit load criterion is primarily intended for 

interpretation of quick testing methods, but it can 

also be used when interpreting results from the slow 

methods. 

The Davisson Offset Limit is very sensitive to 
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errors in the measurements of load and movement 

and requires well-maintained equipment and 

accurate measurements. However, it is easy to apply 

and has gained wide acceptance. 

3. METHOD OF DYNAMIC LOAD TEST

(PDA)

Pile Dynamic Tests were performed on precast 

concrete joint piles No. G-26 and B-38. Piles were 

tested with PDA (Pile Driving Analyzer – Model 

PAX) using hammer JUNTTAN PM25LC with a 

hydraulic hammer HHK-9A of 9 tons of weight and 

a head-cap of 990 kg. On the tested pile a pair of 

accelerometers and at least a pair of strain 

transducers are attached at least two pile diameters 

below pile head. 

The Figure 7 presents CAPWAP analysis results 

that include plots of measured pile head data 

obtained under the hammer blows from the end of 

driving and associated simulated pile head and toe 

static load-movement relationships. 

Fig. 7 Results of SCLT and Dynamic load test 

with PDA. 

Difference between performed SCLT and PDA 

test could be explained partly because time gap 

between PDA and SCLT is 9 days and also because 

of driving nearby piles before SCLT test, what 

produce additional pore pressure and less friction at 

the time of SCLT. Since high bearing soil layers 

have large permeability it could be assumed that 

pore pressure effect and pile set-up are quicker. 

We have to be aware that simulation of static 

load test with CAPWAP (or DLT) does not include 

any long term effects like creep or long term 

settlements. This is why in almost all cases 

CAPWAP load-set curve is little higher than load-set 

curve from static load test, specially for higher loads 

and toe bearing piles. 

4. STATIC PILE TEST IN CONSTRUCTION

SITE-EMBASSY OF USA IN ASTANA 

The objective of static pile test is determination 

of settlement and bearing capacity of pile. 

Anchoring-stubborn stand consist with main and 

subsidiary systems, four `anchor pile used for pile 

test. 

Research polygon equipped by driving of testing 

and anchor piles, mounting of metalwork of 

anchoring stand, welding of anchor band. 

Equipment which used in static pile test as 

follows: 

- hydraulic jack СМZh58А, carrying capacity 2000 

kN; 

- hand pumping station MNSR with manometer 

MTP-160; 

- two deflectometer - 6 PАО. 

Jack with under base hand strain to pile and by 

up rag of it rod to basic hummer. Steel piles tested 

for 600 kN bearing load to press load 1200 kN, for 

400 kN bearing load to press load 800 kN. 

Field static pile test taken as follows [12-15]: 

- “rest “ pile stand during 7-10 days instant ending 

of driving pile; 

- loading of pile made by load up to 1200 kN and 

800 kN; 

- size of each step of load equal 50kN and 100 kN; 

- unloading of testing piles made step by step; 

- removal of samples from the deflectometer was 

carried out in the following order: first reading - 

right after the load application, and then sequentially 

through the four samples every 15 minutes of 

observation, two samples with an interval of 30 min 

and then every 60 minutes to conditional 

stabilization of deformation, ie until the precipitation 

rate of the pile at a given stage of loading will not 

exceed 0,1 mm in the last 60 minutes; 

- removal of count elastic deformation made on each 

step on unloading over 15 min. 

     4.1 Execution of static test of steel piles before 

heightening of pile length 

Graphic of dependence of settlement pile from 

load and variation of settlement on step of load 

received in test results. 

A static pile test of steel H-piles was carried out 

after the "rest” of pile after driving. Results of static 

test of steel piles before heightening of pile length 

shown in Table 2 and Figure 8 
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Table 2 - Results of static test of steel H - piles 

  Testing pile LT-1, driving depth L=7,0 m; 

Testing pile LT-4, driving depth L=9,25 m; 

    Testing pile LT-6, driving depth L=10,25 m; 

 Testing pile LT-7, driving depth L=8,0 m. 

Fig. 8 Graphics of dependence of settlement S 

from load P regarding results of static pile 

tests before heightening of pile length (by 

ASTM D/D 1143M-07). 

Results of static test of steel piles after heightening 

of pile length shown in Table 3 and Figure 9-10. 

Results of static pile test showed that after 

heightening of pile length given best results. 

Table 3  Results of static test of steel H - piles 

Fig. 9 Results of SLT pile numbers LT-3, 4. 

Fig. 10 Graphics dependence of settlement S 

from Load P for LT-5, 6 (by GOST 5686-94). 

 CONCLUSION 

Since 1994 year Kazakhstan Standard has not 

changed, ASTM standard was updated in 2007, and 

therefore takes latest developments in technology 

and technical terms and provides for the use of more 

modern equipment. 

The purpose of testing is determination of 

bearing capacity and the penetration depth of 

immersion of composite piles in problematical 

ground soils of Atyrau region, Kazkhstan. 

According to the results of DLT with PDA of 

driven piles (40×40 cm and lengths of 23 m and 

26.75 m) the bearing capacity of the piles amounted 

to be 2143 kN. The bearing capacity of driven piles 

according to the results of SCLT amounted to be 

2067 kN and 2042 kN. 

The disadvantage of the offset limit load lies in 

the difficulty of determining the modulus of 

elasticity E for concrete piles and concreted pipe 

piles. Davisson's method needs the pile to be loaded 

to failure to be applicable. 

We have to be aware that simulation of static 

load test with CAPWAP (or DLT) does not include 

any long term effects like creep or long term 

settlements. This is why in almost all cases 

CAPWAP load-set curve is little higher than load-set 

curve from static load test, specially for for higher 

loads and toe bearing piles. 
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ABSTRACT 

 
One of the methods to increase the water saving awareness is the water footprint which is based on the 

calculation of water usage incurred during the whole life cycle of a product. The case study in this research is the 
water footprint computation of a ceramic product, a mug. The life cycle of a mug is assessed from the first stage, 
resource extraction, followed by manufacturing, usage until the last stage, disposal. The calculation of water 
footprint is based on the ISO 14046: 2014 guidelines. Another objective of this research is to verify that the water 
footprint can be utilized effectively as a tool to enhance the awareness and the perception of the ceramic business 
owners towards the water saving issue. According to the research results, the paired t-test statistics was utilized to 
test the difference of the awareness level before and after introducing the water footprint concept to the business 
owners. The results indicate that the awareness is significantly built up after the application of water footprint 
education. This will lead to the sustainable use of water in the ceramic business 
 
Keywords: Awareness, Ceramic, Water footprint, Water saving 
 
 
INTRODUCTION 

 
The environment issues have come into the 

attention of people since the last decade and they are 
ranged from global warming to water drought. 
Although the society starts to be aware of the 
importance of the environment, the pathway which 
leads the conservation of environment in reality is 
still unclear and not practical. As a result, initiatives, 
such as carbon footprint, are introduced in order to be 
used as a tool to assess the carbon emission due to 
human activities with the objective of having the 
medium for carbon trade. Similarly, water footprint is 
the concept introduced by A.Y. Hoekstra from 
UNESCO-IHE in 2002 and it is the amount of 
freshwater used to make goods or provide services. 
The water footprint of every product or service will 
reflect the tangible amount of used water which is 
easy to understand for people who are related to any 
part of the life cycle of product or service. The 
objective of this research is to study the potential of 
water footprint as a tool to increase the level of 
awareness among the people. 

 
REVIEW 

 
According to Badruzzaman, Oppenheimer, Hess, 

Smith, Upson, Postle, and Jacangelo [1], the purposes 
of water footprint are differentiated into four 
categories, the measurement of water consumption, 
the identification of environmental influence in term 
of numerical results due to the consumption, the risk 
assessment regarding the consumption, the 

introduction of strategies leading to the reduced 
consumption. Noga and Wolbring [2] conducted a 
study on the perceptions of water ownership and 
water management among one hundred and sixty four 
individuals. The questionnaires were used as a 
research instrument and the questions regarding the 
water footprint were included. The results reveal that 
the questionnaire respondents are concerned with the 
water scarcity. Another finding is that education 
regarding the water conservation and recycling are 
needed and it is key leading to the raise of awareness. 
Moreover, most respondents agree that the water 
footprint might be a potential tool leading to alleviate 
the awareness. A study by Attari [3] also points out 
that the accuracy of water use perception (water 
footprint) is more precise than other means of 
perception measurement in the similar category, e.g., 
carbon footprint.  

Hoekstra and Chapagain [4] signify that the 
amount of water consumed for the production of 
services and commodities is the clear definition of 
water footprint and this number directly reflects the 
water use of the population in a nation. Their study is 
also extended to the identification of four factors 
affecting the amount of water footprint, namely, 
volume of consumption, consumption pattern, 
climate (growth conditions) and agricultural practice. 
Gerbens-Leenes and Hoekstra [5] identify that there 
are two parts of water footprint, i.e., operational water 
footprint and supply chain water footprint. Another 
way to categorize the water footprint is based on the 
types of freshwater sources, blue, green and gray 
water footprint. The blue water footprint is the 
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amount of water retrieved from the surface and 
ground water while the green water footprint is the 
water evaporated from the rainwater in the soil. On 
the other hand, the gray water footprint is the polluted 
water due to the manufacturing activities. According 
to Čuček, Klemeša and Kravanj [6], footprint is a 
powerful indicator used to measure the level of 
sustainability in term of environment, society and 
economy. 
 
METHOD 

 
In this study, there are two folds of processes used 

to carry on the research, the total water footprint 
calculation and the increasing level of awareness after 
the workshop regarding water footprint was 
introduced. The main concept of water footprint 
calculation is based on the identification of the 
framework of life cycle analysis. In term of 
framework, there are five steps incorporating with the 
framework creation. 

-identify the studied impact 
-identify the studied product 
-identify the functional unit of product 
-identify the period for data collection 
The initialization of the framework is shown in the 

following Fig. 1. 
 

 
 
Fig. 1 Research framework. 
 

The life cycle analysis is depicted in Fig. 2 as 
material flow analysis (MFA) which shows the scope 
of product life assessment (in this case, cradle to gate). 
For cradle to gate, the analysis focuses the life cycle 
only from resource extraction (cradle) to factory gate. 
However, if it is cradle to grave, the scenario will 
cover the whole life cycle of product (resource 
extraction, manufacturing, distribution, use and 
dispose). Moreover, another critical function of MFA 
is to identify the flow of materials in the 
manufacturing process of a certain product. 
Elaborately, MFA breaks the whole process into sub-
processes and each sub-process has inputs (resources), 
waste (emission) and output [7]. Another important 
method used to assess the potential of water footprint 
as a tool to raise the level of awareness is the 

questionnaires. They will distributed before and after 
the workshop regarding the water footprint was 
carried on. The paired t-test was utilized to signify the 
different level of awareness after the workshop. 
 

 
 
Fig. 2 Material flow analysis. 
 
RESEARCH PROCEDURES 

 
Since the target group of this study is the ceramic 

business owners and executives, the life cycle 
analysis of the ceramic product is limited to only 
cradle to gate which covers the impact from a partial 
product life cycle, i.e., resource extraction and 
manufacturing. A ceramic product which is used as 
the case study is a ceramic yellow jug for serving 
water. The weight of this jug is 500 gram and it is 
shown in Fig. 3. Therefore, the function unit of 
product is a jug. To illustrate the life cycle analysis, 
the manufacturing flow chart is depicted in Fig. 4 and 
it composes of six steps as follows: forming and 
finishing, biscuit firing, glazing, glost firing, 
polishing and packaging. 

 
 

 

 
 
 Fig. 3 Ceramic jug. 
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Fig. 4 Manufacturing flow chart. 
 
LIFE CYCLE ANALYSIS 

 
According to the material flow diagram, there are 

three raw materials required to manufacture a ceramic 
jug, prepared ceramic body, glaze and corrugated 
paper (for packaging). Due to Table 1 and 2, the water 
footprint of prepared ceramic body (l/kg) is equal to 
14.4 while the one of glaze is 65 l/kg (the data was 
forwarded from the suppliers who conducted the in-
house experiment to determine the water footprint 
data). On the other hand, the water footprint of 
corrugated paper (l/kg) in Table 3 is equal to 38.9 [8]. 
Therefore, the total water footprint due to the resource 
extraction equals 6.5+3.25+2.334 = 12.084 liter.  The 
forming, finishing and polishing tools are run by 
electricity which is generated by natural gas. 
However, the fuel of kiln is LPG (liquefied propane 
gas). The water footprint calculation for electricity 
and LPG is shown in Table 4 and 5. 
 
Table 1 Water footprint of raw material extraction 

(prepared ceramic body) 
 

Resource Weight 
(kg) 

Water 
Footprint 

( l/kg) 

Total(l) 

Prepared  
ceramic body 

0.45 14.4 6.5 

 
Table 2 Water footprint of raw material extraction 
(ceramic glaze) 
 

Resource Weight 
(kg) 

Water 
Footprint 

( l/kg) 

Total 
(l) 

Glaze 0.05 65 3.25 

Table 3 Water footprint of raw material extraction 
(corrugated paper) 

 
Resource Weight 

(kg) 
Water 

Footprint 
( l/kg) 

Total 
(l) 

Corrugated 
paper

0.06 38.9 2.334 

 
The water footprint calculation shown in Table 4 

and 5 obviously show that the generated electricity is 
contributed to both blue and gray water footprint. 
Since the blue water footprint equals 5.6 l/kWh while 
the gray water footprint is 5.7 l/kWh, the generation 
of electricity causes more polluted water than the 
used water (the amount of gray one is higher than the 
blue one.). In conclusion, the electricity used to 
manufacture a jug leads to the water footprint of 
0.8362 liter. According to Table 6 and 7, the blue and 
gray water footprint are equal to 2.51 l/kg and this 
implies that the extraction of LPG spends the same 
amount of surface water as the water it polluted [9]. 
Totally, the water footprint of LPG for a jug is equal 
to 4 liter. In conclusion, the total water footprint of 
the resource extraction and fuel used is shown in 
Table 8. Therefore, the water footprint of a ceramic 
jug (cradle to gate) is equal to 16.9202 liter. 
 
Table 4 Total amount of electricity used 
 

Resource Process Quantity 
(kWh) 

Electricity Forming  
and Finishing 

0.004 

Electricity Polishing 0.07
 
Table 5 Water footprint of electricity used 
 

Process Blue 
Water 

Footprint 
(5.6l/kWh) 

Gray 
Water 

Footprint 
(5.7l/kWh) 

Total(l) 

Forming 
and 

Finishing 

0.0224 0.0228 0.0452 

Polishing 0.392 0.399 0.791 
 0.8362 

 
Table 6 Total amount of LPG used 
 

Resource Process Quantity (kg) 
LPG Biscuit Firing 0.3 
LPG Glost Firing 0.5 

 
 
 
 
 

Input Process
Raw material
Item Unit Quantity Forming + Finiishing
Prepared ceramic body g 450
Resources
Item Unit Quantity
Electricity (Jolly machine) kWh 0.004

Input Process
Resources
Item Unit Quantity Biscuit Firing
LPG kg 0.3

Input Process
Raw material
Item Unit Quantity Glazing
Glaze g 50

Input Process
Resources
Item Unit Quantity Glost Firing
LPG kg 0.5

Input Process
Resources
Item Unit Quantity Polishing
Electricity (Polishing machine) kWh 0.07

Input Process
Resource
Item Unit Quantity Packaging
Corrugated paper g 60
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Table 7 Water footprint of LPG used 
 

Process Blue Water 
Footprint 

(2.51l/kWh) 

Gray Water 
Footprint 

(2.51l/kWh) 

Total(l) 

Biscuit 
Firing 

0.75 0.75 1.5 

Glost 
Firing 

1.25 1.25 2.5 

 4 
 
Table 8 Total water footprint of a ceramic jug 
 

Stage Material/fuel Water 
footprint 

Resource 
extraction 

Ceramic prepare body 6.5
Glaze 3.25

Material 2.334 
Electricity 0.8362 

LPG 4 
Total 16.9202 

 
LEVEL OF AWARENESS 

 
Two groups of samples are selected to be studied. 

The first group is the business owners and top 
executives (N=9) while the second group is the mid-
level management (N=15). The last group is the 
operators in the workshop (N=20).  All of them is 
working in the ceramic business. The level of 
awareness is started from distributing questionnaires 
by mails to all groups of respondents. Afterwards, all 
respondents was invited to participate in a one-day 
workshop. The content covers the life cycle analysis, 
the water footprint calculation as well as the above 
case study. After the class, the same set of 
questionnaires is re-utilized to assess the awareness. 
The questions are adapted from Carbon awareness 
questionnaires (available on 
https://www.dorsetforyou.gov.uk/media/191602/Car
bon-Awareness-Questionnaire/s) which are designed 
to assess the following aspects: attitude, 
environmental impact, water cost and waste, water 
saving, water usage reduction and motivation. The 
paired t-test was conducted to assess the knowledge 
and awareness of experimental group regarding the 
water footprint by comparing the pre-workshop and 
post-workshop means. The results signify that there 
both means differ significantly (p<0.01). Therefore, 
the conclusion is that the awareness of the top-
executive and workforces towards the environment 
increases dramatically after water footprint has been 
used a tool. 
 
 
 
 

Table 9 Questions and pre-training scores 
 

Question Pre-training 
Mean S.D. 

Q1: To what extent is your 
general attitude towards 
reducing your water footprint? 

1.21 
 

0.98

Q2: How aware are you of the 
environmental impact of water 
usage? 

1.58 1.04

Q3: What is your level of 
awareness of water costs and 
where water is wasted? 

1.96 1.21

Q4: How aware are you of the 
ways in which you can save 
water? 

1.41 1.44

Q5: Other than reducing your 
water use, how aware are you 
of the other ways to reduce your 
water footprint at work? 

1.77 1.13

Q6: How motivated are you to 
reduce your water footprint? 

1.28 1.22

Q7: The life cycle analysis for 
water footprint is useful for 
create environmental 
awareness. 

1.15 0.98

 
Table 10 Questions and post-training scores 
 

Question Post-training 
Mean S.D. 

Q1: To what extent is your 
general attitude towards 
reducing your water footprint? 

3.95 0.81 

Q2: How aware are you of the 
environmental impact of water 
usage? 

3.51 0.78 

Q3: What is your level of 
awareness of water costs and 
where water is wasted? 

4.05 0.89 

Q4: How aware are you of the 
ways in which you can save 
water? 

4.29 0.82 

Q5: Other than reducing your 
water use, how aware are you 
of the other ways to reduce your 
water footprint at work? 

3.69 0.96 

Q6: How motivated are you to 
reduce your water footprint? 

4.41 0.85 

Q7: The life cycle analysis for 
water footprint is useful for 
create environmental 
awareness. 

4.69 0.91 

 
CONCLUSIONS 

 
Theoretically, environmental awareness is the 

issue that comes to the interest of many people. 
Although a lot of information regarding the 
environment keeps flowing to the society through 
different mediums, a number of people still finds that 
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the environmental issue is not tangible. As a result, 
this study focuses on the utilization of the water 
footprint concept an instructional media to raise the 
environmental awareness of a specific group of 
people (who works in the ceramic industry). Based on 
the life cycle analysis, the water footprint of a case 
study (a ceramic product) is calculated to show a 
certain amount of water contributed to manufacturing 
a ceramic jug. Afterwards, the lesson learned from the 
computation of water footprint was used to train the 
target group with the objective to raise the 
environmental awareness. The pre-test and post-test 
were used to assess the awareness of the 
corresponding group while the paired t-test shows 
that the level of awareness before and after the test is 
significantly different after the water footprint 
training was introduced to the target group. 
Therefore, the practical water footprint method is 
proved to be effective in alleviating the awareness of 
people towards the environment. 
 
DISCUSSIONS AND FURTHER STUDIES 

 
The accuracy of water footprint calculation heavily 

relies on the inventory data. However, the preparation 
of inventory data in Thailand is not standardized. 
Therefore, most of the data is adopted from the 
foreign sources. This practice has the influence on the 
final result of the calculation. Moreover, the water 
footprint of the energy source might lead to the 
different results if other energy sources, e.g., biogas 
is used to fuel the kiln.  

 Since the target group of this study is the people 
who works in the manufacturing, the life cycle 
analysis only convers the manufacturing stage. 
However, the research study might be interesting to a 
large group of people if it is extended to the whole life 
cycle of the product (including distribution, use and 
dispose). 

 
 
REFERENCES 

 
[1] Badruzzaman M, Oppenheimer J, Hess T, Smith 

H, Upson S, Postle M, Jacangelo GJ, “Water 
Footprint: A New Concept for Sustainable Water 
Utilities”, Denver: Water Research Foundation, 
2014. 

[2] Noga J, Wolbring J, “Perceptions of Water 
Ownership, Water Management, and the 
Responsibility of Providing Clean Water”, 
Water, Vol. 5, 2013, pp. 1865-1889. 

[3] Attari SZ, “Perceptions of Water Use”, 
Proceedings of the National Academy of 
Sciences, Vol. 111(14), 2014, pp. 5129-5134. 

[4] Hoekstra AY, Chapagain AK, “Water Footprints 
of Nations: Water Use by People as A Function 
of Their Consumption Pattern”, Water Resource 
Management, Vol. 21(1), 2007, pp. 35-48. 

[5] Gerbens-Leenes PW, Hoekstra AY, “Business 
Water Footprint Accounting”, Delft: UNESCO-
IHE Institute for Water Education, 2008. 

[6] Čuček L, Klemeša JJ, Kravanja Z, “A Review of 
Footprint Analysis Tools for Monitoring Impacts 
on Sustainability”, J. of Cleaner Production, Vol. 
34, 2012, pp. 9-20. 

[7] Hoekstra AY, “The Water Footprint Assessment 
Manual: Setting the Global Standard”, London: 
Earthscan, 2011. 

[8] Corrugated Packaging Alliance, “Corrugated 
Packaging Life-cycle Assessment Summary 
Report”, Grove Village, 2010 

[9] EPE Empresa de Pesq.uisa Energética, “National 
Energy Balance 2011: Base year 2010”, Rio de 
Janeiro: Ministério de Minas E Energia, 2012. 

 
 
 

 



 

394 
 

 

 

 

 

 

 

 

 

Construction Materials 



 

395 
 

Seventh International Conference on Geotechnique, Construction Materials and 
Environment, Mie, Japan, Nov. 21-24, 2017, ISBN: 978-4-9905958-8-3 C3051 

MECHANICAL PROPERTIES OF FLY ASH GEOPOLYMER MORTAR 
CONTAINING RECYCLED GLASS 

 
 
 

Nattapong Damrongwiriyanupap1, Yue Huang2, Sangsan Wongchairattana1, Sakonwan Hanjitsuwan3, 
Tanakorn Phoo-ngernkham4 and Prinya Chindaprasirt5 

1Civil Engineering Program, School of Engineering, University of Phayao, Phayao, 56000, Thailand 
2Department of Civil Engineering, Faculty of Engineering and Technology,  

Liverpool John Moores University, Liverpool, L3 3AF, United Kingdom 
3Program of Civil Technology, Faculty of Industrial Technology,  

Lampang Rajabhat University, Lampang, 52100, Thailand 
4Research Center for Advances in Civil Engineering and Construction Materials,  

Department of Civil Engineering, Faculty of Engineering and Architecture,  
Rajamangala University of Technology Isan, Nakhon Ratchasima, 30000, Thailand 

5Sustainable Infrastructure Research and Development Center, Department of Civil Engineering,  
Faculty of Engineering, Khon Kaen University, Khon Kaen, 40002, Thailand 

 
ABSTRACT 

 
This study presents the development of green and sustainable mortars using novel geopolymer materials as the 

new binder and recycled glass as part of the aggregates. Recycled glass was used to partially replace fine aggregate 
at the amount of 0%, 25%, 50%, 75%, and 100% by weight. Sodium hydroxide (NaOH) and sodium silicate 
(Na2SiO3) solutions were used as liquid alkaline activation in all mixtures. The geopolymer samples were prepared 
with different liquid to solid binder ratios at 0.5, 0.6, and 0.7, and the ratio of Na2SiO3 to NaOH were fixed at 2.0. 
The compressive and flexural strength were determined at the age of 7, 28, 60, and 90 days. The results showed 
that the compressive and flexural strength of specimens increase with age. The optimum percentage replacement 
of fine aggregates with recycled glass was observed at 25%. With the proportion higher than optimum level, the 
compressive and flexural strength of geopolymer mortars were found to decrease with increasing amount of fine 
aggregate replacement.  
 
Keywords: Geopolymer mortar, Recycled glass, Fine aggregate replacement, Compressive strength, Flexural 
strength 
 
 
INTRODUCTION 

 
Recycled glass is increasingly being used in civil 

engineering applications such as construction backfill 
material, subbase and subgrade materials, pavement 
aggregates, trench bedding material, and landfill 
material. This clearly demonstrates the need for an 
alternative method of glass recycling, one in which 
large quantities of waste can be consumed. Thus, the 
construction industry presents an attractive way for 
the use of waste glass. One of the principal 
components of construction is concrete which is 
widely used in many countries. Several studies have 
been conducted to utilize recycled glass as aggregates 
in concrete [1]-[3] as well as using recycled glass 
powder as partial replacement of cement in concrete 
[4]-[8]. Only a few have studied the use of recycled 
glass as aggregate replacement and as cement partial 
replacement in ultra-high performance concrete. Le 
[9] and Yang et al. [10] used recycled glass with 
particle size of less than 600 microns as a replacement 
of 240 microns silica sand in ultra-high performance 

fibre-reinforced concrete. He reported that the 
samples with recycled glass has 12% lower 
compressive strength of the ones using silica sand 
when cured at room temperature and 4% lower when 
cured at 90C. The average 28 day strength of the 
samples cured at room temperature was found to be 
110 MPa while that of samples cured at 90C was 150 
MPa. Wille et al. [11] used very fine glass powder 
(median particle size of 1.7 micron) in the production 
of UHPC with a food-type mixer. They reported that 
glass powder can be used for cement replacement and 
that the optimum amount of replacement is 25% of 
cement by weight. Kou and Xing [12] used 45 
microns recycled glass powder as a cement 
replacement in UHPFRC. They reported that the 
replacement of cement with glass powder helps 
increasing the long-term strength of the concrete and 
that 15% replacement performs better than 30% 
replacement. Higher strengths are observed for the 
specimens cured at 90C in comparison to those cured 
at 20C. However, concrete production is highly 
resource and energy intensive, with the industry 
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responsible for approximately 5-8% of worldwide 
greenhouse gas emissions [13]. As such, 
opportunities to reduce the environmental impacts of 
the concrete industry are required.  Therefore, the use 
of new binding material i.e. geopolymer concrete is 
one the ways to reduce CO2 emissions due to Portland 
cement production. With natural aggregates within 
the world being present in limited quantities and 
decreasing every year, and producing crushed 
aggregate for use in the construction industry is costly. 
It can therefore be seen that incorporating recycled 
glass as an aggregate in structural concrete has the 
potential to not only produce environmental benefits 
in the reduction of landfill and the consumption of 
raw materials, but to also reduce costs for industry 
costs. In addition, the outcome of this research could 
help not only Thailand but also the world to divert 
significant quantity of waste material, i.e. waste glass 
from landfills and considerably reduce environmental 
damage caused by carbon emissions due to PC 
production. Therefore, in this work, the study on the 
effect of incorporation of recycled glass as fine 
aggregate replacement on mechanical properties of 
geopolymer mortar will be investigated. 

 
MATERIALS AND TESTING ANALYSIS  

 
All geopolymer mortars were made of fly ash 

(FA) from Mae Moh lignite power plant in northern 
Thailand. The chemical compositions of FA consist 
of SiO2 (25.6%), Al2O3 (9.1%), Fe2O3 (27.8%), CaO 
(25.0%), MgO (3.0%), K2O (3.0%), Na2O (0.2%), 
SO3 (6.0%), and LOI (0.3%) indicating that FA 
mainly consisted of SiO2 and Al2O3 and some 
impurities. The sum of SiO2, Al2O3 and Fe2O3 was 
62.5%, and the CaO content was high at 25.0%. This 
FA was Class C fly ash as specified by ASTM C618 
[14]. 10 molar sodium hydroxide (SH) and sodium 
silicate (SS) with 13.89% Na2O, 32.15% SiO2, and 
46.04% H2O were used as alkali activators. The local 
river sand with specific gravity of 2.62 and fineness 
modulus of 1.41 was used as fine aggregate. Crushed 
recycled glass used in this study has specific gravity 
and fineness modulus of 25.1 and 1.67, respectively. 

The abbreviations of FA-100S0G, FA-75S25G, 
FA-50S50G, FA-25S75G, and FA-0S100G with 
corresponding to fly ash geopolymer mortar with the 
amount of sand replacement with recycled glass at 
0%, 25%, 50%, 75%, and 100% by weight, 
respectively. The ratios of liquid to solid binder (L/B) 
were varied at 0.6 and 0.7. While, the ratio of SS to 
SH, and sand to binder was fixed at 2.0, and 1.0, 
respectively.  

In mixing process of geopolymer mortars, FA and 
sand/recycled glass were dry mixed until the mixture 
was homogenous which took approximately 1 minute. 
The alkali activator solutions were then added and the 
mixing was done for another 3 minutes. After mixing, 

mortar samples were then placed into 50x50x50 mm 
cube and 75x75x300 mm prism molds for 
compressive and flexural strength test, respectively. 
The specimens were wrapped with vinyl sheet to 
protect moisture loss and kept in the room 
temperature. The compressive and flexural strength 
of geopolymer mortars were measured at the age of 7 
and 28 days. The results were the average value of 
three samples. 

  
RESULTS AND DISCUSSION 

 
The 7-day and 28-day compressive strength of 

geopolymer mortars with L/B = 0.6 and 0.7 at 
different amount of sand replacement with recycled 
glass is summarized in Table 1. Figures 1 and 2 
illustrated the compressive strength of geopolymer 
mortars at 7 and 28 days, respectively. As seen in Figs 
1 and 2, the compressive strength of mortar 
specimens depended on L/B and percentage of 
recycled glass content in the mixtures. At 7 days, it is 
evident that compressive strength of specimens 
decreased with increasing of amount of sand 
replacement for both L/B = 0.6 and 0.7. And, the 
highest compressive strength was obtained at the 
control specimen, 0% replacement, that is 17.8 and 
13.2 MPa for L/B = 0.6 and 0.7, respectively. 
Whereas, at 28 days, samples with 25% sand 
replacement provided the highest strength that is 32.5 
and 29.5 MPa for L/B = 0.6 and 0.7, respectively. 
This is slightly higher than control specimens about 
0.93% and 4.2% for L/B =0.6 and 0.7, respectively. 
When the amount of sand replacement exceeded 
25%, the compressive strength of geopolymer 
mortars tentatively decreased. It is obviously noticed 
that, at L/B = 0.6 and 0.7, the 28-day compressive 
strength of specimens were higher than 7 days due to 
the increase of degree of geopolymerization.  

The flexural strength of geopolymer mortars 
exhibited the similar trend to compressive strength 
and was summarized in Table 2. The flexural strength 
of mortars at different L/B cured for 7 and 28 days are 
illustrated as Figs. 3 and 4, respectively. The trend of 
flexural strength tended to decline with increasing of 
sand replacement with recycled glass. At 28 days, the 
flexural strength of the mortar samples was higher 
than 7 days curing due to the additional geopolymeric 
reaction. At 7 days, the highest flexural strength of 
specimens was obtained at 0% sand replacement that 
was 0.14 MPa for L/B = 0.6. Whereas, at L/B =0.7, 
the highest flexural strength of mortars was observed 
at 25% sand replacement i.e. 0.12 MPa. However, this 
was not much different obtained from 0% 
replacement which was 0.11 MPa. Similar to the age 
of 7 days, L/B of 0.6 yielded the highest 28-day 
flexural strength of 0.29 MPa. 
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Table 1 Compressive strength of geopolymer 
mortars (MPa) 
 

Curing time 7 days 28 days 
L/B 0.6 0.7 0.6 0.7 

FA-100S0G 17.8 13.2 32.2 28.3 
FA-75S25G 16.9 11.9 32.5 29.5 
FA-50S50G 16.6 11.9 28.2 25.6 
FA-25S75G 16.4 10.9 26.1 25.7
FA-0S100G 14.5 10.8 24.7 24.6

 

 
 
Fig. 1 The 7-day compressive strength of 

geopolymer mortars containing recycled 
glass. 

 
 

 
 

Fig. 2 The 28-day compressive strength of 
geopolymer mortars containing recycled 
glass. 

 
 
 
 
 
 
 
 
 
 

Table 2 Flexural strength of geopolymer mortars 
(MPa) 
 

Curing time 7 days 28 days 
L/B 0.6 0.7 0.6 0.7 

FA-100S0G 0.14 0.11 0.75 0.12 
FA-75S25G 0.10 0.12 0.29 0.11 
FA-50S50G 0.10 0.11 0.27 0.12 
FA-25S75G 0.10 0.11 0.19 0.11
FA-0S100G 0.09 0.07 0.20 0.07

 

 
 
Fig. 3 The 7-day flexural strength of geopolymer 

mortars containing recycled glass. 
 
 

 
 
Fig. 4 The 28-day flexural strength of geopolymer 

mortars containing recycled glass. 
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CONCLUSION 
 

This study investigated experimental study on 
compressive and flexural strength of fly ash based 
geopolymer mortar mixed with recycled glass. 
Recycled glass was used to partially replace fine 
aggregate at the amount of 0%, 25%, 50%, 75%, and 
100% by weight. The results showed that 
compressive and flexural strength decreased with 
increasing of the amount of recycled glass 
replacement. At 25% replacement, it was found to be 
an optimal amount of recycled glass to provide 28-
day compressive strength slightly higher than control 
specimens, 0% replacement, which is about 0.93% 
and 4.2% for L/B =0.6 and 0.7, respectively. With 
higher than 25% sand replacement, the 28-day 
compressive strength tended to decline with the 
increase of amount of recycled glass in the mixtures. 
Both compressive and flexural strength at the age of 
28 days were higher than 7-day curing due to the 
increase of degree of polymerization. 
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ABSTRACT 

 
Polyethylene geomembranes have been widely used as primary barriers in environmental containments for 

decades. A good Construction Quality Assurance (CQA) plays an important role in producing a quality 
containment. Conventional geomembrane CQA program focuses only on quality of welded seams through 
traditional destructive and non-destructive seam tests. To ensure the sealing integrity of the installed 
geomembranes and long-term performance of the liner system, leak integrity surveys and monitoring are 
implemented so as to serve as validation at post-construction and even when the facilities are in operation. A new 
generation leak location liner system has been developed to facilitate a comprehensive liner leak testing and long 
term liner integrity monitoring. This paper presents a demonstration project carried out at a gypsum waste landfill 
facility in southwest China. Field investigations performed by third party surveyors have successfully and 
accurately located the blind holes placed by the local authority and owner of the facility. Results from the field 
tests demonstrated that the improved leak location liner system associated with permanent liner integrity 
monitoring technology can further reduce the risk of loss of containments, potentially enhances the environmental 
and economy sustainability of geomembrane lined facilities.   
 
Keywords: CQA, Electrical Liner Integrity Survey, Leak Location Liner, Spark Test, Permanent Monitoring. 
 
 
INTRODUCTION 

 
Phosphate gypsum, a waste containing calcium 

sulfate generated during the production of 
phosphorus fertilizer, should be properly contained 
due to environmental concerns. A large fertilizer 
(phosphate gypsum) processing operation located at 
Guizhou province, Southwest China was selected in 
this study. It has several large canyon gypsum stack 
disposal sites with an average height of nearly 100 
meters in the mountainous region. The waste disposal 
sites are lined with HDPE geomembranes and have 
been operating for almost 10 years.  

Today, Guizhou is the only provinces in Mainland 
China that requires a compulsory engineered 
geomembrane lining system for general industrial 
solid waste disposal facilities. This has been imposed 
by the provincial criteria (DB52/865-2013) 
particularly due to the local karst geological features, 
where seepage and ground water contamination in 
this area could be much difficult to detect and 
remedy.  The existing storage capacity that contains 
gypsum stack is expected to reach its capacity and 
hence plans are underway to build vertical expansions 
that combine two existing gypsum stacks, however 
leak prevention is a challenge to the design engineers 
in this particular site condition. It was then decided to 
construct a test pad to demonstrate the current best 
available technology and to acquire necessary 
engineering parameters for inclusion of this liner 

system in the final design of the site expansion. 
A demonstration project consisting of a 

preliminary test pad was built on an existing 
phosphate gypsum stack at the facility in October 
2015. The preliminary test pad was lined with high-
density polyethylene leak location liner (also known 
as electrically conductive geomembrane) as the 
primary barrier. After installation, an electrically 
spark testing was performed on installed liners at site 
to inspect for post-installation mechanical damage. A 
permanent Liner Integrity Monitoring System 
(LIMS) was conducted after the lined test pad has 
been covered with water, following with an Electrical 
Liner Integrity Survey (ELIS) performed on the test 
pad after covered with gypsum waste. 
 
GEOMEMBRANE PERFORMANCE AND 
ELECTRICAL LINER INTEGRITY SURVEYS 

 
Polyethylene geomembranes have been widely 

used as primary barriers in environmental 
containments for many decades. Many reports 
revealed that well-stabilized HDPE geomembranes 
are able to perform satisfactorily for decades if they 
are protected from mechanical aggressions. A proper 
geomembrane installation and associated 
construction quality assurance (CQA) is crucial to the 
long-term performance of lining system. Many case 
studies demonstrated that a well-planned and well-
executed CQA produces a high quality containment 



GEOMATE - Mie, Japan, Nov. 21-24, 2017 

400 
 

system; on the contrary, geomembrane will lose parts 
or all of its functions due to poor CQA.  The leakage 
analysis shows that high quality liner installation 
associated with a complete CQA program reduces 
liquid losses by 92% at different hydraulic heads over 
that of poor installation without an effective CQA 
program. In addition, an important note regarding 
geomembrane liners with “low quality” installations: 
data and in-house surveys suggest that over 30% of 
such systems experience a failure that requires either 
a substantial reconstruction or complete replacement 
of the system (Beck et al., 2009). 

Traditional geomembrane CQA program focuses 
only on weld quality through field destructive and 
non-destructive tests. To ensure the sealing integrity 
of installed geomembranes, field monitoring and leak 
integrity tests are required to serve as verification 
during and after construction, and even when the 
facilities are in operation. A case study of a landfill in 
Victoria, Australia indicated that 57 holes and 350 
dimples were found on the installed HDPE 
geomembrane through electrical survey at post-
installation even though a strict construction quality 
assurance program was executed (Bogoda et al. 2014). 

Survey data on occurrence of liner defects reveals 
that 24% of total amount comes from preliminary 
construction phase (geomembrane deployment, seam 
welding, etc.), 73% is related to final construction 
phase (backfill on geomembrane), defects occurrence 
at post-construction, early operational phase only 
takes 2% (Nosko et al., 1996). Figures 1 and 2 are 
classic examples of such defects. In addition, 
traditional CQA program is only examining the liner 
quality during preliminary construction phase. These 
statistical data clearly indicates that in order to ensure 
the liner integrity and long-term performance, it is 
essential to carry out electrical liner integrity survey 
(ELIS) on the entire installed geomembrane. 
Electrically spark testing on exposed geomembrane 
(ASTM D7240) and dipole survey on covered 
geomembrane (ASTM D7007) are proven 
technologies for such surveys performed at the final 
construction stage. Leak location liner featuring a 
conductive backing is the geomembrane product that 
has been tested and verified to be able to enhance the 
efficiency and accuracy of ELIS. 
 

 
 

Fig. 1 A defect caused by welding process. 

 
 

Fig. 2  Liner damage caused by large aggregate. 
 
Today, through combination of leak location liner 

and combi-modules, the system allows permanent 
leak monitoring of containments. The following 
section of this paper illustrates in details the 
application of ELIS and LIMS technologies in field 
and the results obtained from the demonstration. 
 
DEMONSTRATION PROJECT 

 
Test Pad Preparation  
 

A test pad of 30m x 30m was constructed above 
an existing gypsum stack. The test pad was prepared 
with depth of about 30cm and side slope gradient of 
4H: 1V. A 60cm deep trench was also constructed to 
anchor the geomembrane around the peripheral of test 
pad. The subgrade was properly compacted and 
levelling before receiving the geomembrane. Figure 3 
shows the cross section of the test pad and Fig. 4 is an 
overview of the prepared test pad. 
 

 
 

Fig. 3 Test pad cross section 
 

 
 
Fig. 4 An overview of the compacted test pad. 
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Geomembrane Liner Installation 
 
A 2.0mm thick white-surfaced leak location liner 

was directly deployed on the well-prepared subgrade 
foundation. Leak location liner has a thin integrated 
conductive layer at the bottom surface that is installed 
facing down. An ohmmeter can be used to check and 
ensure the connectivity of the conductive layer at site. 
The installation process of leak location liner is 
identical with that of standard geomembrane 
installation. Only few measures should be taken to 
ensure the geomembrane have a well-connecting 
electrically conductive bottom and a proper isolation 
of the dual track wedge welded conductive edges, 
which are the key factors to the success of ELIS and 
LIMS. These include:     
1. Use ISOlation-Wedge (Iso-Wedge) for welding 

the leak location liner. The Iso-Wedge is an 
improved fusion wedge that breaks the 
conductivity of the exposed flap from the rest of 
the sheet at the welded seams to avoid false 
positive signals when performing ELIS. The 
installer just have to replace the standard wedge 
with Iso-Wedge prior to seam welding and 
perform trial welding to verify that the Iso-
Wedge functions as required (Figs. 5 to 7). 

 

 
 
Fig. 5 Welded seam via conventional welder.         
 

 
 
Fig. 6 Welded seam via Iso-wedge welder.         
 

  
 
Fig. 7 Trial welding via Iso-wedge welder (left) 
and check conductivity at weld flap (right). 
 

2. Place an extra piece of 1m x 1m leak location 
liner at every 15 meters interval under the 
welding seam with the conductive layer facing 
up. This is to enhance the electrical connectivity 
of two adjacent panels (Figs. 8 and 9).  

 

  
 
Fig. 8 Extra piece insert and welding in progress.  
 

 
 
Fig. 9 Installed White Leak Location Liner.        
 
Field Spark Testing  

 
Leak location liner is an HDPE geomembrane that 

incorporates an electrically conductive layer and can 
be utilized for post-installation inspection, i.e., spark 
testing per ASTM D7240. To perform spark testing, 
a high electrical voltage of negative polarity 
(neoprene pad) is applied to the membrane sheet to be 
tested, and an electrode of positive polarity (test 
wand) is then passed over the geomembrane. Fig. 10 
shows the spark testing on installed geomembrane at 
site. Spark testing on the entire geomembrane surface 
was completed within few hours. Few damages 
caused during installation were found and patched. 

 

 
 

Fig. 10 Field spark testing on installed liner.          
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Permanent Liner Integrity Monitoring 
 

By integrating combi-modules into Leak Location 
Liner as shown in Fig. 11, field tests have 
demonstrated that this advanced technology is 
capable of performing continuous monitoring and 
permanent quality control of geomembrane liners 
during the operation of the facility, which is the 
highlight of this demonstration project.   
 

 
 
Fig. 11 Combi-Module embedded in Leak location 
liner. 

 
Combi-module is an electronic device that acts 

both as energy source and as sensor. It is a rare metal 
plate and encapsulated into a HDPE casing, thus is 
expected to last as long as the geomembrane. The 
combi-module is embedded in the liner, for doing so, 
a hole that is slightly smaller than the combi-module 
is cut off in the membrane sheet and the sensor’s 
flange is inserted and fixed by extrusion welding 
along the edge. As shown in Fig. 12, an integrated 
cable wire is assembled above the liner and connected 
with the central monitoring unit placed next to the test 
pad (normally indoor environment). The plugged-in 
central computer unit is responsible for collecting and 
analyzing data from the combi-modules located at 
different positions, supplying power and activates 
them. 
 

 
 
Fig. 12 Installed combi-module with cable wire.   

 
 
In the early field test that was performed to 

discover the synergies between the leak location liner 
and combi-module, it was found that when a hole was 
drilled on the liner, an electrical circuit between the 
energy source and sensor was formed, and the combi-
module closest to the hole received the most 
significant levels of energy. It was concluded that the 
conductive layer of leak location liner, independent 
from the subgrade soil conductivity, provides 
“electrical super highway” to the generated current, 
geomembrane welds does no effect on the survey data, 
and data is complete reproducible (Weiss et al., 2014). 

In this demonstration test pad, three combi-
modules were designed and integrated into the 
installed leak location liner. Leak as tiny as 1 mm2, 
that falls within the triangle area formed by the three 
combi-modules can be pinpointed. After the 
installation of leak location liner and combi-modules, 
and the set -up, calibrations of the central computer 
unit, a background state was established first. As 
shown in Fig. 13, the site was then flooded with acid 
water to a depth of 10-25 centimeters, and a local 
EPA officer was invited to create a hole of about 1.5 
centimeters in diameter through the liner with the 
absence of all surveyors. The central computer unit 
responds swiftly within less than 30 seconds after the 
hole is drilled, receiving data from the three combi-
modules to assist in locating the “blind” hole. From 
the measured data and the subsequent data analysis, 
the system detected the location of the blind hole with 
an estimated accuracy within a 1-meter diameter. 
This calculated location was compared with the actual 
measured location and was found varied by about 68 
centimeters (See Fig. 14). 
 

 
 
Fig. 13 Lined test pad flooded with acid water. 
 

The amount and layout of combi-modules 
designed for leak monitoring depend on the site 
geometry and the required detection accuracy. When 
using leak location liner, the area monitored by one 
combi-module is able to cover up to 3,000m2, which 
will provide a substantial reduction in numbers of 
combi-modules used for the leak monitoring and 
hence allowing a more cost-effective solution. 
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Fig. 14 Leak monitoring results. 
 
Electrical Liner Integrity Survey (ELIS) 

 
With the improvement of installation techniques, 

today Leak Location Liner also enables ELIS to be 
effectively performed over entire geomembrane and 
even with shallow cover soils or water. ELIS as 
detailed in ASTM D7007 are performed using the 
concept that if there is a sufficiently conductive 
medium both above (cover material) and below 
(subgrade soil or a conductive geomembrane layer) 
an insulating barrier (geomembrane) and each of 
these conductive mediums are oppositely electrically 
charged, electric current will flow towards and 
through any location where the integrity of the 
insulating barrier has been compromised. This current 
flow can then be detected using equipment that 
measures voltage drop between two measuring points. 
By taking these voltage drop measurements in a 
predetermined grid on the cover soil, holes can be 
pinpointed by finding locations where the current 
reverses direction (Ramsey B. et al., 2012). 

To perform leak survey on a conventional non-
conductive geomembrane, the conductive mediums 
must be in intimate contact with the geomembrane so 
that an electrical connection can be made through any 
holes in the geomembrane. For single-lined system 
using nonconductive traditional liner, an electrical 
liner integrity survey can only be performed 
successfully provided that the liner is in intimate 
contact with the subgrade soil that maintains 
sufficient natural moisture content. However, in most 
of the applications, that is not always a guaranteed 
condition to perform an electrical liner integrity 
survey on traditional geomembrane liner. In addition, 
covered ELIS cannot be performed easily on a double 
lined pond where the primary geomembrane liner is 
separated from the conductive subgrade by a geonet 
and a secondary liner. Similarly, even in a single lined 

pond, a hole that is located at the peak of a wrinkle in 
the liner is unlikely to be detected by ELIS on the 
traditional liner because the electrical connection is 
broken by the lack of intimate contact between the 
hole and the subgrade soil. In addition, in cases where 
there is a dry subgrade or encapsulated geosynthetic 
clay liner (GCL), the material beneath the 
nonconductive traditional liner may not be 
sufficiently conductive to perform the leak survey 
(Peggs I., 2007). However, when using leak location 
liner, the conductive layer in the geomembrane will 
serve as the conductive medium at the base of 
geomembrane and the aforementioned issues are no 
longer the concerns (H.B. Ng et al., 2013) 

At the demonstration test pad, a dipole test 
(quadrupole) was conducted by a third party surveyor 
after the local EPA personnel placed two “blind” 
holes and test pad was filled up with 30cm thick 
gypsum. Figure 15 shows the leak survey was in 
progress. The survey took almost 1.5 hours to 
complete and managed to identify leaks that were 
intentionally placed. One of the holes, nearer to the 
center of the site than the other was very accurately 
located to a distance of just a few centimeters.  The 
other leak was closer to the edge of the liner and 
because of some edge distortion effects the accuracy 
was not quite as good, but still within a 20 to 30 
centimeter radius. Figure 16 is the dipole test electric 
potential diagram with two leaks being detected. 

 

 
 
Fig. 15 Dipole (quadrupole) test in progress 
 

 
 
Fig. 16 Dipole test electric potential diagram. 
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SUMMARY AND CONCLUSION 
 

A series of geomembrane leak tests has been 
successfully demonstrated at a phosphate gypsum 
stack in Southwest China. Leak testing was essential 
at different construction stages, from the initial 
deployment to the final construction and operation 
phases. Completion of the field performance tests in 
this demonstration project has demonstrated the 
ability of electrically conductive geomembrane (Leak 
Location Liner) to be used to facilitate an ELIS and 
permanent LIMS. Few defects on the geomembrane 
were located accurately, both intentionally placed 
damage and other damages during construction. 
Local EPA officers, project owner and design 
engineers are satisfied with the outcome of the field 
demonstration, which provides them a complete 
solution for the leak prevention at their future gypsum 
stack projects located at the karst topography 
landscape. Parameters and methodologies obtained 
from the demonstration project will be served as a 
reference for future design and construction of 
environmental containments in the region. 

New generation leak location liner system, 
characterized by the modified welding and 
installation techniques, facilitates a comprehensive 
liner integrity tests, inclusive of spark testing on 
exposed Leak Location Liner, dipole test to be 
performed after the geomembrane is covered with 
shallow soils or water, permanent liner integrity 
monitoring at post-installation and even during the 
operation of the facility. The new generation leak 
location liner system has been successfully tested and 
verified as a reliable and effective technology that 
significantly enhances the quality of liner leak testing 
and to ensure a safeguard engineering containment 
system that potentially improves environmental and 
economy sustainability of geomembrane lined 
facilities. 
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ABSTRACT 

 
The generation and disposal of waste are inherent to life itself and have presented very serious problems to 

the human community. Waste tyre is one of disposal problem, especially in Indonesia, more than 50 billion 
waste tyre was generated per year. Recently, some research has been devoted to the utilization of steel fibers 
extracted from Waste tyre (SFEFWT) in concrete. This study is focusing on the use of SFEFWT with containing 
rice husk ash (RHA) in concrete mix. Steel fibers was extracted from chips of waste tyres by manual cutting 
process and cut to 1 inch (25.4mm) length. Number of cylindrical specimen of steel fibers extracted from waste 
tyre (SFEFWT) with addition of 0%, 0.25%, 0.5%, 0.75%, 1% and RHA with addition 15% by cement weigth 
was used in concrete mix to fabricated and tested. The mechanical properties, compressive strength, flexural 
strength and tensile strength at 28th day age were studied for concrete prepared. The result show that 
compressive, flexural and tensile strength was positively affected by the additions of SFEFWT on concrete 
containing RHA.  
 
Keywords: Concrete; Steel Fiber; Waste Tyre; RHA; Compressive Strength; Flexural Strength; Tensile Strength. 
 
I. INTRODUCTION 

Concrete is the most frequently used construction 
material in the world. However, it has low tensile 
strength, low ductility, and low energy absorption. 
An intrinsic cause of the deficient tensile behaviour 
of concrete is its low toughness and the presence of 
mentioned defects. Therefore, improving concrete 
toughness and reducing the size and amount of 
defects in concrete would lead to better concrete 
performance. An effective way to improve the 
toughness of concrete is the addiction of a relatively 
small fraction (usually 0.5–2.0% by volume) of 
short fibres to the concrete during mixing. Recent 
research is showing that adding to cement based 
materials recycled steel fibres (RSF) from wasted 
tires can decrease significantly the brittle behaviour 
of these materials, by improving its toughness and 
post-cracking resistance. The fibers such as steel, 
glass, polymeric, natural and plastic fibers mixed 
with concrete at particular cut length and specified 
aspect ratio and randomly distributed, can 
effectively be utilized to overwhelm such deficits. 
However, in developing countries like Indonesia the 
major problem to utilize steel fibers extracted from 
waste tyre (SFEFWT) produced from industry is 
inherent to life itself. In Indonesia, more than 50 
billion waste tyre was generated per year.  

The use of steel fibers extracted from waste tyre 
(SFEFWT) is day by day increasing in structural 
applications because of high stress resistance, 
toughness and long term strength. Using a little 
percentage of steel fibers efficiently improve the 
load-carrying capability of slabs on ground and 
significantly improve the slab ductility [1]. With the 

inclusion of hooked steel fibers with cut length of 6 
cm and aspect ratio of 80 and replacement of cement 
with 0.5%, and 1% improved the mechanical 
properties of concrete [2]. The inclusion of steel 
fibers in concrete considerably enhanced the 
engineering properties of mortar and concrete [3]. 
The addition of fibers to concrete considerably 
improves its structural characteristics such as static 
flexural strength, impact strength, tensile strength, 
ductility and flexural toughness [4]. The results of 
ultrasonic pulse velocity revealed that the using of 
small percentage of steel fiber in concrete improved 
the quality of concrete [5]. Recent study shows that 
the utilization of by-products such as fly ash and 
other materials for example, sawdust and glass 
powder is frequently used in recent research instead 
of rice husk ash (RHA). It was found that RHA 
which is high in silica content can become potential 
cement replacement material Turgut and Murat 
Algin [6]. RHA is a consequence of the cultivated 
industry which contains great amount of silicon 
dioxide (SiO2). Ephraim et al [7] conclude that use 
of Rice husk ash in construction works will decrease 
the environmental pollution, strengthen the concrete 
quality and optimize the cost of concrete as well as 
resolving the problem of agricultural waste 
management. Khassaf et al [8] determine that 
workability of fresh concrete fall with the increase 
of RHA content. Rice Husk Ash concrete gives a 
durable and good structural concrete for both short 
term and long term considerations [9]. In this study, 
the effect of steel fiber extracted from waste tyre on 
concrete containing rice husk ash was investigated. 
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II.  Materials and Method 

 II.1 Materials Used 

  II.1.1 Cement 

  Ordinary Portland Cement (OPC) commonly 
available in market was used. 

  II.1.2 Fine and Coarse Aggregate 

  Locally available aggregates were used; fine 
aggregate with size retained on 200 number sieve 
and passing from 4.75 mm. The specific gravity and 
fineness modulus of fine aggregate was 2.57 
respectively. The coarse aggregate used was locally 
available quarry having two different sizes; one 
fraction is passing through 20 mm sieve and another 
fraction passing through 10 mm sieve. The specific 
gravity of 20 mm and 10 mm aggregates are 2.70 
and 2.60 respectively.  

  II.1.3 Water 

 Potable tape water was used in mix 
preparation. 

  II.1.4 Steel Fiber Extracted From Waste 
Tyre 

 Waste tyres in Indonesia are the low-priced, 
economical and in abundance available material. In 
Indonesia there is a lack of appropriate recycling 
industry of waste tyres, manually a huge amount of 
Steel fiber are being taken out which includes a little 
quantity of rubber particles on their surfaces. In this 
study, the steel fibers taken out from waste tyres are 
used in the concrete mix to form a composite fibrous 
material. Steel fibers waste tyre were extracted from 
chips of waste tyres by manual cutting process 
(Figure 1 and Figure 2) and cut to 1 inch (25.4 mm) 
length (Figure 3) and average diameter of fiber was 
0.28 mm keeping aspect ratio 90. As waste tyres 
steel fibers are uniformly and randomly distributed 
in different proportions from (0-1%) with increment 
of 0.25% by the weight of cement to prepare the 
different concrete matrix. The chips of waste tyres 
available in local market; normally they sell those as 
scrap to scarp industry. 

 

 

 

 

 

 

 

 

Figure 1. Waste Tyre 

 

 

 

 

 

 

 

 

Figure 2. Cutting Process From Waste Tyre to 
Obtained Steel Fiber Extracted 

 

 

 

 

 

 

 

 

 

Figure 3. Steel Fiber Extracted From Waste Tyre 

 

 

 

 

 

 

 

 

 
 

Figure 4. Steel Fiber in 1 Inch Cut Length 
 
 II.1.5 Rice Husk Ash 

 RHA is a consequence of the cultivated 
industry which contains great amount of silicon 
dioxide (SiO2). RHA contains about 75 percent of 
organic content and the remaining 25 percent of 
husk is transformed into ash during the burning 
process, is identified as rice husk ash. RHA obtained 
from rice sheller in Padang. The specific gravity of 
RHA was 2.30. The chemical composition of RHA 
was tested at Indarung II, Padang Cement Factory 
Indonesia and the results is given in Table 1. Figure 
4 shows the Rice Husk Ash material. 
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Table 1. Chemical Composition of Rice Husk Ash 

 

 

 

 

 

 

 

 

Figure 5. Rice Husk Ash 
 
 II.2  Experimental Program 

 II.2.1 Mix Proportions of Concrete 

The concrete mix is designed as Indonesian 
Nasional Standar (SNI) for the normal concrete. 
M35 grade of concrete is used to examine the 
mechanical properties of concrete with 0.52 water -
cement ratio. Five mixture proportions were made. 
First was control mix (with RHA, without steel 
fiber), and the other four mixes is steel fiber with 
percentage of 0.25%, 0.5%, 0.75%, 1% contained 
rice husk ash.  

Table 2. Mix Proportions 

Sampel 
ID 

C SF 
0% 

SF 
0.25
% 

SF 
0.5
0% 

SF 
0.75
%

SF 
1% 

Cement 
(kg/m3) 391 332.

35 
332.
35 

332
.35 

332.
35 

332.
35 

Water 
(kg/m3) 205 205 205 205 205 205 

F.A. 
(kg/m3) 

725.
6 

725.
6 

725.
6 

725
.6 

725.
6 

725.
6 

C.A. 
(kg/m3) 

108
8.4 

108
8.4 

108
8.4 

108
8.4 

108
8.4 

108
8.4 

SFEFW
T 

(kg/m3) 
- - 0.97

6 
1.9
55 

2.93
3 

3.91
0 

RHA 
(kg/m3) - 58.5

60 
58.5
60 

58.
560 

58.5
60 

58.5
60 

 

  Cement was replaced with rice husk ash by 
weight. The proportions of cement replaced 15%. 
The ingredients of concrete were thoroughly mixed 
in a mixer machine till uniform consistency was 
achieved. Mix proportions are given in Table 2. 

 II.2.2 Casting of Specimens 

 Total 27 cylinders were casted, for 
compressive, tensile and flexural strength test. 
Cylindrical specimens of length 300 mm and 
diameter 150 mm and beam specimens  of length 
500 mm, wide 100 mm, high 100 mm casted with 
0%, 0.25%, 0.5%, 0.75% and 1% with used waste 
tyre steel fibers extracted in Concrete containing rice 
husk ash addition 15% by weight of cement. 

 II.2.3 Testing of Specimens 

 Compressive, splitting tensile and flexural 
strength tests were conducted on cylindrical 
specimens and beam specimens using Universal 
testing machine (UTM) and Flexural test in the 
concrete laboratory of PT. Semen Padang as per SNI 
1974:2011, ASTM C 496-86 and ASTM C 293-08. 
Figures 6, 7 and 8 show the specimens under 
compressive, splitting tensile and flexural testing in 
the laboratory. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 6. Compressive Test on Cylindrical 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. Splitting Tensile Test on Cylindrical 
 

Chemical 

Composition Formulae (%) 
Content 

Silicon Dioxide SiO2 90.13 
Aluminium 

Trioxide Al2O3 1.88 

Iron Oxide Fe2O3 0.89 
Lime CaO 0.23 

Magnesium 
Oxide MgO 0.87 

Potassium Oxide K2O 2.55 
Loss of Ignition LOI 2.65 
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Figure 8. Flexural Test on Beam 
 

III. RESULT AND DISCUSSION 
III.1 Compressive Strength  

 The results of the tests for compressive strength 
performed on the samples are shown in Table 3. 
 

Table 3. 28 Days Compressive Strength of  
Cylinder Specimen 

No. 
(SFEFWT) 

Content 
(%) 

Rice Husk 
Ash 

Content 
(%) 

Compressi
ve Strength 

(N/mm2) 

1 0 15 32.60 
2 0.25 15 33.40 
3 0.50 15 34.40 
4 0.75 15 35.30 
5 1.00 15 36.20 

*SFEFWT : Steel Fiber Extracted From Waste Tyre 
 

 The results presented in Table 3, Figure 6 and 
Figure 9, that the compressive strength of concrete 
reinforced containing rice husk ash with percentages 
of SFEFWT slightly increases from 0% to 0.5%, 
0.75% and 1% after 28 days. The maximum 11% 
increase i.e. 36.20 N/mm2 as compared to without 
SFEFWT concrete; at addition of 1.0% SFEFWT. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9. Avarage Compressive Strength of  
Ordinary and SFEFWT RHA Concrete  

III.2 Splitting Tensile Strength 
 The results of the tests for splitting tensile 
strength performed on the samples are shown in 
Table 4. 

 
Table 4. 28 Days Splitting Tensile Strength 

of Cylinder Specimen 
 

No. 
(SFEFWT) 

Content 
(%) 

Rice Husk 
Ash 

Content 
(%) 

Splitting 
Tensile 

Strength 
(N/mm2) 

1 0 15 2.76 
2 0.25 15 2.83 
3 0.50 15 2.93 
4 0.75 15 2.98 
5 1.00 15 3.35 

*SFEFWT : Steel Fiber Extracted From Waste Tyre 
 

 The Splitting tensile strength in concrete 
containing rice husk ash mixes made with SFEFWT 
was determined at 28 days. The results presented in 
Table 4, Figure 7 and Figure 10, that the splitting 
tensile strength of concrete reinforced containing 
rice husk ash with SFEFWT increases with the 
increase of SFEFWT content. As can be seen from 
Table 4, the maximum 21% increase i.e. 3.35 
N/mm2 by addition of 1.0% SFEFWT on RHA 
concrete. 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
Figure 10.  Avarage Splitting Tensile  Strength of  

Ordinary And SFEFWT RHA Concrete  
 

 
 III.3 Flexural Strength 
 

 The results of the indirect flexural strength tests 
performed on the samples are shown in Table 5. 
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Table 5. 28 Days Indirect Flexural Strength 
of Cylindrical Specimen  

No. 
(SFEFWT) 

Content 
(%) 

Rice Husk 
Ash 

Content 
(%) 

Flexural 
Strength 
(N/mm2) 

1 0 15 5.30 
2 0.25 15 5.66 
3 0.50 15 5.78 
4 0.75 15 5.89 
5 1.00 15 6.00 

*SFEFWT : Steel Fiber Extracted From Waste Tyre 
 
 The results of flexural strength of concrete 
containing rice husk ash mixes made with SFEFWT 
measured at 28 days are given in Table 5, Figure 8 
and Figure 11. Test results indicate that the flexural 
strength increases as the percentage of the SFEFWT 
from 0% to 0.5%, 0.75% and 1%. The maximum 
flexural strength in concrete containing rice husk ash 
with the addition of 1.0% of SFEFWT is 6.00 
N/mm2, which is 13% increment as compared to 
conventional concrete. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 11.  Avarage  Flexural Strength of Ordinary 
and SFEFWT RHA Concrete   

 
   
IV. CONCLUSION 

 
The following conclusions could be arrived at 

from the study: 
 Compressive strength, Splitting tensile 

strength and Flexural strength of steel 
fiber extracted from waste tyre 
(SFEFWT) in Concrete containing rice 
husk ash concrete specimens were 
stronger than the plan concrete (control 
mix) specimens at all the percentage. 

 At all the concrete investigated, the 
maximum of compressive strength 11% 
increase i.e. 36.20 N/mm2 as compared 
to without SFEFWT concrete; at 
addition of 1.0% SFEFWT in Concrete 
containing rice husk ash.  

 For splitting tensile strength, the 
maximum 21% increase i.e. 3.35 
N/mm2 was observed at addition of 
1.0% SFEFWT as compared to without 
SFEFWT concrete. 

 The maximum flexural strength with the 
addition of 1.0% of SFEFWT 
containing rice husk ash is 6.00 N/mm2, 
which is 13% increment as compared to 
conventional concrete. 
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ABSTRACT 

 
Cold-formed steel (CFS) provides high strength-to-weight ratios that prove efficient in the construction of 

steel structures. CFS Z-section members exhibit buckling failures that may be difficult to predict due to 
complexity in geometry. There exists a gap in experimental and computational studies done in the Philippines 
regarding the structural performance of locally-produced CFS members. The objective of this study is to 
investigate the load-carrying capacity of Z-section CFS members when subjected to axial compression using 
experimental and computational methods. The study considers a total of 180 member samples with one section 
shape, six different lengths and six different thicknesses. Experimentally, the CFS members were subjected to 
compression loads using a standing steel frame with a hydraulic jack, a load cell and 4 displacement transducers 
to record the parameters needed for the investigation. High-speed video recordings were used to verify the 
different failure modes. These are then compared to computational results as per the National Structural Code of 
the Philippines (NSCP). Furthermore, the study also provides a comparison of experimental and computational 
results with Finite Element Method (FEM) using ANSYS. The main failure modes were torsional-flexural and 
distortional buckling. Torsional-flexural buckling was observed in 74.01% of the samples. Although 72.88% of 
the failure modes were predicted correctly, it was found that the provisions in the NSCP in predicting the 
strength of the member were relatively high with respect to the experimental and FEM results.  This means that 
the predicted strength was non-conservative. It was also found that a modification factor of 0.52 can be used to 
achieve similar results between the predicted and actual strength of the member. 
 
Keywords: Cold-formed Steel, Compression Members, Buckling Failures, Z-section 
 
 
INTRODUCTION 

 
The gap of experimental studies done in the 

Philippines for CFS may be overlooked by structural 
designers. The National Structural Code of the 
Philippines or NSCP (which will also be referred as 
the Code) stipulates design procedures based on 
foreign experiments and standards in the application 
of CFS members in the construction of various types 
of structures. The use of thinner sections and higher 
yield strengths can lead to structural design 
problems [1], [2]. These are due to its complexity 
that is not routinely encountered by most structural 
engineers. To allow for safety, the structure must be 
closely studied in accordance with the Code or other 
methods such as performance-based analysis.  

Currently, there are design provisions for CFS 
members in the NSCP that can be used by structural 
designers. It has the capability of computing the 
compressive strength of Z-section CFS. However, 
these provisions in the Code were based on design 
standards formulated in other countries. Although 
the steel used may be the same, the process of local 
manufacturing may have slight variation that might 
affect its performance.  

Over the years, the NSCP has been regarded as 
the sole basis of design of structures all over the 

Philippines [3]. The provisions in the Code are 
assumed to be correct and safe. Confidence in safety 
is achieved when the provisions in the Code are 
religiously followed. However, the design provisions 
of Z-section CFS have not been fully verified in the 
field. Experimental tests are needed to confirm the 
accuracy of its design. In axial compression, Z-
section CFS can be unstable in different failure 
modes such as local, distortional and flexural or 
torsional-flexural buckling [4].  

For reference, the typical cross-section of a Cold 
Form Steel Z-section is shown in Fig. 1. 

 

 
 

Fig. 1 Cross-section of Z-section CFS 
 
The main objective of this study is to investigate 

the load carrying-capacity of Z-shaped Cold Formed 
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Steel when subjected to axial compression. The 
specific objectives are: (1) to investigate the 
different buckling modes; (2) to evaluate the axial 
strength based on the Code and experimental tests; 
(3) to analyze using Finite Element Method (FEM); 
and (4) to compare the predictions (Code and FEM) 
with the experimental results.  

 
METHODOLOGY 

 
This study focused on experimental and 

computational methods of research. The 
experimental method of this study is to conduct 
compressive tests on Z-section cold-formed steel to 
acquire its strength and mode of failure. The 
computational aspect of the study is done by using 
the formulas recommended by the Code in 
determining the strength and mode of failure of each 
member. The critical loads obtained from 
experiment and calculations are compared to verify 
the reliability of the Code provisions. Furthermore, 
these critical loads were then compared to the results 
of ANSYS Finite Element Method (FEM) analysis. 

 
CFS Z-section specimens 

 
The shape of the section is in the form of a Z and 

is skew symmetric. The section size conform to the 
limits for unrestrained Z-sections with simple lip 
stiffeners stipulated in section 553.4 of the NSCP. 
The Z-section is with a web and two flanges with 
simple lip stiffeners as shown in Fig. 1. It is also 
considered as a point-symmetric section. Based on 
the availability in the market and to conform to the 
limits, a 2” x 4” (50mm x 100mm) Z-section CFS 
member was used in the experiment. That is, 2 
inches for the flanges and 4 inches for the web. The 
code adopted for each member sample type is 
tabulated in Table 1. There were six thicknesses and 
six lengths considered in the study. Each type has 
five test samples, for a total of 180 member samples 
considered in this study. 
 
Table 1 Code used for the test member sample type 
 

Code Length 
(mm) 

Code Thickness 
(mm) 

1 800 A 0.80 
2 1100 B 1.00 
3 1400 C 1.20 
4 1700 D 1.40
5 1800 E 1.50 
6 2000 F 1.80 

 
The lengths of the members were based on the 

experiment done before for C-sections [5]. The 
thickness of the steel was also dependent on the 
available thickness that are commercially available. 
To ensure that calculations were accurate, actual 

measurements of the dimensions of the samples 
were taken prior to test of each sample. The 
measurements were taken using a digital caliper 
measuring two flanges, two lips, web, thickness and 
overall height. Each element of the cross-section 
together with the thickness and length were 
measured three times at approximately three 
equidistant sections (e.g. top, middle & bottom). The 
web height is nominally 100 mm. The flange width 
is nominally 50 mm. The lip height is nominally 20 
mm. 

Material properties that were considered to affect 
the strength and failure modes of the member are the 
yield strength, fy, and modulus of elasticity, E. 
These material properties were determined using 
ASTM E8: Standard Test Methods for Tension 
Testing of Metallic Materials where strips of metal 
were cut and tested from the sample population of Z-
section CFS. These material properties together with 
the dimensions parameters were used in determining 
the nominal strength and effective dimensions of the 
web, flange and lip elements. 

 
Experimental test set-up 

 
The experimental set-up is illustrated in Fig. 2. 

The member sample was placed with its transverse 
axis at a 45-degree angle with respect to the plane of 
the steel frame. This is to allow space for the 
placement of the displacement transducer and to 
ensure that the displacements in the web and flange 
are recorded.  
 

 
 
Fig. 2 Experimental set-up 
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The member samples were loaded axially in 

compression by the use of a hydraulic jack. The 
loading was gradual for all samples. Load cell was 
placed right below the hydraulic jack to monitor the 
load that was applied. To simplify the calculation of 
the axial force, the end conditions were designed to 
be pin-supported, that is, the supports are not 
restrained from twisting and bending [5]. To 
simulate the pin-ended condition of the member, 
steel end caps were placed in both ends of the 
member with a 20mm diameter bearing ball attached 
to provide a ball and socket mechanism for the 
sample to rotate freely about its ends. The ball was 
positioned so that the line of action of the force will 
pass through the centroid of the cross-section of the 
sample so that the members can be said to be 
concentrically-loaded.  

Two displacement transducers were placed in 
both flanges to record the distortion. Another 
transducer was also placed in the web to record 
flexural and/or torsional movement. These three 
transducers were placed approximately at mid span. 
Another transducer was placed at the bottom cap to 
measure the vertical displacement. Data loggers, 
load cells and transducers were used to measure the 
experimental data for strength, displacement and 
deformation to provide accurate results. High-speed 
cameras were also used to observe the governing 
failure mode, which is the first buckling failure that 
occurred. The load, element movements and 
longitudinal movement were recorded using a data 
logger which was able to record all four 
displacements and the load applied to the member.  

 
Failure modes 

 
Evaluation of the failure modes is as important 

as determining the strength. The modes of failure are 
mainly of yielding, torsional or torsional-flexural or 
distortional buckling. The standing steel frame was 
used with data loggers to determine the movements 
of the member as it is loaded in compression. Local 
buckling was usually encountered first. Even if local 
buckling transpired, it was further loaded to see the 
buckling mode that the member will exhibit. The 
different modes of failure are illustrated in Fig. 3. 
However, the figures just demonstrate the general 
movements of the elements for each mode. The 
movement of the elements can either be inward or 
outward which makes the failure modes more 
complex. Consequently, a forward or backward 
movement can also transpire. Furthermore, there 
exists a local-global interaction in buckling failure 
modes such that multiple modes can be exhibited by 
a member sample [6]. 
 

 
 
Fig. 3 Section buckling modes of failure 

 
 
RESULTS AND DISCUSSION 
 

The calculation of strength depends heavily on 
the values of the yield strength and modulus of 
elasticity of Galvanized Iron sheets or G.I. sheets 
from where the Z-section CFS were made from. Test 
results indicate an average yield strength obtained 
was 306.04 which is a typical strength for 
galvanized iron sheets. Furthermore, the average 
modulus of elasticity from the test was 23.99 GPa.  

 
Evaluation of strength through experiment 

 
The compressive strengths of the Z-section CFS 

were evaluated from the 180 samples with varying 
thickness and length. These strengths will be termed 
as “experimental strengths”. The experimental 
strength of each sample was taken as the maximum 
load recorded. The experimental strength results are 
summarized in matrix form in Table 2. The first 
column and first row represents the thicknesses and 
lengths, respectively. Referring from Table 1, codes 
A to F represent the thickness, while Codes 1 to 6 
represents the length, both in ascending values.  
 
Table 2 Experimental strength results (kN) 
 
Code 1  2  3  4  5  6  

A  1.64 1.37 0.93 1.19 1.20 0.79 
B 2.41 2.06 1.94 1.87 1.39 1.46 
C 3.21 2.92 2.73 2.51 2.45 2.13 
D 4.96 4.33 4.17 3.31 2.84 2.77 
E 5.08 4.13 4.80 4.06 3.36 3.09 
F 8.16 6.93 5.84 5.18 4.65 3.73 

 
As seen in Table 2, the experimental strengths 

were affected by the thickness and the length. The 
thicker the member the higher the load it can carry.   
The longer the member, the lower is the strength. 

The length and thickness also influence the 
buckling mode of failure. Thickness governs the 
local buckling susceptibility of the individual 
elements. The length influences the global buckling 
susceptibility of the member. The values in Table 2 
provide a more analytic measure on how much both 
parameters affect the strength of the member.  

The observation of the failure modes was done 
by identifying the movement both locally and 
globally. Local, torsional-flexural, and distortional 
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buckling conditions were the main failure modes to 
be identified. These failure modes can be identified 
when similar failures are observed as those shown in 
Fig. 3. As example, Fig. 4 shows torsional-flexural 
(TF) and distortional buckling (DB).  Yielding is not 
expected to be observed since the GI sheets used in 
the member are very thin.  

 

 
 
Fig. 4 Failure due to torsional-flexural bucking 

(right) and distortional buckling (left) 
 
Evaluation of strength through computation 

 
The computations of the strength of the 

members, termed as “computational strength”, were 
done using the formulas and provisions stipulated in 
the NSCP for the design strength of Cold-Formed 
Steel compression members. These provisions are 
summarized in NSCP Sections 552 and 553. The 
Code considers three main failure modes for CFS Z-
section members. These are yielding, torsional-
flexural and distortional buckling. The 
computational strength considered based on the 
provisions of the code was taken as the lowest load 
amongst the three failure modes. Although the 
yielding strength is generally unattainable, it was 
still computed for comparison with the buckling 
strength. The computational strength results are 
summarized in Table 3. 

The same influence of thickness and length is 
observed in the computational strength, that is: the 
longer the length, the lower the strength; and the 
thicker the member, the higher the strength. As seen 
in Table 3, the shortest length of 800 mm and a 
thickest GI sheet of 1.8 mm resulted to the largest 
computational strength. 

 
Table 3 Computational strength results (kN) 
 

Code 1  2  3  4  5 6 
A  4.73 4.88 4.03 3.29 3.13 2.77 
B 7.42 6.53 4.79 4.01 3.90 3.46 
C 8.67 6.97 5.57 4.74 4.42 3.93 
D 11.73 8.57 6.55 5.33 4.91 4.42 
E 12.50 9.25 7.04 5.72 5.15 4.69 
F 14.71 10.90 7.97 6.53 6.20 5.70 

 

Evaluation of strength through FEM 
 

“FEM strengths” is the term used for the strength 
of the members that were obtained using the FEM 
analysis. There were three general steps in 
determining the strength of a member. These are 
generation of the model and setting up of the 
boundary conditions, solving the model and 
gathering and analyzing the results [7]. Prior to 
analysis, an input for the modulus of elasticity, the 
yield strength, and density of 8027.28 kg/m3 were 
inputted in the engineering data. The FEM results 
are summarized in Table 4.  
 
Table 4  FEM strength results (kN) 
 

Code 1  2  3  4  5  6  
A  0.63 0.78 0.78 0.76 0.82 0.71 
B 1.54 1.58 1.25 1.47 1.58 1.58 
C 2.12 2.34 2.38 2.55 2.50 2.42
D 3.88 4.03 3.74 3.89 3.64 3.76 
E 4.57 4.93 4.51 4.83 4.57 4.41 
F 7.89 8.30 7.37 7.52 7.08 6.09 
 
The goal of using FEM is to verify further the 

results of the computational and experimental 
strength evaluations. The strength was analyzed 
using the Eigenvalue buckling analysis of ANSYS. 
A unit axial load was used as the initial load. A 
sample result of FEM is illustrated in Fig 5. The load 
multiplier is the strength of sample A1 in Newtons. 
 

 
 
Fig. 5 Cross-section of sample A1 failure using FEM 
 
Analysis of Strength Evaluation Results 

 
The strength results are compared to one another, 

as shown in Fig. 6. The diagonal line is the equality 
line that represents the points at which the 
computational strength is equal to the experimental 
strength. Majority of the data points fall below the 
equality line, indicating over-estimate of the 
computational strength. The FEM/experimental 
strength was also plotted and showed good 
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agreement between FEM and experimental 
strengths. A linear regression was done to show 
slope for the best-fit line. The FEM strengths show 
better fit with the experimental results because the 
R2 value (0.8379) is higher than the R2 value 
(0.7107) of the computational strengths. Moreover, 
the y-intercept for the computational/experimental 
strength plot is approximately equal to zero. This 
means that a relatively direct relationship can be 
made between the computational and experimental 
strength, such that the slope of 0.52 can be used as a 
factor to make computational strength smaller so as 
to become almost equal to the actual strength.  

 

 
 
Fig. 6 Comparison of strength results 

 
A comparison between the modes of failures is 

summarized in Table 5 to check for similarities 
between the computation and the experimental 
failure modes. It was calculated that 72.88% of the 
population are similar. Furthermore, Only 25.99% of 
the population exhibited distortional buckling failure. 
Torsional-flexural buckling was the most observed 
failure, at 74.01%, probably because the Z-section is 
an open section making it very flexible and weak in 
resisting to torsion. 

The strength ratio is also shown in Table 5. Only 
the ratio of the experimental strength against the 
computational strength is shown due to limited 
space. The values indicated is less than one 
indicating that the Code does not provide 
conservative strength predictions. The other strength 
ratios were also calculated. The experimental against 
computational strength ratio yielded an average of 
0.50 while FEM against computational strength ratio 
resulted to 0.54. The experimental and FEM agreed 
well with an average strength ratio of 1.10. 

The FEM results were also compared with the 
computational and experimental results to verify 
further the reliability of the results. Statistical 

analysis using ANOVA was conducted. The p-value 
for the computational and experimental strength was 
computed at 4.20x10-7 while that of the FEM and 
experimental was at 0.67. The results indicate that 
the FEM and experimental strength had no 
significant difference while the computational 
strength had significant difference from both the 
experimental and FEM strength. 

 
Table 5 Compressive strength results. 
 

Code 
Expt. 
Mode 
Fail. 

Comp 
Mode 
Fail 

Ave. 
Expt. 

Ave. 
Comp 

Same
?  

Expt/ 
Compt 
Ratio 

A1 TF DB 1.64 4.73 No 0.35 
B1 DB DB 2.41 7.42 Yes 0.33 
C1 TF DB 3.21 8.63 No 0.37 
D1 TF TF 4.96 11.69 Yes 0.42 
E1 TF TF 5.08 12.49 Yes 0.41 
F1 TF TF 8.16 14.71 Yes 0.55 
A2 TF TF 1.37 4.87 Yes 0.28 
B2 TF TF 2.06 6.53 Yes 0.32
C2 TF TF 2.92 6.97 Yes 0.42 
D2 TF TF 4.33 8.57 Yes 0.51 
E2 TF TF 4.13 9.25 Yes 0.45 
F2 DB TF 6.93 10.90 No 0.64
A3 TF TF 0.93 4.03 Yes 0.23 
B3 TF TF 1.94 4.79 Yes 0.41 
C3 TF TF 2.73 5.57 Yes 0.49
D3 TF TF 4.17 6.55 Yes 0.64 
E3 TF TF 4.80 7.04 Yes 0.68 
F3 DB TF 5.84 7.97 No 0.73 
A4 DB TF 1.19 3.29 No 0.36 
B4 TF TF 1.87 4.01 Yes 0.47 
C4 DB TF 2.51 4.74 No 0.53 
D4 TF TF 3.31 5.33 Yes 0.62 
E4 DB TF 4.06 5.72 No 0.71 
F4 TF TF 5.18 6.53 Yes 0.79 
A5 TF TF 1.20 3.13 Yes 0.38 
B5 TF TF 1.39 3.90 Yes 0.36 
C5 TF TF 2.45 4.42 Yes 0.55 
D5 DB TF 2.84 4.91 No 0.58 
E5 TF TF 3.36 5.15 Yes 0.65 
F5 TF TF 4.65 6.20 Yes 0.75 
A6 TF TF 0.79 2.77 Yes 0.28
B6 TF TF 1.46 3.46 Yes 0.42 
C6 TF TF 2.13 3.93 Yes 0.54 
D6 TF TF 2.77 4.42 Yes 0.63 
E6 TF TF 3.09 4.69 Yes 0.66 
F6 TF TF 3.73 5.70 Yes 0.66

 
To be able to use the formulas stipulated in the 

Code that would lead to a safe design, a factor=0.52 
must be applied to the computational strength. When 
this factor is applied, the computational strength 
would result to a “factored strength” that agrees well 
with experimental strength as illustrated in Fig. 7.  
The solid line is the regression line after applying 
the factor to the original computational strength. On 
the other hand, the dotted line is the original 
computational strength. 
 



GEOMATE - Mie, Japan, Nov. 21-24, 2017 

416 
 

 
 
Fig. 7 Strength results with factor = 0.52 
  
CONCLUSION 

 
The local-global interaction of the buckling 

failure modes was dependent on the thickness and 
length of the member. The strength increases as the 
thickness increases. Consequently, it was found that 
the longer length contributed to the occurrence of 
global buckling failures. But, smaller lengths exhibit 
higher strengths.  

The comparison of failure modes shows that 
72.88% of the experimental results consistently 
agree with the computational results. It is concluded 
that the dominant failure mode was torsional-
flexural buckling since 74.01% of the samples 
experienced this failure. 

A comparison between the three strength 
evaluation methods (experimental, computational, 
and FEM) is done on the averages of the samples’ 
strengths. The predictions made using the Code 
formulas were too high such that the average ratio 
between the experimental and computed strength 
was only 0.50. Thus it may be concluded that the use 
of the Code formula for this case (in its present 
form) may be non-conservative. On the other hand, 
the average ratio between the experimental and FEM 
results was 1.10 indicating good agreement.   

A modification factor of 0.52 may be used by 
multiplying it to strength obtained based on the 
Code. This is to achieve a relatively similar result 
between the predicted strength and actual strength of 
the member. This may be done to allow for the use 
of the provisions of the Code without changing the 
stipulated equations. 
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ABSTRACT 

 
This study investigates the most effective combination of natural fibers (namely coconut coir, abaca, and 

maguey) used as reinforcement for Compressed Stabilized Earth Blocks (CSEB). Portland cement and 0.25% 
fibers by weight were used to stabilize and reinforce CSEB, respectively. The blocks were made primarily with 
Manila soil and were formed using hand-pressed machine. CSEB without fibers were first tested with varying 
cement contents of 6%, 8%, 10%, and 12% by weight. This was examined to determine the practical cement 
content (PCC). Three strength tests namely dry compressive strength, wet compressive strength, and flexural 
strength were conducted on CSEB at PCC with different fiber combinations of coir, abaca, and maguey fibers to 
determine the mix producing maximum strength. The highest dry compressive strength was obtained with 100% 
maguey fiber; the highest wet compressive strength was obtained with 100% abaca fiber; while the highest 
flexural strength was obtained with 17% coir fiber, 17% abaca fiber, and 67% maguey fiber. Using the Response 
Surface Methodology (RSM), the maximum strengths were predicted as follows: 100% maguey for dry 
compressive strength, 100% abaca for wet compressive strength, and 38.4% abaca and 61.6% maguey for 
flexural strength. However, the optimal mix of CSEB for three the strength tests consists of CSEB with 42.5% 
abaca and 57.5% maguey. The fibers were found to improve the performance of the block such as the strength 
and post-crack behavior. Furthermore, the performances of a wall made of fiber-reinforced and unreinforced 
CSEB were investigated. The test results showed a 33.79% increase in load carrying capacity of the fiber-
reinforced wall compared to unreinforced wall. 
 
Keywords: Earth Blocks, Natural Fibers, Abaca, Coir, Maguey, Response Surface Methodology 
 
 
INTRODUCTION 

 
Agricultural wastes are thrown away every day 

and if not properly managed, these wastes can have 
an impact on the general condition of the 
environment by degrading water quality and 
contributing to the amounts of pollution that is 
already present. By utilizing certain wastes such as 
coconut coir fiber, abaca fiber, and maguey fiber, 
will not only help protect the environment, but will 
also help provide alternative housing materials for 
construction. Given the abundance of these 
agricultural wastes in the Philippines, this drastically 
helps the environment through recycling waste 
materials and utilizing them for different 
applications such as in construction. 

Housing problem exists in both rural and urban 
areas today; wherein both government and non-
government agencies have undertaken measures to 
provide solutions for this problem, one of which is 
providing informal settlers with low-cost houses.  

A building material that is often underestimated 
but has immense beneficial effects to society is the 
compressed stabilized earth block (CSEB). This is a 
type of construction block primarily made up of 
mechanically compressed soil stabilized by cement 
or lime. Cement stabilization is preferable for sandy 

soils to achieve immediate higher strength while 
lime stabilization is used for clayey soils. Soil as a 
building material has its own advantages such as 
cost efficiency, virtually soundproof, non-toxic, 
environmental friendly, durable, abundant, and 
thermal properties.  

Compaction of moist soil, containing 4-20% 
optimum moisture content (OMC) and often 
combined with 3-8% cement stabilization by weight 
of soil, based on economic standard, can 
significantly improve compressive strength, water 
resistance, durability, dimensional stability, 
resistance, and tolerances, in comparison with 
traditional adobe blocks [1]. To further improve its 
mechanical properties and, at the same time, reduce 
waste, researchers are reinforcing it with natural 
fibers as they show a significant result in post-peak 
load deformation behavior. The use of fiber 
reinforcement into CSEB production creates a 
network of fibers that prevents cracking of the soil 
resulting from shrinkage and improves tensile and 
shearing strengths [2], [3]. The inclusion of fibers 
into CSEB results to resistance towards higher 
stresses by absorbing high amounts of energy, 
making them particularly important in earthquake 
prone regions [4].  

The purpose of this study is to evaluate binding 
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effects of coir, abaca, and maguey fiber; such as 
increasing strength and improving post-crack 
behavior. It is hypothesized that using these fibers 
increase the mechanical properties. The resulting 
strengths were also expected to vary depending on 
the fibers used and the characteristics of the chosen 
soil. Knowing these can increase the efficiency of 
CSEB usage. However, the long-term behavior and 
durability of the fibers are not included in this study. 

. 
METHODOLOGY  

 
The soil used was obtained from a construction 

site in Recto, Manila. The soil sample used consists 
of 2.5% gravel, 69.7% sand, 27.8% fine. With this 
particle distribution, the soil used was classified as 
silty sand with shell fragments. The maximum dry 
density of the soil was 1,530 kg/m3 while the 
specific gravity was 2.67. Cement stabilization is 
recommended for soil with a plasticity index of 15% 
or less [5]. Since the soil was found to have 
negligible plasticity, cement was used. The OMC of 
the soil was determined to be 15.19%. Soil at OMC 
is the recommended condition to produce the blocks. 
For high strength blocks, additional quantity of 
water is needed. Therefore, a moisture content of 
16% was used in the CSEB mixture. 

The length of the fibers considered was based on 
the studies of [6], [7], where 50-mm fibers were 
used in the production of their CSEBs. The coir 
fibers were processed using dry mill while abaca 
fibers were extracted by hand. Consequently, 
maguey fibers were retted in the ocean.  

Shown in Table 1 are the properties of the fibers 
used in this study. The coir fiber has the lowest 
tensile strength, though it is above the average 
tensile strength of 75.5 N/g.m. set by Philippine 
Fiber Industry Development Authority (PhilFIDA). 
Abaca and maguey fibers have almost the same 
tensile strength, which is relatively high compared to 
the coir. Although coir fiber has the lowest tensile 
strength, it has the highest capacity to elongate 
which is about twice of the standard of PhilFIDA of 
10.62%. On the other hand, both abaca and maguey 
fiber exhibit low elongation.  
 
Table 1 Physical properties of the fibers 
 

Fiber Grade Tensile Strength  Elongation 
Coir CH-3 112.6 N/g.m. 20.43% 

Abaca S2 215.9 N/g.m. 2.59% 
Maguey MR-1 232.3 N/g.m. 2.59% 
 

Blocks with varying cement contents of 6%, 8%, 
10% and 12% were tested for compressive strength 
to determine the practical cement content (PCC). 
The results of the test are shown in Table 2. The 
strengths obtained were compared to the 
classification of CSEB that is presented in Table 3. 

There are three categories to classify CSEB based on 
its strength and usage according to [8]. The strengths 
shown in Table 3 are dry compressive strength, wet 
compressive strength, and flexural strength. 
  
Table 2 Compressive strength per cement content 
 

Cement 
Content (%) 

Average Compressive 
Strength (MPa) 

6 3.27 
8 3.79 

10 4.83 
12 5.06 

 
Table 3 Classification based on strength [8] 
 

CSEB Dry  Wet Flexure 
Category I ≥ 2 MPa ≥ 1 MPa 

≥ 0.345 
MPa Category II ≥ 4 MPa ≥ 2 MPa 

Category III ≥ 6 MPa ≥ 3 MPa 
 
The average compressive strength for 6% and 

8% cement content suggests that they are classified 
as Category I. On the other hand, cement contents of 
10% and 12% are classified as Category II. Data 
produced by various researchers show strong, often 
linear, correlation between compressive strength and 
cement content [1]. However, handling of blocks 
with 6% cement content obtained cracks when 
transferred. This entails that the handling of the 
blocks need to be considered in choosing the 
practical cement content (PCC). Therefore, a cement 
content of 8% was used in this study. This complies 
with the suggested cement content of 3% to 8% 
based from an economic stand point [5]. 
 
Block Production 

 
The CSEBs were mixed at 16% moisture 

content, 8% PCC (Category I CSEB), and 0.25% 
fiber content as shown in the mixes in Table 4. 
 
Table 4 Design mix of reinforced CSEB by weight 
 

Mix Variations of 
Fibers 

Coir, 
C (g) 

Abaca, 
A (g) 

Maguey, 
M (g) 

(1) 100C 15 0 0 
(2) 100A  0 15 0 
(3) 100M  0 0 15 

(4) 50C-50A  7.5 7.5 0 
(5) 50A-50M 0 7.5 7.5 
(6) 50C-50M 7.5 0 7.5 

(7) 67C-17A-17M 10 2.5 2.5 
(8) 17C-67A-17M 5 10 2.5 
(9) 17C-17A-67M 2.5 2.5 10 
(10) 33C-33A-33M 5 5 5 
(11) Control Mix 0 0 0 
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The CSEB used in this study measures 295 mm x 

140 mm x 100 mm. The blocks were formed using a 
hand-pressed machine. The soil weight per block 
was 6kg, resulting to 15g of fiber that is to be mixed 
per block. Fifteen block specimens were prepared 
and tested for each mix shown in Table 4.  Five 
specimens for each of the three strength tests.    
 
Strength Test 
 
 The blocks were subjected to three strength tests, 
namely dry compressive strength, wet compressive 
strength, and flexural strength, after 28 days of 
curing, to evaluate the effects of natural fibers on 
CSEBs. The blocks for dry and wet compressive 
strength had the same production and testing 
process. The main difference was that the blocks for 
wet compressive strength test underwent full 
submersion in water bath for 24 hours before testing, 
while the blocks for dry compressive strength test 
are directly tested after 28 days of curing. A uniform 
loading rate of 0.0575 MPa/s must be applied for the 
three strength tests [8].  
 Drop test was performed to qualitatively test the 
block’s impact strength. The blocks were subjected 
to fall freely at a height of 3.5 meters. This was done 
to further highlight the effect of fiber reinforcement 
and post-crack behavior difference between fiber-
reinforced and unreinforced CSEB.  
 
Wall Test 
 

A wall test was conducted on walls made 
unreinforced CSEB and fiber-reinforced CSEB. It 
has seven staggered rows with 3 blocks each. As 
shown in Fig. 1, a proving ring was placed on top of 
the wall to measure the load applied by the two 
hydraulic jacks to the wall panel. The hydraulic 
jacks were situated below the constructed wall. The 
two dial gauges were placed on opposite sides of the 
wall to measure the displacement. 

  

 
 

Fig. 1 Wall test set-up 

 
Prior to the wall test, fiber-reinforced CSEBs and 

unreinforced CSEBs were tested again for their dry 
compressive strength to be used in the computation 
of the expected maximum load that can be applied 
on the wall.  
 
RESULTS AND DISCUSSIONS 

 
The results of the tests of the blocks and the test 

of the walls will be presented in this section.  
 
Testing of Blocks  
 

The results of testing of blocks are presented in 
terms of how the fibers influenced the following: 
strength test, failure mode, drop test, and optimal 
mix.  
 
Influence of Fiber on Strength Tests 

 
The summary of the strength tests are tabulated 

in Table 5. The values are the average strength of the 
test results of 5 CSEB specimens.  
 
Table 5 Experimental strength test results 
 

Mix Dry 
(MPa) 

Wet 
(MPa) 

Flexure 
(MPa) 

100C 2.83 2.05 0.377 
100A 2.99 3.13 0.297 
100M 4.27 2.53 0.407 

50C-50A 2.71 2.20 0.459 
50A-50M 3.16 2.49 0.466 
50C-50M 2.84 1.86 0.351 

67C-17A-17M 2.08 1.76 0.409 
17C-67A-17M 2.15 1.80 0.449 
17C-17A-67M 2.13 1.80 0.495 
33C-33A-33M 2.93 1.80 0.380 
Control Mix 3.00 1.99 0.424 
 
The dry compressive strength test was performed 

to determine the strength of the blocks that were 
cured for 28 days. The compressive strength is 
mainly influenced by the type of soil, compacting 
procedure, and binding materials used [9]. The 
control (unreinforced) CSEBs have an average dry 
compressive strength of 3.00 MPa. This value 
satisfied Category I CSEB, which has a minimum 
dry compressive strength of 2 MPa. On the other 
hand, the highest dry compressive strength for the 
fiber-reinforced CSEB was obtained from samples 
with 100% maguey fiber (100M), which is 4.42 MPa 
or additional 42.33% strength compared to the 
control.  

The RSM was used to plot a 3D surface model 
for dry compressive strength and the result is shown 
in Fig. 2. This model was chosen to analyze the data 
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because of its ability to show the relationship 
between any fiber combination and its 
corresponding dry compressive strength. Using this 
model, the highest value of dry compressive strength 
was predicted to be 4.19 MPa at 100% maguey fiber 
(100M).  

 

 
 

Fig. 2 Dry compressive strength model using 
RSM 

  
The wet compressive strength test was 

performed to determine the strength of the blocks 
that were cured for 28 days and then submerged in 
water for 24hrs. Unreinforced CSEB has an average 
wet compressive strength of 1.99 MPa, which satisfy 
the requirement for Category I CSEB. On the other 
hand, the highest average wet compressive strength 
for reinforced CSEB, was found to be 3.13 MPa at 
100% abaca fiber (100A). Thus, resulting to an 
additional 57.59% in strength compared to the 
control mix.  
 Similar to dry compressive strength, the RSM 
was used to plot a 3D surface model for wet 
compressive strength and is shown in Fig. 3. Using 
this model, the highest value of wet compressive 
strength was predicted to be 3.11 MPa and at 100% 
abaca fiber.  
 

 
 

Fig. 3 Wet compressive strength model using 
RSM 

 
 The flexural strength test was performed to 
determine the 3-point bending strength and the post-
crack behavior of the blocks that were cured for 28 
days. It was obtained that unreinforced CSEB has an 
average flexural strength of 0.424 MPa, which 
satisfies the strength for Category I CSEB. However, 
the block failed immediately after the peak strength, 
breaking it in two and discontinues further testing on 

said block. On the other hand, the highest average 
flexural strength of 0.495 MPa was obtained by 
specimens with 17% coir, 17% abaca and 67% 
maguey (17C-17A-67M) and this resulted to an 
additional 16.89% strength compared to the control.  
 Similar to dry and wet compressive strength, 
RSM was used to plot a 3D surface model for 
flexural strength as shown in Fig. 4. Using this 
model, the highest value of flexural strength was 
predicted to be 0.483 MPa and at 38.4% abaca and 
61.6% maguey (38.4A-61.6M).  
 

 
 
Fig. 4 Flexural strength model using RSM 
 
Influence of Fiber on Failure Mode 
 
 The results obtained suggest that the higher the 
tensile strength of the fiber, the stronger the block is. 
For dry and wet compressive strength test, it was 
evident that the fibers provided sufficient resistance 
towards breakage, holding the block more intact 
compared to the unreinforced CSEB. This supports 
the theory where reinforcing fibers in the soil 
matrices prevent cracking through their adhesion or 
bonding [6]. Meanwhile, unreinforced CSEB 
presents noticeable breakage since there is no added 
fibers that holds the block together. Said breakage 
occurs roughly 15% of the block population.  

For flexural strength, unreinforced CSEBs 
underwent sudden failure resulting in a total 
separation of the block in two halves during its 3-
point loading test. This sudden failure was present at 
roughly 1 second of the test, immediately ending the 
experiment. Meanwhile, fiber-reinforced CSEBs 
were tested until the fiber reinforcement can no 
longer sufficiently hold the block for further testing. 
The presence of the fibers prevented sudden failure 
or total separation of the block and allowed 
continuous testing. Upon the removal of the 
reinforced CSEB from the testing machine, it 
became apparent that the blocks were split in two 
but were still held together by the fibers. The 
observed failure mode was consistent with the 
findings reported by [1], [10]. 
 
Drop Test 
 

A drop test is the simplest way to qualitatively 
emphasize the advantage of reinforced CSEB 
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against unreinforced CSEB in terms of the post-
crack behavior. The drop test was performed by 
releasing the block at a height of 3.5 meters above 
ground. Dropped unreinforced CSEBs disintegrated 
into many pieces upon impact, which shows a zero-
possible recovery. On the contrary, dropped fiber-
reinforced CSEBs obtained damages but it did not 
disintegrate fully. This clearly suggests that fiber 
inclusion improves post-crack behavior. 

 
Optimal Mix 
 

Using RSM, the optimal mix or most desirable 
fiber combination based on the 3 strength tests was 
obtained.  The desirability of the fiber mixtures is 
shown in Fig. 5 using a contour model. The best 
desirability has a value of 1.0. Based on the figure, it 
can be deduced that any mixture combining the three 
fibers results to low desirability.  The optimal mix is 
the combination of 42.5% abaca fiber and 57.5% 
maguey fiber (42.5A-57.5M), with a desirability 
value of 0.703. Using this model, the predicted dry 
compressive strength, wet compressive strength, and 
flexural strength for the abaca-maguey values were 
found to be 4.42 MPa, 2.40 MPa, and 0.482 MPa, 
respectively.  
 

 
 

Fig. 5 Optimum mix based on desirability contour 
 
 A verification test was performed for the optimal 
mix (42.5A-57.5M) to compare the resulting data 
achieved through the RSM with the actual results. 
The predicted value for the dry compressive strength 
is 4.42 MPa and the actual value from testing is 4.19 
MPa resulting to a 5.48% difference. The predicted 
value for the wet compressive strength is 2.40 MPa 
and the actual value from testing is 2.46 MPa 
resulting to 2.44% difference. Lastly, the predicted 
value for the flexural strength is 0.482 MPa and the 
actual value from testing is 0.525 MPa resulting to a 
8.19% difference. Thus, the predictions made by 
RSM are highly reliable.  
 
Wall Test 
 

The blocks in the CSEB wall were arranged in 
staggered manner. The wall has a dimension of 

width, height, and thickness of W= 900 mm, H=700 
mm, and T= 140 mm, respectively. The test was 
done by gradually applying compressive force on the 
wall. The failure load was measured and was also 
predicted by calculating the maximum compressive 
load (Pc), bucking load (Pe), and shear load (Pv). 
The formulas used are as follows: 

 
ࢉࡼ  ൌ  ሻ  (1)ࢀ	ࢃሺ	࢟࢘ࢊࢌ
ࢋࡼ   ൌ ࣊ ࡵࡱ ⁄ࡴ   (2) 
࢜ࡼ   ൌ ࢊࢋ࢘ࢇࢋࢎ࢙


ඥ(3)  ࢟࢘ࢊࢌ 

 
Where fdry = dry compressive strength of the block at 
the day of wall testing, E = modulus of elasticity of 
the wall, and Asheared = area sheared calculated by 
multiplying the wall width by the product of the 
block height x the number of rows sheared. 
 
Unreinforced Wall Test 
 
 The peak strength was measured to be 142.61 
kN. Shown in Fig. 6 is the observed failure pattern 
of the wall. It can be noticed that the diagonal crack 
indicates shear failure. The crack passed through 4.5 
rows of blocks. The dry compressive strength of 
these unreinforced blocks is fdry=3.66 MPa. 

 

` 
 

Fig. 6 Complete failure of unreinforced wall  
 
Reinforced Wall Test 
 

The peak load was measured to be 190.79 kN, 
Almost the same pattern of failure was observed, 
indicating that the failure mode is also shear. The 
crack passed through 5 rows of CSEB blocks. The 
dry compressive strength of these fiber-reinforced 
blocks is fdry=4.56 MPa. 
 
Comparison of Wall Panels 
 

It was clearly observed that the fiber-reinforced 
CSEB wall was able to carry higher load than the 
unreinforced CSEB wall. This corroborate with the 
previously finding that fiber-reinforced CSEB is 
stronger than unreinforced CSEB. Shown in Fig. 7 
are the plots of the load-displacement curves of the 
two walls. The wall test show that the fiber-
reinforced wall exhibit 33.79% increase in load 
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carrying capacity than the unreinforced wall. The 
lower stiffness of the fiber-reinforced CSEB wall 
may be attributed to the elongation of fibers causing 
larger displacement but with an increase strength. 
 

 
 
Fig. 7 Load-displacement diagram of CSEB walls 
 
 Based from the calculation of strength at failure, 
both wall panels failed in shear as indicated in Table 
6 since the calculated shear load is closest to the 
actual load. The calculations were done using Eq.(1) 
to Eq.(3). 
 
Table 6 Calculated load compared to actual load 

 
Wall type Pc (kN) Pe(kN) Pv(kN) Actual 
U-CSEB  457.3 8120.4 129.1 142.6 
FR-CSEB 572.5 4634.7 160.1 190.8 

Note: U=unreinforced, FR=fiber reinforced 
 
CONCLUSION 
 
 The effects of adding coconut coir, abaca, and 
maguey fibers in CSEB were investigated. The 
results showed significant strength improvement of 
CSEB at certain fiber combination may be obtained 
for all strength tests conducted. RSM was used to 
model how the strength may be predicted for s given 
fiber combination or vice-versa. Furthermore, using 
RSM, a mix of 42.5% Abaca and 57.5% Maguey 
was predicted and verified to be the optimum mix. 
The increase in strength may be explained by the 
bonding effect of the fibers. 

The wall test of reinforced CSEB walls shows a 
33.79% increase in compressive strength compared 
to unreinforced CSEB wall, where both walls failed 
through shear. Due to the establishment of shear 
failure as the governing mode of failure of the wall, 
it is recommended that the blocks are best suited for 
pavements because of their high compressive 
strength when used individually. It is also 
recommended to have interlocking blocks for walls 
instead of plain blocks to enable further 
reinforcements such as steel, which minimizes shear 
failure and enables it to be used as load bearing wall. 

Lastly, changes in the dimensions of blocks are also 
recommended to further reduce the shear failure. 
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ABSTRACT: In recent years, traditional forms of river and coastal structures have become very expensive 
to build and maintain, because of the shortage of natural rock. As a consequence, the materials used in 
hydraulic and coastal structures are changing from traditional rubble and concrete systems to cheaper, 
sustainable, and eco-friendly materials and systems such as artificial rock, gabion, slags, geosynthetics, and 
so on. Moreover, shorelines are being continually eroded by the wave action of the sea, and the river and 
coastal structures are frequently damaged by both anthropogenic and natural causes such as over wash and 
storm.  How to deal with eroding coast problems is a main topic of this article. Recently, artificial beachrock 
and geotextile tube technology has changed from being an alternative construction technique and, in fact, has 
advanced to become the prime solution of choice. Therefore, the objectives of the present study is to find out 
the feasibility to protect coastal erosion in Asia along with using artificial beachrock and geotextile tube 
technology in a cheaper, sustainable and eco-friendly way.  
 
Keywords: Artificial beach rock, Geotextile tube technology, Coastal erosion, Sand cementation, Sustainable, 
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INTRODUCTION 
 

The problem of coastal erosion is nothing new, 
but in recent years, it seems to have increased in 
speed especially in Asia. Because in Asia there are 
a lot of islands, long coastal lines and population 
density is much. So, initially we have focused on 
Asia and later on we will work on other part of the 
world regarding coastal erosion. Coastal erosion 
has long been a significant problem globally, 
typically due to anthropogenic changes along the 
coastline, and it poses a hazard for people residing 
in these areas. Erosion of the sandy shore is often 
used to refer to changes in the coastline due to the 
collapse of the sediment balance. In order to 
prevent, or at least minimize damage from erosion, 
a combination of various structures and processes 
has been traditionally used, including 
embankments, revetments, jetties, artificial reefs, 
offshore breakwaters, and sand bypassing [5]. 

The costs of installing hard structures for 
coastal protection are very high and development 
within coastal areas has increased interest in 
erosion problems; it has led to major efforts to 
manage coastal erosion problems and to restore 
coastal capacity to accommodate short-and long-
term changes induced by human activities, extreme 
events and sea level rise. The erosion problem 
becomes worse whenever the countermeasures (i.e. 
hard or soft structural options) applied are 
inappropriate, improperly designed, built, or 
maintained and if the effects on adjacent shores are 
not carefully evaluated. 

Therefore, increased interest in soft structures 
for coastal protection and a combination of hard 
and soft structures like geotextile tube technology 
is predominating and is consonant with advanced 
knowledge on coastal processes and natural 
protective functions and researcher showed that, 
artificial beachrocks (manufacture artificially in 
the natural condition) have the potential to inhibit 
coastal erosion [5]. Recently, geotextile tube 
technology has changed from being an alternative 
construction technique and, in fact, has advanced 
to become the prime solution of choice. Geotextile 
tubes, hydraulically or mechanically filled with 
dredged materials (woven, non-woven, and 
composite synthetic fabrics), have been variously 
applied in hydraulic and coastal engineering fields. 
The geotextile tube technology is mainly used for 
flood and water control, but they are also used to 
prevent beach erosion as well. In additionally, 
considering the use of artificial rock in order to 
preserve such submerged-looking islands above 
sea level, Danjo and Kawasaki [6], [8] conducted 
several studies in Okinawa and Ishikawa, Japan. 
They found sufficient information to build 
artificial beachrock. Considering this importance 
such type of study is also essential in Asia, as and 
other vulnerable country to climate change, to 
inhibit the coastal erosion due to sea level rise 
using artificial beachrock. 

Therefore, the objectives of the present study is 
to find out the feasible method to protect coastal 
erosion in Asia along with using artificial 
beachrock (Microbially Induced Carbonate 
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Precipitation-MICP method) and geotextile tube 
technology in a cheaper, sustainable and eco-
friendly way. 
 
METHODS 
 

Data used in this study is obtained from 
literature survey of related works. Data were 
organized by geographical location of beachrocks 
and coastal erosion in Asia. Quantitative scenario 
of coastal erosion and protective measures in Asia 
was shown in the obtained data.  

For the prevention of coastal erosion 
quantitative information for the prospects of 
artificial beachrocks formation, their cement 
components, geotextile tube technology, their 
prospects, formation and composition etc. were 
collected, compiled and compared. Since this was 
the information that we deemed would be essential 
for the manufacturing of artificial beach rock and 
at the same time possible protective ways for the 
control of coastal erosion. 
 
RESULTS AND DISCUSSION 
 

 

Coastal Erosion in Asia 
 

Coastal erosion has been studied in Viet Nam 
[3]; Bangladesh [17], [14], [4]; Malaysia [22]; 
Indonesia [33]; Sri Lanka [25]; India [18], [12]; 
China [2], Thailand [29] and Japan [6], [8], [16], 
[19] which is indicated in the Fig. 1 .  

From the Fig. 1, it is seen that over 90 % of 
beachrocks are distributed between the proximity 
of 40´N and the Tropic of Capricorn. The 
geographic distribution of beachrocks was not 
concentrated near the equator. In particular, high 
concentrations of beachrocks were found at 
relatively high latitudes areas. This precludes the 
notion that beachrocks are concentrated only in 
areas where the temperature of the air or sea is 
high [6]. Coastal erosion and accretion are natural 
processes; however, they have become anomalous 
and widespread in the coastal zone of Asia and 
other countries in the Indian ocean owing to 
combinations of various natural forces, population 
growth and unmanaged economic development 
along the coast, within river catchments and 
offshore. This type of erosion has been reported in 
China, Malaysia, SriLanka, India, Japan, Indonesia, 
Viet Nam, Thailand, and Bangladesh.  

Bilan [2] reported that the erosion rate in the 
northern part of Jiangsu Province in China is 
serious and as high as 85 metres/year; in 
Hangzhou Bay the rate is 40 metres/year, while in 
Tianjin it is 16-56 metres/year. Erosion persists 
even where preventive measures such as sea dykes 
are constructed. Beach scour has been found along 
coasts with sea-dyke protection. This erosion is 
attributable to many factors such as river damming 

and diversion, that leads to less sediment supply to 
the coast, and the clearing of mangrove forests, 
which makes coastal areas more susceptible to the 
hazard. 

According to Othman [22] nearly 30 percent of 
the Malaysian coastline is undergoing erosion.  

In Vietnam, most of the coastline in the south 
that is located in a wide and flat alluvial fan and 
bordered by tidal rivers fringed by wide mangrove 
swamps, has been eroded continuously at a rate of 
approximately 50 metres/year since the early 
twentieth century. Erosion still occurs in the 
central coastal zone of Viet Nam and preventive 
measures such as sea dykes, revetments, and tree 
plantations have been implemented to prevent 
further erosion [3].  

Sri Lanka’s experience with coastal erosion 
dates back to 1920 and Approximately US$30 
million has already been spent on breakwaters and 
other construction to combat coastal erosion on 
southern and western coasts however, coastal 
erosion still persists in some coastal areas [28]. 

 

 
 
 

 
In India the rapid erosion of the coast of Sagar 

Island in West Bengal, India, is caused by several 
processes that act in concert; these are natural 
processes that occur frequently (cyclones, waves 
and tides that can reach six metres in height) and 
anthropogenic activities. The erosion rate from 
1996 to 1999 was calculated to be 5.47 square 
kilometres/year [12]. The areas that are severely 
affected by erosion are the north-eastern, south-
western and south-eastern faces of the island. 
Malini and Rao [18] reported coastal erosion and 
habitat loss along the Godavari Delta front owing 
to the combination of the dam construction across 
the Godavari and its tributaries that diminishes 
sediment supply to the coast and continued coastal 
land subsidence. 

In Indonesia, coastal erosion started in the 
northern coast of Java Island in the 1970s when 
most of the mangrove forest had been converted to 
shrimp ponds and other aquaculture activities, and 

Fig. 1 Location of beachrock deposition in some  
Asian countries (google.map) 
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the area was also subjected to unmanaged coastal 
development, diversion of upland freshwater and 
river damming. Coastal erosion is prevalent 
throughout many provinces [33] such as Lampung, 
Northeast Sumatra, Kalimantan, West Sumatra 
(Padang), Nusa Tenggara, Papua, South Sulawesi 
and Bali. 

In Thailand, intensification of coastal erosion 
came to notice during the past decade overall, the 
net erosion is approximately 1.3 to 1.7 metres/year 
along the southern Thailand coastline. Total area 
losses amount to 0.91 square kilometres/year for 
the Gulf coast and 0.25 square kilometres/year for 
the western coast [29]. 

Khan [17] and Islam [14] studied coastal 
erosion and accretion activities in Bangladesh. 
Heavy discharge currents through the GBM 
(Ganges-Brahmaputra-Meghna) river system, 
wave action due to strong southwest monsoon 
winds, high astronomical tides as well as sea level 
rise (SLR), and storm surges in the Bay of Bengal 
are the main causes of erosion in the coastal area 
of Bangladesh [14]. Erosion due to SLR has been 
discussed by Islam [14] at his study which was 
done under the U.S. Country Studies Program, and 
some of the salient features of the study are 
presented here.  

The study was based on the erosion formula 
given by Bruun [34]. 
 
x=ab/(e+d)                                                          (1) 

 
Where x is the shoreline recession due to SLR, 

a is the rise in water level due to SLR, e is the 
elevation of the shore, and d is the depth of water 
at a distance b from the coastline. Islam [14] 
applied the formula to the eastern region, where 
the longest continuous sandy beach situated, of 
Bangladesh. 

 
 

Coastal Protection  
 

Natural beachrocks, which are formed naturally 
on beaches, have attracted attention as a model for 
artificial rocks. Danjo and Kawasaki [5] proposed 
a new method to protect coastlines from erosion, 
the use of artificial rock that auto-repairs by means 
of sunlight, seawater, and bacteria. Their model of 
artificial rock is beachrock. Beachrock is a type of 
sedimentary deposit that generally occurs on 
tropical and subtropical beaches as a result of 
intertidal lithification of loose beach sands and 
gravels by carbonate cementation.  

Beach rock is generally limited to tropical and 
subtropical climates, though not every tropical 
beach has beach rock Beach rock has also been 
reported from temperate regions, but such 
occurrences are rare. Around the world beachrocks 
have been reported to form over several thousand 

years [31] owing to interactions among sand 
supply, cement precipitation from seawater and 
coastal erosion by ocean waves [5]. Therefore, it 
may be possible to slow down the erosion of coasts 
by making man-made beachrock from coastal 
sands. Because this artificial rock is made of local 
materials, it has the potential to be a cheaper and 
eco-friendly product [5]. 
 
Characteristics of Beachrock 
 

The majority of recent beachrock is formed on 
beaches in the same regions that favour coral reef 
formation. This is generally below 25° latitude 
where there is a well-defined dry season and “the 
temperature of ground water at a depth of about 76 
cm in beaches remains above 21°C for at least 8 
months of the year” [24]. Several theories have 
been proposed to explain beachrock formation, 
which can be divided into physico-chemically and 
biologically induced precipitation of calcium 
carbonate. Most of the theories have been 
formulated to explain occurrences of beachrock. 

Physico-chemical models explain marine 
carbonate cement precipitation by the soaking of 
beaches during high tides and evaporation of sea 
water during low tides [11], enhanced by (daytime) 
solar warming of the beach.  

Biological processes may have an important 
role in beachrock formation. Biological activity 
controls the partial pressure of CO2 by its 
consumption, thus promoting the precipitation of 
CaCO3 [13]. Ammonification of amino-acids, 
sulphate reduction and other bacterial processes 
taking place during organic matter degradation 
promote carbonate precipitation by raising the pH, 
furthermore, organic matter may promote 
carbonate precipitation [32]. 

So, there are a number of theories regarding the 
process of beach sand cementation. Different 
mechanisms of cementation appear to be 
responsible at different localities. The primary 
mechanisms proposed for the origin of beachrock 
cements are as follows:  
1) Physicochemical precipitation of high-Mg 
calcite and aragonite from seawater as a result of 
high temperatures, CaCO3 super saturation, and/or 
evaporation [10], 
2) Physicochemical precipitation of low-Mg 
calcite and aragonite by mixing of meteoric and 
fresh ground water with seawater [26], 
3) Physicochemical precipitation of high-Mg 
calcite and aragonite by degassing of CO2 from 
beach sediment pore water [30], and 
4) Precipitation of micritic calcium carbonate as a 
by-product of microbiological activity [21]. 
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Properties of Beachrock and Beach Sand in 
Asia 
 

From the Fig. 2 and Table 1, it is shown that, 
the main component for the formation of 
beachrock is CaO and SiO2. But other components 
like Al2O3, TiO2, and FeO also play a vital role for 
the beachrock formation. 
 

Table 1: The main component for the formation of 
beachrock in some Asian countries 
 

Location Rock 
Formation 

Type 

Component 
Materials 

References

Bangladesh Calcareous 
coral sand, 

broken 
coral or 

limestone 

Kaolinite [17] 

India Calcareous 
coral sand, 
limestone 

Quartz, 
Feldspar, 
Kaolinte 

[23] 

Sri Lanka  Quartz, 
Calcite, 

Dolomite, 
Aragonite 

[15] 

Vietnam Data is not available 
Malaysia Calcareous, 

Aragonite 
 [1] 

Indonesia Data is not available 
China Calcareous 

sand, Lime 
stone 

 [15] 

Thailand Data is not available 
Japan Shell sand, 

foraminifer, 
sand, gravel 

Aragonite, 
Mg calcite 

[5] 

 
 

 
 

 

 

 
 

Artificial Beachrock Formation through Beach 
and Sand Solidification 
 

Danjo and Kawasaki [5]-[7] conducted several 
study in Okinawa and Ishikawa, Japan. They found 
sufficient information to build manmade 
beachrock. Danjo and Kawasaki [5] perform coral 
sand solidification test using ureolytic bacteria 
(Pararhodobacter sp.) and found this type of 
bacteria has the ability to solidify coral sand 
precipitating CaCO3. Considering this importance 
such type of study is also essential in Asia, and 
other most vulnerable country to climate change, 
to inhibit the coastal erosion due to sea level rise. 

Danjo and Kawasaki [5]-[7] found that, 
Column specimens were cemented up to UCS of 
10 MPa after 28 days under the conditions (curing 
temperature; 30°C, injection interval; 1 day, Ca2+ 
concentrations in cementation solution; 0.3 M). 
Based on formation methods observed by Danjo 
and Kawasaki [5]-[7] the sand cementation process 
is very much suitable, eco-friendly, cheaper and 
sustainable for the areas in Asia where the 
temperature, sand properties and other conditions 
is almost same as Japan and the results of this 
study will contribute to the application of a new 
technique for coastal sand improvement and bio-
stimulation. 
 
Protective Coastal Protection Learned from 
Beachrock Formation: Through Geo-textile 
Tube Technology  
 

The recent trend in the mitigation of coastal 
erosion and costal protection has been shifted now-
a-days towards soft novel cheaper, sustainable and 
eco-friendly methods. Pro-active methods and 
solutions are being developed and employed, 
which are not only eco-friendly, construction-
friendly and cheaper but also address the root 
cause of the problem without much adverse 
effects.  Such kind of modern tool is geotextile 
tube which is one of the geosynthetics structures 
that are increasingly used in coastal protection. 
They are made from polypropylene (PP), polyester 
(PET), polyethylene (PE), polyamide (nylon), 
olyvinylidene chloride (PVC), and fibreglass. 
Sewing thread for geotextiles is made from Kevlar 
or any of the above polymers [20]. Different fabric 
composition and construction are suitable for 
different applications.   

Fig. 2 Beachrock compositions in some Asian 
countries [17] 
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Fig. 3 Proposed Coastal Protection Method 

 
 Traditional Geotextile tubes widely used for 

dewatering, flood control, and coastal protection. 
Geotextiles are either woven or non-woven 
permeable fabric or synthetic material which can 
be used in combination with geotechnical 
engineering material [27]. But our proposed 
method is coastal protection along with MICP 
method and these “Geotube” (Fig. 3). In case of 
traditional methods, different rays from sun can 
damage the “Geotube” after a certain time and soil 
protection may not be sustainable and the cost of 
re-constructing “Geotube” is much. But, in our 
proposed method, sand cementation using MICP 
method can be applied over the “Geotube”. As a 
result, the surface of the coast and “Geotube” will 
be strengthened and will remain loner and soil will 
be protected. In this method, cost is low 
comparatively and local ureolytic bacteria is used, 
so this is eco-friendly and sustainable. This 
method can be applied in a broad range of civil 
engineering applications including construction, 
paving, drainage and other applications.  

 
CONCLUSIONS 

 
In conclusion, we can say that, the deposition 

of beach rock using MICP method is of 
significance because of the timing of diagenesis 
and the mode of cementation. Recently, geotextile 
tube technology has changed from being an 
alternative construction technique and, in fact, has 
advanced to become the prime solution of choice. 
But the method is not sustainable and time 
consuming and sometimes costly. However, the 
lower resistance of geotextile to damage needs to 
be overcome to ensure the longer service period of 
the geotextile tubes. Covering the tubes with 
geotextile or rocks can protect the structures from 
direct contact with sharp objects or vandalism 

activities.  So, for the protection of coastal erosion 
geotextile tube technology along with MICP 
method can be applied which is very much eco-
friendly, cheaper, and sustainable. Although, sand 
cementation and geotextile tube technology 
procedure is poorly understood till now. However, 
actual field trials are always recommended prior to 
final application. 
 
REFERRENCES 
 
[1] Ali CA, and Mohamed KR, “Cementation in 

Quaternary beach rock in the islands off the 
East Coast, Peninsular Malaysia: petrographic 
evidence”, Warta Geologi, Vol.23, No.2, 1997, 
pp. 57-62 

[2] Bilan D, “The preliminary vulnerability 
assessment of the Chinese coastal zone due to 
sea level rise”, Proceedings of the IPCC eastern 
hemisphere workshop, 1993, Tsukuba, Japan, 
pp. 3-6. 

[3] Cat NN, Tien PH, Sam DD, and Bien NN, 
“Status of coastal erosion of Vietnam and 
proposed measures for protection”, FAO 
forestry report, 2006, pp.10-21. 

[4] Chowdhury SQ, Fazlul A T M, and Hasan KH, 
“Beachrock in St. Martin's Island, Bangladesh: 
Implications of sea level changes on beachrock 
cementation”, Marine Geodesy, 1997, Vol.20, 
No.1, pp 89-104. 

[5] Danjo T, and Kawasaki S, “A study of the 
formation mechanism of beachrock in 
Okinawa, Japan: Toward Making Artificial 
Rock”, Int. J. of GEOMATE, Vol.5, No.1, 
2013, pp. 633-638. 

[6] Danjo T, and Kawasaki S, “Characteristics of 
beachrock based on bibliographical research: 
toward the development of man-made 
beachrock”, J. of Japanese Society of 
Engineering Geology, Vol.53, No.3, 2012a, pp. 
129-151. 

[7] Danjo T, and Kawasaki S, “Microbially 
Induced Sand Cementation Method Using 
Pararhodobacter sp. Strain SO1, Inspired by 
Beachrock Formation Mechanism”, Materials 
Transactions ©2016 The Mining and Materials 
Processing Institute of Japan, Vol. 57, No.3, 
2016, pp. 428-437. 

[8] Danjo T, and Kawasaki S, “Property evaluation 
of beachrock based on field investigation in 
Okinawa Island, Japan”, Harmonising Rock 
Engineering and the Environment Qian & Zhou 
(eds), Taylor and Francis Group, London, 
2012b, pp. 949-952. 

[9] Danjo T, Kawasaki S, Shimazaki S, and 
Koizuka K, “Coral sand solidification test 
using ureolytic bacteria”, Geomechanics from 
Micro to Macro-Soga et al. (Eds) © 2015 



GEOMATE - Mie, Japan, Nov. 21-24, 2017 

 

428 
 

Taylor & Francis Group, London, ISBN 978-1-
138-0270-7, 2014, pp. 1521-1526. 

[10] Ginsburg RN, “Beachrock in south Florida”, 
Journal of Sedimentary Petrology, Vol.23, pp. 
85-92.  

[11] Gischler E, “Beachrock and intertidal 
precipitates Geochemical sediments and 
Landscapes”, © Blackwell Publishing Ltd, 
2007, pp. 365-390. 

[12] Gopinath G, and Seralathan P, “Rapid erosion 
of the coast of Sagar island, West Bengal 
India”, Environment Geology, Vol. 48, 2005, 
pp. 1058-1067. 

[13]  Hopley D, “Beachrock as a sea-level 
indicator”, O. Van de Plassche (Ed.), Sea-level 
Research: A Manual for the Collection and 
Evaluation of Data, Geo Books, Norwich 1986, 
pp. 157-173.  

[14]  Islam SM, Huq S, and Ali A, “Beach erosion 
in the eastern coastline of Bangladesh”, 1999, 
pp. 71-92.  

[15]  Jayasingha P, “Episodic Beach Rock 
Complex At Bundala Coast Southern Sri 
Lanka: A Preliminary Study”, Journal of 
Geological Society of Sri Lanka, Vol.16, 2014, 
pp. 119-126. 

[16]  Kawata Y, “Methodology of beach erosion 
control and its application. Coastal Engineering 
in Japan”, Vo.32, No.1, 1989, pp. 113-132. 

[17]  Khan NH, Danjo T, and Kawasaki S, 
“Artificial beachrock formation through sand 
solidification towards the inhibit of coastal 
erosion in Bangladesh”, International Journal 
of GEOMATE, Dec., Vol.9, No.2 (Sl. No. 18), 
2015, pp. 1528-1533. 

[18]  Malini BH, and Rao KN, “Coastal erosion 
and habitat loss along the Godavari delta front 
a fallout of dam construction”, Current 
Science, Vol.87, No.9, 2004, pp. 1232-126. 

[19]  Takamura M, Udo K, Sato M, and Takahashi 
K, “Analysis of Coastal Erosion due to the 
2011 Great East Japan Tsunami and its 
Recovery Using Ground Penetrating Radar 
Data”, Journal of Coastal Research, Special 
Issue 75 , 2016, pp. 477-481. 

[20]  Mitra A, “Application of geotextiles in 
Coastal Protection and Coastal Engineering 
Works: An overview”, International Research 
Journal of Environment Sciences, Vol. 4, No.4, 
2015, pp. 96-103. 

[21]  Molenaar N, and Venmans AAM, “Calcium 
carbonate cementation of sand: a method for 
producing artificially cemented samples for 
geotechnical testing and a comparison with 
natural cementation processes”, Engineering 
Geology, Vol.35, 1993, pp. 103-122. 

[22]  Othman MA, “Value of mangroves in coastal 
protection”, Hydrobiologia, Vol.285, 
No.1,1994, pp.  277-282. 

[23]  Ravisankara R, Chandrasekaranb A, 
Kalaiarsia S, Eswaranc P, Rajashekhare C, 
Vanasundaria K, and Alok A, “Mineral 
analysis in beach rocks of Andaman Island: 
India by spectroscopic techniques”, Archieve 
of Applied Science Research, Vol. 3, No.3, 
2011, pp. 77-84. 

[24]  Russell RJ, “Water-table effects on seacoasts”, 
Geology Society of America Bulletin, Vol. 
82,1971, pp. 2343-2348. 

[25]  Sato Y, and Mimura N, “Environmental 
problems and current management issues in the 
coastal zones of south and southeast Asian 
developing countries”, Journal of Global 
Environmental Engineering, Vol.3, 1997, pp. 
163-181. 

[26]  Schmalz RF, ‘Formation of beach rock at 
Eniwetok Atoll”, In Bricker, O.P., (ed.), 
Carbonate Cements. Maryland: Johns Hopkins 
University Press, 1971, pp. 17-24. 

[27]  Shina EC, Ohi YI, “Coastal erosion 
prevention by geotextile tube technology”, 
Geotextiles and Geomembranes, Vol.25, No.4, 
2007, pp. 264-277. 

[28]  Swan SB, “The coastal geomorphology of Sri 
Lanka: An introductory survey”, published by   
Armidale, NSW, Dept. of Geography, 
University of New England, 1984, pp.125-129.  

[29]  Thampanya U, Vermaat JE, Sinsakul S, and 
Panapitukkul N, “Coastal erosion and 
mangrove progradation of Southern Thailand”, 
Estuarine, Coastal and Shelf Science, Vol.68, 
2006, pp. 75-85. 

[30]  Thorstenson DC, Mackenzie FT, and Ristvet 
BL, “Experimental vadose and phreatic 
cementation of skeletal carbonate sand”, 
Journal of Sedimentary Petrology, Vol.42, 
No.1, 1972, pp. 162-167. 

[31]  Vousdoukas MI, Velegrakis AF, And 
Plomaritis T A, “Beachrock occurrence, 
characteristics, formation mechanisms and 
impacts”, Earth-Science Reviews, Vol.85, 2007, 
pp. 23-46. 

[32]  Webb GE, Jell JS, and Baker JC, (1999). 
“Cryptic intertidal microbialites in beachrock, 
Heron Island, Great Barrier Reef:  implications  
for  the  origin  of  microcrystalline beachrock 
cement”, Sedimentary Geology, Vol.126, pp. 
317-334. 

[33]  Widayati AYW, and Kim KH, “Improving 
The Coastal Hazard Management In Indonesia: 
Lesson Learned From Other Countries”, 
Proceedings of the 7th International 
Conference on Asian and Pacific Coasts, Bali, 
Indonesia, 2013, pp. 24-26. 

[34]  Bruun P, “Sea level rise as cause of shore 
erosion”, J. of Waterways Harbors Div. Proc. 
Am. Soc. Civ. Eng. Vol. 88, 1962, pp. 117-130  



 

429 
 

Seventh International Conference on Geotechnique, Construction Materials and 
Environment, Mie, Japan, Nov. 21-24, 2017, ISBN: 978-4-9905958-8-3 C3051 

SHEAR BOND STRENGTH OF FA-PC GEOPOYLMER  
UNDER DIFFERENT SAND TO BINDER RATIO AND  

SODIUM HYDROXIDE CONCENTRATION 
 
 

Tanakorn Phoo-ngernkham 1*, Sakonwan Hanjitsuwan 2, Satakhun Detphan 3, Jaksada Thumrongvut 4,  
Cherdsak Suksiripattanapong 5, Nattapong Damrongwiriyanupap 6, 

Prinya Chindaprasirt 7 and Shigemitsu Hatanaka 8 
1,3,4,5 Faculty of Engineering and Architecture, Rajamangala University of Technology Isan, Nakhon 

Ratchasim, THAILAND; 2 Faculty of Industrial Technology, Lampang Rajabhat University, THAILAND;  
6 School of Engineering, University of Phayao, THAILAND; 7 Faculty of Engineering, Khon Kaen 

University, THAILAND; 8 Faculty of Engineering, Mie University, JAPAN 

 
ABSTRACT 

 
     This paper presents the effects of sand to binder (S/B) ratio and sodium hydroxide (NaOH) concentration on 
setting time, compressive strength and shear bond strength of FA-PC geopolymer binder. Geopolymer binder 
was manufactured from FA and PC at ratio of 90:10 by weight of binder. The liquid alkali solution used in this 
study are sodium hydroxide (NaOH) and sodium silicate (Na2SiO3) solutions. The Na2SiO3/NaOH ratio of 2.0, 
liquid alkali solution/binder ratio of 0.60, and curing at ambient temperature were fixed in all mixes.  
The differences in NaOH concentrations of 5, 10 and 15M and S/B ratios of 1.00, 1.25 and 1.50 has been 
investigated. Test results show that the differences of NaOH concentration and S/B ratio has an effect on setting 
time, compressive strength and shear bond strength of FA-PC geopolymer mortar. The setting time of mortars 
are obviously decreased with increasing of S/B ratio whereas the setting time of mortars are obviously increased 
with increasing of NaOH concentration. The compressive and shear bond strengths of mortar increase as 
increasing of both S/B ratio and NaOH concentration up to a threshold limit. The highest slant shear strength 
between PCC substrate and FA-PC geopolymer mortar was found in the mortar with 1.25 of S/B ratio and 10M 
NaOH concentration which gives 24.1 MPa. 
 
Keywords: Geopolymer, Fly ash-Portland cement blends, Sand to binder ratio, NaOH concentration, Shear 
bond strength. 
  
INTRODUCTION 

 
The applications of Portland cement (PC) is 

essential to the rapid urbanization in many 
developing countries. Advantages of PC are high 
mechanical performances and low cost; however, 
increasing of PC manufacture corresponds to energy 
and environmental issues. An annual publication has 
reported that approximately 1 ton of CO2 emissions 
for each ton of the PC produced [1]. Recently, 
geopolymer binder is one of the new binders that 
have been developed by several researchers as an 
alternative cementing agent to PC [2, 3]. This is 
because of geopolymer binder is having less CO2 
footprint than PC as reported by McLellan et al. [4]. 

Geopolymer binder is made from aluminosilicate 
source materials activated with high alkali solutions 
[5]. Many researchers [2, 3, 6] have already reported 
that geopolymer binder could develop as cementing 
agent because there are many advantages i.e., high 
strength, excellent durability and high bonding.  
In Thailand, fly ash (FA) from Mae Moh power 
station is widely used for making geopolymer binder 
[7-9]; however, the production of FA geopolymer at 
ambient temperature gives low strength [10]. Some 

researchers [10, 11] reported that the temperature 
curing at approximately 40-75 ºC could enhance the 
degree of geopolymerization within the matrix and 
hence reasonable strength FA geopolymer gain. In 
ideal of real construction, the use of temperature 
curing is difficult for the construction practice. 
Nowadays, the materials who consisted of calcium 
oxide could improve the strength development of FA 
geopolymer. For example, Pangdaeng et al. [10] 
studied on the use of PC to replace FA for making 
geopolymer binder cured at ambient temperature. 
They reported that the generated heat from hydration 
products could help the geopolymerization process. 
Also, Temuujin et al. [12] reported that coexistence 
of calcium silicate hydrate (C-S-H) and geopolymer 
gel (N-A-S-H) provides higher compressive strength 
of geopolymer binder than N-A-S-H gel.  
 One of the important factor on the strength 
development of geopolymer binder is alkali solution. 
Hanjitsuwan et al. [13] claimed that two types of 
alkali solution viz., sodium hydroxide (NaOH) and 
sodium silicate (Na2SiO3) solutions were widely 
used for making geopolymer binder. Also, 
Hanjitsuwan et al. [13] explained that NaOH 
solution was used for leaching out of Si4+ and Al3+ 
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ions whereas Na2SiO3 solution was used for 
condensation process to form aluminosilicate 
material. In addition, ratio of sand to binder is one of 
the important factor for considering as repair 
materials which related to a homogeneous matrix of 
geopolymer binder as reported by Thakur and Ghosh 
[14]. 
 In order to utilize geopolymer binder as an 
alternative repair material, many researchers [2, 3, 
15-19] have studied the setting time, strength 
development and bonding strength for proving their 
properties compared with commercial repair 
materials in the market. As mentioned, the 7-day 
strength requirement of rapid hardening 
cementitious materials was 28.0 MPa as per ASTM 
C928-13 [20], and the initial setting time and 
minimum strength requirements for repair binder 
were 30 minutes and 35.0 MPa, respectively as per 
ASTM C881/C881M-14 [21]. Therefore, the aim of 
this study is to investigate the effects of NaOH 
concentration and S/B ratio on setting time, 
compressive strength and shear bond strength of FA-
PC blends geopolymer mortar. The obtained results 
should be very beneficial to the understanding and to 
the future applications of geopolymer binder as 
fundamental of alternative repair materials. 

 
EXPERIMENTAL DETAILS AND TESTING 
ANALYSIS  
 
Materials 
 

The precursors used in this study are fly ash (FA) 
from Mae Moh power plant in northern of Thailand, 
and ordinary Portland cement (PC). FA had specific 
gravity, median particle size and Blaine fineness of 
2.65, 15.3 µm and 4300 cm2/g, respectively. While, 
PC had specific gravity, median particle size and 
Blaine fineness of 3.15, 14.6 µm and 3600 cm2/g, 
respectively. The liquid alkaline activators are 
sodium hydroxide (NaOH) and sodium silicate 
(Na2SiO3) with 13.89% Na2O, 32.15% SiO2, and 
54.16% H2O by weight. Fine aggregate used in this 
study is local river sand with specific gravity of 
2.65, and fineness modulus of 2.00. 

The chemical compositions of FA and PC are 
illustrated in Table 1. FA consists of 31.32% SiO2, 
13.96% Al2O3 and 15.64% Fe2O3, and the CaO 
content is high at 25.79%, thus this FA is Class C as 
per ASTM C618-15 [22]. In addition, physical 
properties of FA and PC are illustrated in Table 2. 
 
Mix proportion of FA-PC geopolymer 

 
The mix proportions of FA-PC geopolymer 

under different NaOH concentration and S/B ratio 
are shown in Table 3. Constant liquid alkali solution 
to binder ratio of 0.60, Na2SiO3/NaOH ratio of 2.0, 
and curing at ambient temperature were fixed in all 

mixes. Geopolymer binder was manufactured from 
FA and PC at ratio of 90:10 by weight of binder. FA 
was replaced by PC because it needs calcium oxide 
for enhancing the strength development of 
geopolymer binder when cured at ambient 
temperature as reported by Pangdaeng et al. [10]. 
The NaOH concentrations of 5, 10 and 15M, and 
sand to binder ratios (S/B) of 1.00, 1.25 and 1.50 has 
been investigated. 

For the mixing of mortars, NaOH and Na2SiO3 
solutions were firstly mixed together before use as 
liquid solution. The FA, PC, and sand were dry 
mixed until the mixture was homogenous. Right 
after, the liquid solution was added and the mixing 
of mortars was done for 3 minutes. 
 
Table 1 Chemical compositions of FA and PC 

 
Chemical compositions FA PC 

SiO2 31.32 20.80 
Al2O3 13.96 4.70 
Fe2O3 15.64 3.40 
CaO 25.79 65.30 
MgO 2.94 1.50 
Na2O 2.83 0.40 
K2O 2.93 0.10 
SO3 3.29 2.70 
LOI 1.30 0.92 

 
Table 2 Physical properties of FA and PC 

 
Materials FA PC 

Specific gravity 2.61 3.15 
Median particle size, d50 (µm) 15.3 14.6 
Blaine fineness (cm2/g) 4300 3600 

 
Table 3 Mix proportions of FA-PC geopolymer 
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Experimental details and testing analysis 

Setting time of FA-PC geopolymer 
 After mixing, the setting time of FA-PC 
geopolymer was tested as per ASTM C191-13 [23].  
 
Compressive strength of FA-PC geopolymer 
 Fresh FA-PC geopolymer mortar was cast in  
a 50x50x50 mm3 cube molds for compressive 
strength test as per ASTM C109 [24]. After that, 
sample has been wrapped with vinyl sheet to protect 
moisture loss. The samples were cured for a day and 
then demolded with immediately wrapped by vinyl 
sheet and kept in ambient temperature until testing 
age. The compressive strength of samples has been 
tested at the age of 28 days. The reported results are 
the average of five samples. 
 
Shear bond strength between concrete substrate and 
FA-PC geopolymer 
 Portland cement concrete (PCC) is a mixture of 
500 kg/m3 Portland cement, 510 kg/m3 fine 
aggregate, 930 kg/m3 coarse aggregate and 238 
kg/m3 water, respectively. The 28-day compressive 
strength and Young's modulus of PCC were 35.0 
MPa and 27.5 GPa, respectively, which based on 
previous study [2, 3]. As mentioned, fresh PCC was 
cast in a 50x50x125 mm3 prism molds. After curing 
time for 90 day, the PCC was cut in half at 45° line 
to the vertical. For preparation of shear bond 
strength between PCC and geopolymer mortar, fresh 
FA-PC geopolymer was cast into a 50x50x125 mm3 
prism mold with the other half filled with PCC. 
Then, samples were wrapped with vinyl sheet to 
protect moisture loss and kept in ambient 
temperature until testing age. The shear bond 
strength was calculated as the ratio of maximum 
load at failure and the bond area. The shear bond 
strength was tested at the age of 28 days with  
a constant loading rate of 0.30 MPa/s. The reported 
results were the average of five samples. 
 
RESULTS AND DISCUSSION 

 
Setting time of FA-PC geopolymer 
 

The results of setting time of FA-PC geopolymer 
mortar with different NaOH concentration and S/B 
ratio are shown in Figure 1. The initial and final 
setting time of FA-PC geopolymer tend to decrease 
with increasing of both NaOH concentration and S/B 
ratio. With regard to effect of S/B ratio, the 
increasing of S/B ratio has an effect on setting time 
of FA-PC geopolymer mortar. For example, the 
initial and final setting time of 10M-1.00SB, 10M-
1.25SB and 10M-1.50SB mortars are 19, 15, 15 min 
and 30, 25, 23 min, respectively. This is because 
increasing of fine aggregate in the geopolymer 
system is related to decrease in the paste value; 
therefore, the setting time of mortar is decreased as 

increasing of S/B ratio. 
For effect of NaOH concentration, the leaching 

out of Si4+ and Al3+ ions is generally low at low 
NaOH concentration whereas the leaching out of 
Ca2+ is not interrupted; thus, the solution was filled 
with calcium as reported by Rattanasak and 
Chindaprasirt [25]. Also, Guo et al. [26] explained 
that calcium oxide could react with silica and/or 
alumina from FA to form C-(A)-S-H gels within 
geopolymer system. Hence, the setting time of FA-
PC geopolymer was thus short. At high NaOH 
concentration, the leaching out of Si4+ and Al3+ ions 
is much better than low NaOH concentration; in 
contrast, calcium oxide was hindered. Thus, the 
setting time of FA-PC geopolymer with high NaOH 
concentration is increased. 
 

 
Fig. 1 Setting time of FA-PC geopolymer mortar 

with various NaOH concentration and S/B 
ratio. 

 
From this results, it can be concluded that the 

fast setting of FA-PC geopolymer is very attractive 
for repair work which the fast setting is normally 
required. As for ASTM C881/C881M-14 [21] 
required the initial setting time for repair binder at 
30 min; therefore, all mixes meet the requirement of 
ASTM standard.  
 
Compressive strength of FA-PC geopolymer 
 

The results of 28-day compressive strength of 
FA-PC geopolymer mortar with different NaOH 
concentration and S/B ratio are shown in Figure 2. 
The strength of FA-PC geopolymer mortar increase 
with increasing of both S/B ratio and NaOH 
concentration. For example, the 28 day-strength of 
5M1.00SB, 5M1.25SB, 5M1.50SB, 10M1.00SB and 
15M1.00SB mixes are 40.3, 50.4, 54.3, 46.8 and 
45.1 MPa, respectively.  

As for effect of NaOH concentration, it has an 
effect on the strength development of FA-PC 
geopolymer mortar. At high NaOH concentration, 
the leaching out of Si4+ and Al3+ ions from FA 
particles increase which corresponds to increasing of 
its strength. Hanjitsuwan et al. [13] claimed that the 
formation of N-A-S-H gel was improved at high 
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NaOH concentration. Therefore, the coexistence of 
N-A-S-H and C-S-H gels could enhance the strength 
development of FA-PC geopolymer mortar [19]. 
However, at 15M NaOH gives lower strength of FA-
PC geopolymer mortar than that of 10M NaOH 
concentration. This is because the leaching out of 
CaO from FA and PC was hindered at high NaOH 
concentration [13]; therefore, 10M NaOH 
concentration is suitable alkali hydroxide for 
producing FA-PC geopolymer. According to Figure 
2, it can be concluded that the strength of FA-PC 
geopolymer mortar increase as increasing of S/B 
ratio and NaOH concentration up to a threshold limit 
that are 10M NaOH and 1.50 of S/B ratio.  
The relatively highest strength was found in  
the 10M1.50SB mix which gives 65.1 MPa of  
28-day strength. 
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Fig. 2 Compressive strength of FA-PC 

geopolymer mortar with various NaOH 
concentration and S/B ratio. 

 
Shear bond strength between PCC substrate and 
FA-PC geopolymer 

 
Test results of shear bond strength between PCC 

substrate and FA-PC geopolymer mortar under 
different NaOH concentration and S/B ratio are 
summarized in Figure. 3. The increase in both of 
NaOH concentration and S/B ratio has an effect on 
shear bond strength between two bonding surfaces. 
The improvement of shear bond strength is directly 
related to the behavior of their compressive strength. 
For instance, the 28 day-shear bond strength of 
5M1.00SB, 5M1.25SB, 5M1.50SB, 10M1.00SB and 
15M1.00SB mixes are 18.2, 18.6, 15.9, 23.3 and 
24.2 MPa, respectively. 

With regard to effect of S/B ratio, the slant shear 
strength between PCC substrate and FA-PC 
geopolymer mortar tends to increase with increase in 
S/B ratio up to a threshold limit that is 1.25 of S/B 
ratio. As mentioned, the slant shear strength at 1.50 
of S/B ratio obvious decrease when compared to 
1.25 of S/B ratio. As for effect of NaOH 
concentration, the slant shear strength between PCC 
substrate and FA-PC geopolymer mortar tends to 

increase with increasing NaOH concentration; 
however, NaOH concentration at 15M seems to be a 
slight reduction. The CaO from PC could react with 
SiO2 and/or Al2O3 from FA in the suitable NaOH 
concentration; hence, additional formation of C-S-H 
and/or C-A-S-H coexists with N-A-S-H gels [27, 
28]. Thus, an enhancement of bonding strength at 
the interface transition zone between PCC substrate 
and FA-PC geopolymer mortar was obtained. In 
contrast, the leaching out of CaO from FA and PC 
was hindered at higher NaOH concentration [13]. 
Therefore, bonding at two surfaces slight decrease.  

It can be concluded that a mixture of S/B ratio at 
1.25 and NaOH concentration at 10M gives  
the highest slant shear strength between PCC 
substrate and FA-PC geopolymer mortar. 
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Fig. 3 Shear bond strength between PCC substrate 

and FA-PC geopolymer with various NaOH 
concentration and S/B ratio. 

 
CONCLUSION 
 
 This paper has provided an experimental study 
on setting time, compressive strength and shear bond 
strength of FA-PC geopolymer mortar with various 
different NaOH concentration and S/B ratio. Based 
on the obtained experimental results, the following 
conclusions could be drawn: 

1. The difference of NaOH concentration and 
S/B ratio has an effect on setting time of FA-PC 
geopolymer mortar. The setting time of mortars are 
decreased as increasing of S/B ratio. While, 
increasing of NaOH concentration could delay the 
setting time of FA-PC geopolymer mortar. 

2. Compressive strength of FA-PC geopolymer 
mortars are increased as increasing of both S/B ratio 
and NaOH concentration up to a threshold limit. The 
FA-PC geopolymer mortar manufactured from 10M 
NaOH and S/B ratio of 1.50 gives the highest 28-day 
strength of 65.1 MPa. 

3. The FA-PC geopolymer mortar with  
the optimum NaOH concentration and S/B ratio 
could improve the shear bond strength between PCC 
substrate and geopolymer mortar. The increase in 
shear bond strength is due to an enhancement of 
reaction products at two surfaces. A mixture of S/B 
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ratio at 1.25 and 10M NaOH gives the highest slant 
shear strength which is 24.1 MPa. 
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ABSTRACT 

 
The effects of seawater on the strength performance of reinforced concrete (RC) beams were investigated. 

Four RC beams measuring 150 x 200 x 800 mm were constructed. Two beams were constructed with concrete 
mixed with freshwater and the other two were constructed with seawater. Center point loading test was 
conducted on the beams specimens. Load, deflection, and strain of each beam were monitored and recorded. It 
was found that the difference between the strength test values obtained by using freshwater and seawater were 
minimal. However, formation of rust in steel when seawater was used was very evident.  Hence, the effects of 
seawater on the corrosion behavior of steel were investigated.  Mortar specimens with cold-joint were used as 
medium to facilitate the investigation of corrosion.  Ordinary Portland cement (OPC) Type 1 was used as binder 
for the mortar and was partially replaced with fly ash at 30% and 50%.  Rectangular prism specimens of 
dimensions 40mm by 40mm by 160mm were cast for macrocell corrosion measurements and compressive 
strength determination. From the test results, the following were observed: (a) Specimens with fly ash were 
observed to have lower corrosion rates compared with the ones without fly ash; (b) Specimens mixed with 
freshwater resulted to the higher strength both at 7th-day age and 28th-day age; (c) Regardless of the type of 
water used in making the mortar, specimens cured in seawater achieved higher later strength values. 
 
Keywords: Seawater, Corrosion, Reinforced Concrete, Mortar, Fly Ash  
 
INTRODUCTION 

 
Seawater is still currently not allowed to be used 

in construction as stipulated in the National 
Structural Code of the Philippines (NSCP) [1] and 
most of the other codes all over the world. However, 
there are already studies [2] - [5] that indicate the 
possibilities of using seawater as a substitute for 
potable water in concrete; whether for mixing, 
curing, or both. Results are varying and sometimes 
contradicting. Studies of Otsuki et al. [2], indicate 
the countermeasures that can be applied to eliminate 
the disadvantages that seawater presents. These 
studies indicate the possibility of using seawater in 
concrete; but still more studies must be conducted to 
further validate the usage, especially in reinforced 
concrete. Establishing criteria in using seawater in 
reinforced concrete members would benefit places 
with abundant seawater resources, such as the 
Philippines.  

To investigate the effect of seawater when used 
in making reinforced concrete (RC) beam, the 
structural performance of two RC beams constructed 
with seawater were compared to two control RC  
beam specimens constructed with freshwater.  This 
is done by testing the RC beams as simply supported 
beams with center-point loading. The findings of 
this comparison are presented in this paper. It was 
observed that the major effect of seawater is in 
corroding the reinforcing bars. It is also believed that 
exposing the RC beam to seawater environment 

would affect the corrosion behavior of the 
reinforcing bars.  

As a consequence, the effects of seawater on the 
corrosion behavior of steel in mortar were 
investigated. In addition, fly ash was also 
investigated as a possible concrete ingredient that 
can possibly lower the corrosion rate of steel in 
concrete. Fly ash is a pozzolan, hence it reacts with 
calcium hydroxide that is produced during cement 
hydration resulting to the conversion of larger pores 
into finer pores [6]. This produces a more compact 
concrete thereby blocking the flow of seawater or 
other chemical attacks. As a result, the corrosion risk 
of reinforced concrete structures in chloride rich 
environments, such as seawater, can be lowered by 
fly ash to a satisfactory level [7]. 

In this study, steel is assumed to undergo 
macrocell corrosion. Corrosion happens when 
chemical reaction, specifically oxidation, occurs in 
steel. The presence of this chemical reaction can be 
monitored through the flow of electricity when steel 
bars enclosed in concrete are arranged forming a 
macrocell circuit, that is, an anode and a cathode that 
are separated from each other. Usually, the passive 
film that is formed on the steel surface due to the 
alkalinity of concrete is broken down due to the 
presence of chemicals or other environmental factors. 

Mortar specimens were used in this research to 
make it easier to measure to macrocell corrosion, as 
the presence of coarse aggregate could complicate 
the flow of electric current. Macrocell corrosion can 
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be further affected by chloride environment 
especially when concrete surface has cracks [8]. 
Since macrocell corrosion may occur at any time to 
any reinforced concrete structure, it is important to 
have good awareness of this corrosion process. As 
seawater is known to increase the probability of 
corrosion of steel, it is important to determine under 
what conditions this will happen and what are the 
possible remedies or solutions that may be applied. 

To address the above mentioned problems, the 
main objective of this phase of study is to determine 
the effects of seawater on the corrosion density and 
corrosion rates and the possible countermeasures 
that fly ash can provide to the macrocell corrosion. 
In addition, the effects of seawater and fly ash to the 
compressive strength of mortar are also investigated 
to provide more information.  

 
METHODOLOGY  

 
This research may be divided into two parts.  The 

first part is the testing of RC beams to evaluate the 
effect of seawater on their structural performance. 
The second is the macrocell corrosion test to study 
the corrosion behavior of steel and find possible way 
of counteracting it. 
 
Test of RC beams 

 
Four RC beams with dimensions of 150 x 200 x 

800 mm with target concrete strength of f’c= 21MPa 
were prepared. Two RC beams used freshwater as 
mixing water while the other two RC beams used 
seawater, which will be termed as “freshwater beam” 
and “seawater beam”, respectively. The seawater 
used was obtained near seashore at waist-deep with 
salinity of 30.2 ppt. Other components such as size 
of aggregates, size of steel reinforcing bars, type of 
cement, and water to cement ratio were held 
constant to make the beams identical except for the 
water used. The diameter of the longitudinal steel 
reinforcement is 8mm and the stirrup is 6mm. The 
cross-section detail of the beam is shown in Fig, 1 
and the longitudinal dimensions and reinforcing 
details of the beam is shown in Fig.2.  

 

 
 

Fig. 1 Cross section of the RC beam specimens 

 
 

Fig. 2 Longitudinal details of the beam specimens 
 
Testing for the flexural strength of the RC beam 

was conducted at 56 days after casting. Center point 
loading on a simply supported beam was adopted. A 
hydraulic jack was used to apply the load and 
monitored with a load cell. Clip gages and 
displacement transducers were used to monitor the 
strains and deflection, respectively, at the midspan 
of the beam. Shown in Fig. 3 is the test setup. After 
the beams were tested, the reinforcing bars were 
recovered for evaluation of the effect of seawater. 

 

 
 

Fig. 3 Experimental test setup of RC beam 
 

Macrocell Corrosion Test 
 
For the macrocell corrosion test, rectangular 

prism or block specimens measuring 40mm by 
40mm by 160mm were used. The water cement ratio 
used in making the specimens is 0.5 and the cement-
sand ratio is 1:2. Fly ash as partial substitute for 
cement at 30% and 50% by weight was implemented. 
The seawater used had a salinity of 30.6 ppt. ASTM 
Type 1 Portland cement was used in combination 
with class F fly ash. Presented in Table 1 are the 
specimen codes assigned for the different type of 
specimens. The specimens were cured in either 
freshwater or seawater, but the macrocell corrosion 
test was done only for the specimens that were cured 
in seawater. To provide more information about the 
effect of seawater on mortar, compressive strength 
tests were conducted at the 7th and 28th day age of 
mortar. 
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Table 1 Codes used for specimen 
 

Specimen 
Code 

Fly ash 
(FA) % 

Mixing 
Water 

Curing 
Water 

FA0FW-FW 0 FW FW 
FA30SW-FW 30 SW FW 
FA50SW-FW 50  SW FW 
FA0FW-SW 0 FW SW 
FA30SW-SW 30 SW SW 
FA50SW-SW 50 SW SW 

Note: FW=Freshwater, SW=Seawater 
  
For the macrocell corrosion test, reinforcing steel 

bars, 12 mm in diameter, were arranged in mortar 
block so that anode and cathode are spatially 
separated resulting in a flow of electric current over 
the spatial distance [9]. A 100 mm long deformed 
bar was cut into three equal lengths and were placed 
in the mortar blocks as illustrated in Fig. 4. The bars 
were cleaned by soaking them in 10% diammonium 
hydrogen citrate to remove rust. Electrical wires 
were soldered on both ends of the cut steel bars to be 
connected to the ammeter that will measure the 
electric current. The divided bars were 
longitudinally joined together using epoxy. The 
assembled steel bars were placed in the mortar block 
maintaining a mortar cover of 10 mm from the 
surface. Cold-joint was made in the mortar block to 
ensure penetration of seawater. To do this, only half 
of the mould was first filled with mortar. Then, the 
mortar was allowed to set for a whole day before 
filling the mould to its full capacity. Fig. 5 shows the 
resulting corrosion specimen with cold-joint. The 
mortar blocks were then sealed with epoxy on all 
sides except on the side nearest to the steel bar, the 
one with 10 mm mortar cover. 

 

 
 
Fig. 4    Macrocell current density measurement [12] 

 

 
 
Fig. 5 Corrosion specimen with cold-joint 

 
Cold-joints are incorporated in the specimens to 

provide a possible passage for the seawater used in 
curing.  This will provide additional chloride ions to 
reach the steel aside from the ones that are already 
present in the mortar. The high alkalinity of the 
mortar creates a thin layer of iron oxide that 
provides resistance to further oxidation by 
preventing oxygen from reaching the steel [10].  
However, the introduction of chloride ions, oxygen 
and water into the mortar destroys this protective 
oxide layer.  

As mentioned earlier, macrocell corrosion 
monitoring was done only to steel in specimens 
cured in seawater. A zero resistance ammeter (ZRA) 
was used to measure weekly the macrocell current 
(refer to Fig. 4). Then the macrocell current densities 
were calculated from the measured macrocell 
currents.  Macrocell corrosion current is defined as 
the total electric current flowing through all 
segmented steel bars in the mortar blocks taken as a 
unit.  The macrocell current density formula is given 
in Eq. 1 [11]: 

 

i

iiii
i S

II
a 1,,1  
                                                     (1) 

 
where: ai = macrocell current density of steel 
component i (A/cm2); Ii,j = macrocell corrosion 
current from steel components i to j (A); and Si = 
surface area of steel i. 

To evaluate the macrocell corrosion electricity, a 
graph is made by plotting the macrocell current 
density against time.  An example is shown in Fig. 6. 
The macrocell current densities are plotted for a 
period of 8 weeks (56 days). The macrocell 
corrosion electricity is obtained by integrating the 
area under the curve in the graph shown in Fig. 6.  

 

 
 
Fig. 6    Macrocell corrosion electricity [11] 

 
According to Miyagawa et al. [12], the corrosion 

rate may be evaluated as follows: If the maximum 
corrosion electricity is below 20 Coulomb/cm2 in 56 
days the corrosion rate is considered “low”, that is, 
0.05 mm/year. If it exceeds 50 Coulomb/cm2 in 56 
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days, the corrosion rate is considered “high”, that is, 
0.12 mm/year. He also predicted that for “low” 
corrosion electricity in 30 years, the yield strength of 
the reinforcing steel may decrease to about 70% of 
the original strength, while for “high” corrosion 
electricity, the yield strength may decrease to as low 
as 35% of the original strength. 

 
TEST RESULTS AND FINDINGS 

 
At the time of testing of the RC beam specimens, 

the concrete strength was measured using concrete 
cylinders.  The average strength of concrete with 
freshwater is 27.17 MPa and the strength with 
seawater is 23.94 MPa, indicating that that the 
compressive strength of concrete with seawater is 
11.88% lower than concrete with freshwater. 

The yield strength (fy) of reinforcing bars 
recovered from the tested RC beam specimens was 
determined. Freshwater beams had an average 
fy=499.5 MPa and seawater beams had fy=495.7 
MPa. The difference is only 0.76% indicating that    
the strength of the steel reinforcing bars has not been 
significantly affected by the seawater. Hence, the 
decrease in strength of the beam may be due only to 
the slight decrease in concrete strength.  

Fig. 7 shows the visual difference of the steel 
reinforcement bars taken from the seawater beam 
specimens and from the freshwater beam specimens. 
Rust can be clearly observed on the steel 
reinforcements from the seawater beam specimens 
while no rust can be observed on the steel from the 
freshwater beam specimens. 
 

 
 
Fig. 7 Steel bar from seawater beam (left), steel 

bar from freshwater beam (right) 
 
Tabulated in Table 2 are the important values 

obtained from the test of beam, specifically at the 
ultimate condition, that is, when the strain of 
concrete reached 0.003. The average ultimate load 
obtained from the freshwater beams is a little bit 
higher than that of the seawater beams. The 
difference is only 6.10%. The midspan deflection 
was also almost the same for the two types of beams. 
The difference is only 12.9%.  The load-strain strain 
curves of the tested beams are shown in Fig. 8. 
Curves labeled starting in “F” are for freshwater 
beams while those starting in “S” are for seawater 
beams. It can be seen that the curves are almost 
identical.  Differences are very minimal.    

 
 

 
Table 2 Values from the test of RC beam specimens 

 
At ultimate Specimen Type 
condition 

(strain=0.003) 
Freshwater 

beam 
Seawater 

beam 
Ult. Load (kN) 42.11 39.54 

Deflection (mm) 0.986 1.113 
Mnexpt (kN-m) 6.84 6.42
Mncalc (kN-m) 6.72 6.45 

Expt/Calc 1.018 0.995 
 

 
 
Fig. 8 Load-strain relationship of the RC beams  

 
Comparing the nominal flexural strengths (Mn), 

the flexural strength of freshwater beams is higher 
than compared to seawater beams as presented in 
Table 2. However, the difference between the two 
groups is again very minimal. The percentage 
difference is 6.14% only. The comparison between 
experimental and theoretical nominal moments 
(Mnexpt, Mncalc) yielded very good agreement. The 
theoretical values were calculated using the formulas 
stipulated in the code (NSCP).  

The test results from the loading test of RC beam 
specimens indicate that there is very small difference 
in the structural performance between RC beam 
specimens with freshwater and that with seawater. 
The major effect is only in the corrosion of the steel 
bars, which in the long run may contribute to the 
deterioration of the structural integrity of the beams.  

The macrocell corrosion rate evaluation of steel 
in mortar provides an insight on the possible 
corrosion of steel in beams with seawater and 
exposed to seawater environment. Fig. 9 shows the 
macrocell current density of the middle steel element 
for each specimen type.  

Although Fig. 9 does not consistently show 
anodic or cathodic macrocell current densities, it is 
only an indication that macrocell corrosion 
measured is non-uniform. The anodic and cathodic 
reactions may fluctuate throughout the investigation 
period [8]. Based on corrosion rate calculation of 
Miyazato [11] and Miyagawa et al. [12], the 
macrocell corrosion electricity may be calculated 
from Fig. 9 and can be converted to macrocell 
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corrosion rate. It is evaluated for the period of 8 
weeks (56 days), starting on the 98th-day up to 154th-
day of current measurement, when the current 
measurements are significantly large.  

 

 
 
Fig. 9 Macrocell current density variations 

 
Presented in Fig. 10 is the plot of the macrocell 

corrosion rates of the mortar specimens for the 
investigation period of 8 weeks. The corrosion rate 
is calculated per period (per week) so that corrosion 
development could be observed over the 
investigation period. The specimens without fly ash 
(FA0FW-SW) are observed to have the highest 
corrosion rate. Moreover, the corrosion rate is 
consistently increasing during the 8-week period and 
the corrosion rate at the end of the 8-week period is 
0.08mm/(8week) which may be projected to one 
year as 0.51mm/year. For the specimen with 30% fly 
ash (FA30SW-SW), the corrosion rate is lowest, 
picking up only at the end of the 8-week period. The 
corrosion rate at the end of the 8-week period is 
0.01mm/(8week) or 0.09mm/year. The lower 
corrosion rate of specimens mixed with fly ash can 
be explained by the fine structure of fly ash 
preventing the penetration of chlorides. However, in 
the case of the specimen with more fly ash, that is, at 
50% cement replacement (FA50SW-SW), the 
corrosion rate turned out to be higher than the 
specimens with smaller amount of fly ash. This 
indicates that the amount of fly ash used as corrosion 
countermeasure may have a limit and may be at 
cement replacement lower than 50%. Furthermore, it 
seems that using seawater as mixing water is a lesser 
corrosion risk than exposing mortar to chloride-rich 
environment. Moreover, the existence of cold-joints 
may have also increased the corrosion activity as 
surrounding seawater can easily penetrate the mortar. 

Regarding the strength investigation of the 
mortar specimens, the results of the compressive 
strength test indicate the usual trend that the 
compressive strength increases with time, as shown 
in Fig. 11. The strength increased from 7th-day to 
28th-day. Furthermore, the compressive strength of 
specimens mixed with freshwater exhibited higher 
than those mixed with seawater. This is the same 
observation in the RC beam test. In general, the 
increase in fly ash replacement percentage resulted 
to the decrease in compressive strength of mortar, 
which was similarly observed by Lim et al. [13]. 

 
 
Fig. 10 Macrocell corrosion rate of the specimens 
 
Regardless of the mixing water, specimens cured in 
seawater resulted to higher 28th-day compressive 
strength, except for the specimens with 50% fly ash 
replacement. Results of this study corroborated that 
mortars with fly ash immersed in seawater tend to 
have higher compressive strength [14]. However, it 
seems that the 30% fly ash replacement is the best 
among the values considered because the increase in 
strength is higher when cured in seawater. 

 

 
 
Fig. 11 Day 7 and day 28 compressive strengths  

 
CONCLUSION 
 

Rust was clearly observed on the steel 
reinforcement recovered from the RC beam 
specimens mixed with seawater. However, in terms 
of strength, the steel was not significantly affected. 

Although there was a slight strength reduction in 
concrete with seawater, in general, the seawater did 
not have any significant effects on the flexural 
strength of the beam for the period covered in the 
study. Since the strength performance of RC beams 
with seawater was not significantly affected, 
seawater may be used in short term general and 
minor construction purposes. However, the behavior 
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of reinforced concrete with seawater must still be 
studied further on a long-term basis.  

To provide insights on the effects of seawater on 
the corrosion of steel reinforcement in concrete, the 
effects of seawater and fly ash to the macrocell 
corrosion behavior of reinforcement in mortar were 
investigated. Rectangular prism mortar specimens 
with segmented steel bars were used as specimens. 
The macrocell corrosion currents were measured 
every week for a period of 8 weeks in order to 
compute for the corresponding macrocell corrosion 
density and corrosion rates. From the results, the 
following were concluded: 

The specimens cured in seawater did not show 
consistent anodic or cathodic current densities 
throughout the exposure period, indicating non-
uniform corrosion 

Mortar specimens with fly ash were observed to 
have very much lower corrosion rates compared 
with the ones without fly ash which can be explained 
by the fine structure of fly ash that reduces the 
ingress of aggressive elements. However, it was 
observed that less corrosion rate is obtained when 
the cement replacement with fly ash is at 30% than 
when the fly ash is at 50%.  

Mortar specimens mixed with freshwater 
resulted to higher strength both at 7th-day age and 
28th-day age. The compressive strength decreases as 
the fly ash replacement percentage increases. 
Regardless of the mixing water, mortar specimens 
cured in seawater seemed to achieve higher 28th-day 
compressive strength. 
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ABSTRACT 

 
      The construction industry in the Philippines is predicted to sustain its growth up to 2021 because of the 
infrastructure plan of the government according to the Philippine Infrastructure Report. With this, the demand in 
construction materials would increase and as a result an increase in prices is expected. To address this problem, 
an alternative material must be explored. A promising material is limestone because it is abundant in the 
Philippines.  These materials can be used as a material for structural fill or embankment. In order to determine 
the material’s possible use its capacity to withstand loads must be checked. In this study, its compressibility is 
the main focus. Its consolidation parameters were first obtained by performing one dimensional consolidation 
test. Limestone wastes were mixed with a conventional soil and it is proportioned at 0%, 20%, 40%, 60% and 
100%. After the consolidation parameters were determined, the data from the consolidation test were used to 
predicting the settlement behavior of the material.  The Asaoka method and hyperbolic method were used in the 
prediction and the results of both methods were compared. Based on the results, it was observed in the one 
dimensional consolidation test, the limestone waste used had a minimal effect to the compressibility of the 
conventional material used. Lastly, the prediction from the hyperbolic method is larger for some mix proportions.   
 
Keywords: Limestone waste, Asaoka Model, Hyperbolic Model  
 
 
INTRODUCTION 
 
 In the recent Philippine Infrastructure Report of 
2017, strong growth in the construction and 
infrastructure industry was predicted to occur in over 
the next five years. The growth is due to the 
government’s plans to improve transportation 
infrastructure, residential buildings and social 
infrastructure. Based on the report, the real growth 
will reach 12.5% in-between 2017 and 2021 while 
the average annual growth will reach 11.2% for the 
construction sector [1]. The Philippine Development 
Plan was also launched in February of 2017. The 
plan covers the year 2017 to 2022. The main goal of 
the plan was to change the Philippine income trend 
as an upper-middle-income country by 2022 [2]. 
With this shift, the compound annual growth rate 
(CAGR) of the construction industry’s output value 
is expected to rise by 9.79% [3]. The continuous 
growth of the construction industry can result to an 
increase in demand of construction materials. 
According to the average construction cost forecast 
in the Philippines for 2016 to 2020, the average cost 
of residential is expected to increase by 5.51% [4]. 
To address this problem, there is a need to explore 
alternative materials. A promising material is 
limestone waste because it is abundant in the 
Philippines. According to the 2013 Minerals 
Yearbook, limestone quarry production in 2013 
reached at 73,359 thousand metric tons and it is the 
third top quarried mineral commodity. Its production 

rate doubled since 2009 [5]. This trend could result 
to an increase in the production of limestone waste 
material and this can also lead to a shortage in 
storage facility. Due to its abundance, possible uses 
of these materials are as a material for structural fill 
or embankment. 
 There were already several researches that 
showed the material’s potential as a construction 
material. Limestone waste was used as an alternative 
material for road based material and soil 
stabilization. Based on their results, the use of 
limestone waste improved the strength of the road 
embankment and it was also found to be an 
economical alternative construction material [6], [7]. 
Limestone wastes were usually mixed with 
conventional materials in order to determine the 
most suitable amount of limestone waste 
substitution. It was found that a 50% blend of 
limestone waste mixed with the conventional 
material was able to produce the optimum strength 
[6]. Furthermore, limestone waste showed a very 
high efficiency in improving weak soils and it can 
also be used as a substitute for lime in soil 
improvement for engineering construction [8]. 
However, there is a lack of knowledge on its 
settlement characteristics. With this, it is the 
objective of the study to evaluate the compressibility 
of limestone waste. Limestone wastes were mixed 
with conventional material and it is proportioned at 
0% (L1), 20% (L2), 40% (L3), 60% (L4) and 100% 
(L5). Its consolidation parameters such as coefficient 
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of consolidation (Cv), compression index (Cc), 
recompression index (Cr), coefficient of volume 
compressibility (mv), overconsolidation ratio (OCR) 
and preconsolidation stress (σ’c) were established by 
performing one-dimensional consolidation test. 
After the consolidation parameters were determined, 
the data from the consolidation test were used in 
predicting the settlement behavior of the material.  
The Asaoka method and hyperbolic method were 
used in the prediction and the results of both 
methods were compared.    

 

INDEX PROPERTIES OF LIMESTONE 
WASTES 
 

The limestone wastes used were from a quarry 
in Guimaras province in central Philippines. The 
index properties of the five blends were tested 
following American Society for Testing Materials 
Standards (ASTM). Its index properties namely, 
specific gravity (Gs), liquid limit (LL), plastic limit 
(PL), plasticity index (PI), maximum void ratio 
(emax), minimum void ratio (emin), maximum dry 
density (ρdmax) and minimum dry density (ρdmin) are 
tabulated in Table 1. The index properties of L5 
were compared with other existing studies. Only this 
sample was compared because the other samples 
were blended with conventional material. The 
conventional material mixed with limestone waste 
was based on the requirements of the Department of 
Public Works and Highways (DPWH) Blue Book. 
The conventional material can be a common 
material or rock. It must pass a sieve opening of 75 
mm or 3 inches. The percentage passing must also 
be less than 15 mass percent for the number 200 
sieve or 0.075 mm opening. Lastly, the material 
must have a plasticity index less than 6 and a liquid 
limit of less than 30 [9]. Based on the results of 
existing studies, the values of their specific gravity 
for limestone wastes are 2.58, 2.65 and 2.59 [10], [7]. 
It can be seen that L5 has a value close to their 
results. For its plasticity, the limestone waste blends 
tested are classified as samples with medium 
plasticity [11]. On the other hand for other studies, 
their limestone has very high plasticity having LL of 
72%, PL of 53% and PI of 19%. The difference can 
be due to the mineralogical composition, origin of 
the material and its particle shape and size. The 
effect of blending limestone waste with a 
conventional material can be seen in the results of 
the index properties. When the amount of limestone 
waste is greater the value of the specific gravity, 
maximum dry density and minimum dry is 
decreasing. For the result of liquid limit, plastic limit, 
plasticity index, maximum void ratio and minimum 
void ratio, it was observed that as the amount of 
limestone is greater their values increased.     
 
 

EXPERIMENTAL PROGRAM 
 

Sample Preparation 
 
The ash mixtures were prepared by moist 

tamping. The target relative density is 90% to 95%. 
In order to attain a fully saturated condition, the 
samples were first soaked with distilled water for 16 
hours. This was followed by adding distilled water 
in the consolidation cell. It was made sure that the 
water would reach the load cap to ensure a fully 
saturated condition. The amount of distilled water 
mixed with the sample is close to the value of the 
optimum moisture content (OMC) as seen in Table 2. 

 
Table 1. Index properties of limestone wastes 

Index Property L1 L2 L3 L4 L5 

 Gs 2.89 2.77 2.71 2.67 2.63 

LL 13.73 14.2 15.82 17.29 19.7 

 PL 11.84 12.07 13.13 14.42 15.11 

PI 1.89 2.13 2.69 2.87 4.59 
emax 0.69 0.74 0.87 0.93 1.2 
emin 0.32 0.37 0.43 0.48 0.76 

ρdmax (g/m3) 2.18 2.03 1.89 1.81 1.49 

ρdmin (g/m3) 1.71 1.59 1.45 1.38 1.19
 
 Table 2. Optimum moisture content (OMC) of 
limestone wastes [6] 

 L1 L2 L3 L4 L5 

 OMC (%) 5.00 5.56 5.98 6.63 9.54 

 
Consolidation Test 
 
 Consolidation test was performed in the study 
under ASTM D 2435 Standard Test Method for 
One-Dimensional Consolidation Properties of Soils. 
The load increments implemented in the experiment 
were 7, 12, 25, 50, 100, and 200 kPa. A seating 
pressure of 7kPa was first applied before loading 
was performed [12]. Reloading was also performed 
in the experiment and it was initiated at 200 kPa. 
Reloading was performed until 7 kPa was reached. 
The settlement was recorded every 0.1, 0.25, 0.5, 1, 
2, 4, 8, 15, 30, 60, 120, 240, 480 and 1440 minutes. 
The load was changed after 24 hours. For this study, 
a total of 15 samples were tested. Each of the 
limestone waste blends was tested three times.  
 
OBSERVATIONAL METHODS  

 
Observational methods or also known as 

graphical method are techniques used to predict the 
future settlement of a material. These methods use 
field data or consolidation test data specifically the 
amount of settlement and time of settlement. Through 
these methods, uncertainties in soil variability, 
magnitude and load distribution can be avoided [13]. 
Some of the widely adopted methods that produces 
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reasonable estimates are Asaoka method, hyperbolic 
method and velocity method, just to name a few [14], 
[15]. For this study, Asaoka and hyperbolic method 
were used due to its simplicity and accuracy.       

Asaoka Method 
 
 The Asaoka Method is an observational method 
that utilizes the settlement data from the field or 
either from a one-dimensional consolidation test to 
predict the ultimate settlement (Sult) and the 
coefficient of consolidation (cv) [15]. The one-
dimensional settlement (S) at a certain time 
increment (∆t) can be expressed as:  
 

1n o nS S S                (1) 
 
Where: 
Sn = settlement at time t 
Sn-1 = settlement at time tn-1 
β = slope 
So = intercept 
 
The equation represents the linear trend line in an 
Asaoka’s plot as shown in Fig 1. The figure is the 
plot of the settlements (Sn, Sn-1) having a constant 
time increment (∆t). The plot is used to estimate the 
ultimate settlement (Sult) by using the following 
equation: 
 

1
o

ult
S
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             (2) 

 

 
Fig 1 Asaoka’s Plot [18]. 

 
Another method to estimate the ultimate settlement 
is by drawing a 45 degree line on the Asaoka’s plot. 
The intersection of both lines is the value of the 
ultimate settlement [16]. Prior to creating the 
Asaoka’s plot, the settlement must be obtained under 
a constant time increment (∆t) as seen in Fig 2. The 
accuracy of estimation is dependent on the time 
increment employed [17]. The coefficient of 
consolidation (cv) can also be estimated by using the 
following equation [18]:  
 

25 ln
12vc H

t


 

                         (3) 
 

Where 
H = thickness of the stratum 
 

 
Fig 2 Settlement versus time under a constant time 

interval [18]. 
 
Hyperbolic Method 

 
 The hyperbolic method is another observational 
method that predicts the ultimate settlement of the 
soil. It also uses the actual settlement data or one-
dimensional data in order to perform the prediction. 
This method replaces the settlement curve with a 
hyperbolic curve [18]. The hyperbolic curve is a 
transformed plot of the settlement curve as seen in 
Fig 3. The ordinate is the ratio of time to settlement 
while the abscissa is time. When a fitted line is 
introduced in the plot, the hyperbolic curve is 
defined as [19]: 
 
t

t
s

                         (4) 

 
Where: 
s = settlement at time t 
t = time  
β = slope 
α = intercept 

     
When time in Equation 4 becomes very large or it is 
approaching infinity, the ultimate settlement (sult) 
can be predicted by [20]:   
  

1 1lim lim ult
t t

s s

t

  
  


          (5) 

 
CONSOLIDATION PARAMETERS 

 
 The consolidation parameters for the limestone 
wastes are discussed and presented in this section. 
The Casagrande method was used to determine the 
recompression index (Cr), compression index (Cc), 
preconsolidation stress (σ’c) and overconsolidation 
ratio (OCR). The method uses the consolidation 
curve in determining the consolidation parameters. 
The typical result of the consolidation curve is 
shown in Fig 4. The recompression index is the 
slope of the recompression curve while the 
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compression index is the slope of the normal 
consolidation. The typical values for compression 
index ranges from 0.1 to 0.8.  While for the 
recompression index, it ranges from 0.015 to 0.35. 
Both parameters can also be determined from 
empirical formulas [22].The results are tabulated in 
Table 3. Based on the results, the indexes obtained 
were smaller than the suggested values. This can be 
due to the fact that the limestone wastes have 
medium plasticity which means that it has a little 
potential to compress. It was also observed that as 
the percentage of limestone waste is increasing the 
compression index is also increasing. Furthermore, 
these parameters are also used to classify the soil’s 
compressibility together with the initial void ratio as 
seen in Table 4. Based on the values of the ratio of 
compression index and the void ratio, it implies that 
the limestone waste blends tested are very slightly 
compressible. The range of values for this 
classification is 0 to 0.05.             
 The preconsolidation stress (σ’c) obtained from 
the consolidation curve has a value of 25 kPa for L1 
and 50 kPa for L2 to L5.  For the overconsolidation 
ratio, larger values were observed for 7 and 12 kPa 
On the other hand for 25 to 200 kPa, a decreasing 
value was experienced. The samples for 7 to 12 kPa 
except L1 at 25 kPa are overconsolidated while L1 
at 25 kPa and L2 to L5 at 50 kPa are normally 
consolidated. The values of coefficient of 
consolidation (Cv) are tabulated in Table 6. The 
parameter was obtained using the early stage log-t 
method. From the results, no particular trend can be 
observed. They are compared with the typical values 
of silts and clays. It was observed that 83.33% of the 
data are within the range of the typical values. The 
volume of compressibility is also obtained. Based on 
the results tabulated in Table 7, the values are very 
small and when it was compared to the typical 
values it was classified as a sample with very low 
compressibility. 
  

 
Fig 3 Hyperbolic Curve [21].  

 
 The limestone waste tested were compared to 
another study were a road embankment was 
constructed over a limestone waste. Specifically, 
only L5 was compared since it is the only sample 

that contained 100% limestone waste. As seen in 
Table 8, it has a higher σ’c which means it had 
experienced a higher effective vertical overburden 
stress in its loading history. Furthermore, Cc and 
OCR is higher while Cv is smaller. In the study, their 
limestone wastes were classified as highly 
compressible [7]. For this study, the limestone waste 
tested was considered as very slightly compressible 
based on values of the ratio of compression index 
and the void ratio. More so, it is also considered to 
have a very low compressibility based on the value 
of its volume of compressibility. The difference in 
the origin of the material can be the reason why the 
results of both materials are different. 
 
Table 3. Summary of results for Cc and Cr. 
Limestone Waste Compression Index (Cc) Recompression Index (Cr) 

L1 0.009 0.002 

L2 0.015 0.004 

L3 0.017 0.003 

L4 0.024 0.003 

L5 0.03 0.003 

 
Table 4. Classification of soil compressibility.  

Limestone Waste  eo Cc Cc/(1+eo) 

L1 0.34 0.009 0.0067 

L2 0.39 0.015 0.0108 

L3 0.45 0.017 0.0117 

L4 0.58 0.024 0.0152 

L5 0.78 0.03 0.0169 

 
Table 5. Summary of overconsolidation ratio (OCR) 

Vertical  Stress OCR 

σ'z (kPa) L1 L2 L3 L4 L5 

7 3.57 7.14 7.14 7.147 7.147 

12 2.08 4.17 4.17 4.17 4.17 

25 1 2 2 2 2 

50 0.5 1 1 1 1 

100 0.25 0.5 0.5 0.5 0.5 

200 0.13 0.25 0.25 0.25 0.25 

 
Table 6. Summary of coefficient of consolidation 
(Cv) 

Vertical Stress Cv  (cm2/sec x10-4) 

σ'z (kPa) L1 L2 L3 L4 L5 

7 30.18 28.30 21.57 8.88 8.70 

12 1.13 0.45 0.41 0.38 21.57 

25 0.27 30.18 0.28 8.70 3.02 

50 1.00 8.23 0.15 45.28 45.28 

100 14.00 0.30 0.20 30.18 0.90 

200 28.83 22.63 45.28 18.12 90.55 
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Fig 4 Typical result of the Consolidation Curve. 

 
Table 7. Summary of volume of compressibility(mv) 

Vertical Stress mv (mm2/kN) 

σ'z (kPa) L1 L2 L3 L4 L5 

7-12  2.0E-3 5.0E-4 3.0E-3 2.0E-3 6.0E-4

12-25  4.0E-5 3.0E-4 3.0E-4 8.0E-5 5.0E-4 

25-50  1.0E-4 3.0E-4 5.0E-5 1.0E-4 2.0E-4 

50-100  7.0E-5 9.0E-5 3.0E-5 6.0E-5 2.0E-4 

100-200  1.0E-5 6.0E-5 5.0E-5 6.0E-5 1.0E-4 
 
Table 8. Consolidation parameters of other 
limestone waste [7].  
Consolidation Parameter Value 

Cc 1.3 

Cv 1.25E-04 to 2.33E-04 cm2/sec 

σ’c 72 to 168 kPa 

OCR 0.30 to 0.91 
 
ULTIMATE SETTLEMENT PREDICTION 

 
 Two observational methods were used to predict 
the ultimate settlement of the limestone wastes. For 
the Asaoka’s method, the ultimate settlement was 
predicted using 4 time interval and these are 10, 20, 
30 and 40 minutes. This was done since the result is 
highly dependent on the value of time increment 
used. The Asaoka’s plot of various time increments 
is shown in Fig. 5. It can be seen that the plots are 
overlapping each other which means that the 
ultimate settlement that will be predicted will have 
values that are in good agreement with each other. 
The predicted ultimate settlement resulted to having 
almost the same values for the time intervals 10, 20 
and 30 minutes. A decrease by 0.01% to 0.39% was 
observed for the 40 minutes time interval. The 
summary of results for 10 minutes time interval is 
tabulated at Table 9. The difference in results is 
because as the time interval is being increased the 
number of data in the Asaoka’s plot is being 

decreased. This leads to the change in the value of 
the slope and the intercept as well. As seen in Table 
10, a larger slope was observed for the 10 min. time 
interval and it continuously decreased when the time 
interval was increased. The coefficient of 
consolidation was also computed for each time 
interval and slope of each Asaoka’s plot. The 
thickness used in the computation is the thickness of 
the sample which is 20 mm. The results are 
tabulated in Table 10 and it can be seen that for all 
time increment, close values were computed from 
L1 at 50 to 200 kPa and for L2 to L5 for all vertical 
pressures. For L1 at 12kPa for all time increment, a 
larger value was computed. The difference in results 
can be attributed to the trend of deformation or 
settlement the sample had experienced as it is being 
compressed. Comparison was also made with Cv 
from the early stage log-t method and the Asaoka’s 
method. A large difference can be observed because 
the early stage log-t method is a graphical method 
that uses the early stage of the consolidation curve 
which can lead to a larger value of Cv. 
  
Table 9. Ultimate settlement prediction using 
Asaoka’s method at ∆t = 10 minutes. 
Vertical Stress Sult (mm) 

σ'z (kPa) 0% 20% 40% 60% 100% 

7 0.0609 0.0609 0.0658 0.0671 0.0509 

12 0.1913 0.1193 0.2981 0.2708 0.2099 

25 0.2025 0.1851 0.3230 0.2919 0.2050 

50 0.2050 0.2795 0.3677 0.3304 0.3155 

100 0.2671 0.3727 0.4000 0.3938 0.4174 

200 0.3292 0.4720 0.4832 0.4894 0.6025 

 
Table 10. Summary of coefficient of consolidation 
(Cv) using Asaoka’s method at various ∆t. 

∆t (min) Sample σ'z (kPa) β Cv  (cm2/sec) 

10 L1 50 to 200 0.8819 3.49 

 L2-L5 All 0.9195 2.33 

20 L1 50 to 200 0.7775 3.50 

 L2-L5 All 0.878 1.81 

30 L1 12 0.803 2.03 

 L1 50 to 200 0.6888 3.45 

 L2-L5 All 0.8213 1.82 

40 L1 50 to 200 0.6145 3.38 

 L2-L5 All 0.7703 1.81 

 
 For the Hyperbolic method, the hyperbolic 
curve is shown in Fig.6. It can be seen that the ratio 
of time and settlement decreases as the pressure is 
being increased. This was the behavior of the plot 
for all the samples tested. The predicted ultimate 
settlement for this method is tabulated at Table 11. 
Comparing the results of the 2 observational 

y = -0.0016x + 0.3441

y = -0.0092x + 0.3545

y = -0.0037x + 0.3424

0.332

0.334

0.336

0.338

0.34

0.342

0.344

0 0.5 1 1.5 2 2.5

vo
id

 r
at

io
, e

logσ'z

Recompression Curve Normal Consolidaiton Curve
Rebound Curve



GEOMATE - Mie, Japan, Nov. 21-24, 2017 
 

446 
 

methods, it was observed that the predicted ultimate 
settlement for the hyperbolic method is larger than 
the Asaoka’s method except for the ultimate 
settlement for except for L1 at 100 kPa and L5 at 25 
kPa. 
 

 
 

Fig 5. Asaoka’s plot of various time increments for 
L5 at 12 kPa. 

 

 
Fig 6. Hyperbolic curve for L2. 

 
Table 11. Ultimate settlement prediction using 
Asaoka’s method at ∆t = 10 minutes. 
Vertical Stress  Sult (mm) 

σ'z (kPa) 0% 20% 40% 60% 100% 

7 0.0665 0.0844 0.0812 0.0855 0.0537 

12 0.1969 0.1278 0.3013 0.2763 0.2005 

25 0.2041 0.1866 0.3289 0.2924 0.2080 

50 0.2061 0.2812 0.3727 0.3324 0.3886 

100 0.2638 0.3818 0.4074 0.3963 0.4270 

200 0.3309 0.4841 0.4865 0.4914 0.6106 

 
CONCLUSIONS 
 
 The limestone waste blends’ compressibility 
characteristics were determined by performing one-
dimensional consolidation test. The blends tested are 

a mixture of limestone wastes and a conventional 
soil and they are proportioned at 0%, 20%, 40%, 
60% and 100%. From the results of the one-
dimensional consolidation test, the blends are 
considered to be very slightly compressible based on 
the values of the ratio of compression index and the 
void ratio. More so, based on the values of the 
volume of compressibility the blends are considered 
to have a very low compressibility characteristic. 
From these findings, it can be said that the limestone 
waste used had a minimal effect to the 
compressibility of the conventional material. With 
this, the blends tested have the potential to be used 
as a material for embankment. For the ultimate 
settlement predicted using Asaoka’s method and 
hyperbolic method, these values can be used as a 
reference for the performance of limestone waste 
blends under a vertical stress of 7, 12, 25, 50,100 
and 200 kPa.  
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ABSTRACT 

 
      In the 2016 Annual Energy Sector accomplishment report of the Philippine’s Department of Energy, power 
generation in the Philippines relied on coal-fired power plant at 46%. An increase of 19.47% was observed from 
2003 to 2016. The increase in demand would result to an increase in production of waste material from the 
power plant namely, coal ash. Furthermore, the disposal of these waste materials can be an issue because it can 
cause a shortage in storage facilities. To address this, there is a need to study on the possibility of reusing these 
waste materials. A probable use of the waste material is by using it as a construction material for road 
embankments. In the Philippines some of these structures are constructed on areas exposed to seawater in order 
to address traffic congestion. This study proposes to use coal ash as the material for road embankment. Triaxial 
test under consolidated drained condition was performed considering the exposure to seawater. Three conditions 
were implemented namely, no exposure, immediate exposure and prolonged exposure. Based on the results, 
100% fly ash had the highest strength. Hyperbolic model was employed to simulate the material’s stress-strain 
response. The hyperbolic model was chosen since it has the capability of predicting load-displacement behavior 
of the waste material under monotonic loading. The Hyperbolic model prediction shows that the material can 
still handle higher stresses. With this, the ash mixtures tested has a potential to be used as a construction material 
for a road embankment.  
 
Keywords: Coal Ash, Hyperbolic Model, Construction Material for Road Embankment   
 
 
INTRODUCTION 

 
 According to the Annual Energy Sector 
accomplishment report of the Philippine’s 
Department of Energy, power generation grossed at 
42,700 Gigawatt hours (GWh) in the first semester 
of 2016 [1]. Coal-fired power plant generated power 
at 19,695 GWh. It was followed by renewable 
energy, natural gas and oil-based power plant at 
10,158 GWh, 10,141 GWh and 2, 705 GWh, 
respectively. In the report, coal-fired power plant 
remains the major source of electricity at 46 %. In 
the same year, coal production for the first three 
quarter reached 8.4 million metric tons (MMMT). In 
the recent Summary of Installed Capacity, 
Dependable Capacity, Power Generation and 
Consumption report of the Department of Energy 
which was published in March 27, 2017, an increase 
of 19.47% in contribution to the power generation 
mix was observed from 2003 to 2016 [2]. The 
increase in demand would result to an increase in 
production of waste material from the power plant 
namely, coal ash. Furthermore, the disposal of these 
waste materials can be an issue because it can cause 
a shortage in storage facilities such as ash pond.   
Using coal ash as a construction material has been a 
trend in the construction industry due to its 
abundance. The most frequently used coal 
combustion by-products (CCB) or coal ash by-
products are fly ash and coal ash [3]. Fly ash has 
been used as a material for cement, concrete and 
grout production, road embankment, reclamation 

and structural fill [3], [4], [5], [7], [20], [21]. It was 
proven that the partial replacement of fly ash to 
cement can reduce the demand of water and it 
improves the concrete’s workability. Furthermore, 
due to its abundance it is an economical material 
especially for road embankments and reclamation 
projects [4], [5]. Bottom ash on the other hand was 
found to have similar performance when compared 
with typical highway materials. More so, it also 
meets the conventional materials’ specifications and 
can be used as subgrade and subbase [6]. To further 
utilize these by-products or waste materials’ 
capability, mixture proportions were tested as a 
possible construction material for highway 
embankments. A study investigated 3 mixture ratios 
such as 50% fly ash and 50% bottom ash, 75% fly 
ash and 25% bottom ash and 100% fly ash. Based on 
their results, mixture ratio of  50% fly ash and 50% 
bottom ash had the highest peak angle of internal 
friction are suitable for highway embankments. In 
addition, the results of the study were also in good 
agreement with the strength and compressibility 
specifications of a typical fill material [7]. Another 
study conducted a field performance investigation 
on a 60% fly ash and 40% bottom ash mixture for a 
construction of an embankment. The construction 
was monitored to determine the behavior and 
performance of the material used. Results showed 
that the ash mixture adopted is an acceptable 
material for embankment construction [3]. Although 
there are several researches on the uses of coal ash, 
such as road embankment, there is still limited 
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knowledge on its performance when it is exposed to 
sea water. This scenario must be considered 
especially in the Philippines were road 
embankments are now being constructed on bodies 
of water, such as the sea, because of traffic 
congestion. Some projects are the Manila-Cavite 
Expressway (CAVITEX) and Cebu-Cordova Link 
Expressway (CCLEX) [8], [9]. With this, there is a 
need to study on the possibility of reusing these 
waste materials as a construction material for road 
embankments exposed to seawater. It is the 
objective of this study to determine the performance 
of coal ash as a construction material considering 
ash mixtures such as 100% fly ash (S1), 100% 
bottom ash (S2) and 50% fly ash 50% bottom ash 
(S3). Consolidated drained triaxial test was 
performed and the waste material will be exposed to 
seawater. The samples were exposed to seawater 
under three conditions namely, no exposure (C1), 
immediate exposure (C2) and prolonged exposure 
(C3). To simulate the material’s stress-strain 
response hyperbolic model was employed. The 
hyperbolic model was chosen since it has the 
capability of predicting load-displacement behavior 
of the waste material under monotonic loading. 
 
INDEX PROPERTIES OF COAL ASH 
 

The coal ash used in the study is from a power 
plant in central Philippines. The index properties of 
S1, S2 and S3 are determined following the 
American Society for Testing Materials and the 
results are tabulated in Table 1. It can be seen that 
all samples are non-plastic.  The value of the 
specific gravity of the ash mixtures are higher than 
the recommended values ranging from 1.899 to 
1.903 [10]. A possible explanation for the difference 
is both materials came from a different coal-fired 
power plant. For the results of S3, it is noticeable 
that the values are in between S1 and S2.  
 
Table 1. Index properties of ash mixtures 

Index Property S1 S2 S3 

Specific gravity(Gs) 2.08 2.25 2.11 
Liquid limit(LL) - - - 
Plastic limt (PL) - - - 

Maximum void ratio 
(emax) 

1.75 0.94 1.14 

Minimum void ratio 
(emin) 

1.45 0.85 0.94 

Maximum dry unit 
weight(γdmax) (kN/m3) 9.9 13.94 11.7 

Optimum water 
content (ωopt) (%) 36.6 15.85 27.1 

USCS ML SM 
 

EXPERIMENTAL PROGRAM 
 

Sea water Preparation 
 

 The artificial sea water used in the experiment is 
prepared following ASTM D 1141 – 98 or “Standard 
Practice for the Preparation of Substitute Ocean 
Water”. The chemical compositions for the artificial 
se water are tabulated in Table 2.   
Table 2. Chemical composition of sea water 

Compound Concentration,g/L
NaCl 24.53 
MgCl 5.2 
NaSO 4.09 
CaCl 1.16 
KCl 0.695 

NaHCO 0.201 
KBr 0.101 
HBO 0.027 
SrCl 0.025 
NaF 0.003 

Ba(NO 9.94E-05 
Mn(NO 3.40E-05 
Cu(NO 3.08E-05 
Zn(NO 9.60E-06 
Pb(NO 6.60E-06 
AgNO 4.90E-07 

 
Sample Preparation 

 
The ash mixtures were prepared by moist 

tamping. Instead of using relative density as the 
controlled variable for the initial target condition, 
relative compaction was preferred to properly 
simulate site conditions. A value of 95% relative 
compaction was the target initial value in order to 
satisfy the desired in situ condition [7], [11]. The 
extent of sea water exposure for the experiment has 
three conditions. The first condition (C1) has no sea 
water exposure. Only distilled water was used and 
the samples were soaked for 16 hours. The second 
condition (C2) sample preparation is similar with C1. 
Sea water exposure was performed during 
consolidation stage of the Consolidated Drained Test. 
The third condition (C3) is when distilled water was 
completely replaced with artificial sea water both in 
the sample preparation step and the consolidation 
stage of the Consolidated Drained Test.  
 
Consolidated Drained Test 
 
 Consolidated Drained Test or slow test was 
performed in this study following British Standard 
(BS) 1377-8: 1990. Saturation, consolidation and 
shear are the stages in this test. For the saturation 
stage, the sample must reach a fully saturated 
condition before it is to be consolidated. To ensure a 
fully saturated condition the B-value or the ratio of 
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the change in pore water pressure and change in 
confining pressure must reach a value greater than 
0.95. For the consolidation stage, the confining 
pressures (σ3) used are 50 kPa, 100 kPa, and 200 kPa. 
For the shearing stage, a rate of loading of 0.05 
mm/min was implemented. This was used for the 
proper dissipation of pore water pressure. Due to the 
slow rate, this stage normally performed for a 
maximum of 7 hours and a minimum of 4 hours. 
A total of 51samples were tested for this study as 
shown in Table 3. It can be seen that sample S3 was 
not tested for the C3 condition. During sample 
preparation when the artificial sea water was mixed 
with S1 some samples hardened into a rock-like 
state. This made it difficult for S1 to be mixed with 
S2.  
 
Table 3. Design of experiment 

Ash Mixtures 

Sea Water Exposure 

C1 C2 C3

σ3 (kPa) 

1 2 3 1 2 3 1 2 3 
S1 3 3 3 2 2 2 1 1 1 
S2 3 3 3 2 2 2 1 1 1 
S3 3 3 3 2 2 2 - - - 

 
HYPERBOLIC MODEL 
 
 Hyperbolic model or Duncan and Chang model  
is an incremental stress-dependent model that is 
based on the stress and strain’s hyperbolic 
relationship (Stark). The soil model can simulate the 
non-linear response of soil. It is also a variable-
parameter model and it is defined in terms of initial 
tangent modulus (Ei), actual deviator stress at failure 
(σ1- σ3)f and failure ratio (Rf) [12], [13]. The 
parameters in this model can be determined by 
performing a triaxial test [12], [13], [14]. From the 
variables obtained in the model, prediction of load-
displacement behavior of the soil can be performed. 
The hyperbolic representation of the soil model has 
the capability to yield acceptable results especially 
in cases under monotonic loading [14]. A typical 
result of this model is shown in Fig. 1.  The 
hyperbola in the figure can be mathematically 
written as [12]: 
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Where: 
ε = axial strain 
(σ1- σ3)u = ultimate deviator stress 
  
The hyperbola produced by the model in Fig. 1 is 
acceptable only until point A. This point is the actual 

deviator stress at failure. It can be used to define the 
failure ratio together with the ultimate deviator 
stress. The typical values for the failure ratio range 
from 0.75 to 1.0 [16]. The failure ratio is defined as: 
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The ultimate deviator stress, as seen in Fig. 1, is 
asymptotic in nature. Its value when compared to the 
compressive strength of the soil is always larger 
[14]. In order to establish the parameters needed in 
the soil model, the stress-strain plot must be 
transformed in a linearized hyperbolic form. The 
axial strain must be divided by the deviator stress 
and it is plotted against the axial stress.  The 
equation of the straight line in the transformed plot 
is [12]:  
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Equation 3 presented is the modified format of 
Equation 1. In Equation 3, initial tangent modulus is 
the reciprocal of the y-intercept while ultimate 
deviator stress is the reciprocal of the slope. In order 
to perform the prediction of stress-strain behavior of 
the soil, the primary loading modulus (K) and 
exponent number (n) must be also established. These 
parameters are related to initial tangent modulus as 
seen in the following equation [12]:   
 

3( )n
i a aE KP P            (4) 

 
Where: 
Pa = atmospheric pressure (Pa = 101.325 kPa) 
 
Based on the study of Janbu, the increase in 
confining pressure is proportional to the initial 
tangent modulus [14]. 
 

 
Fig. 1 Hyperbolic model prediction typical result 

[12]. 
 
The parameters primary loading modulus and 
exponent number can be determined from a 
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logarithmic plot of Ei /Pa against σ3/Pa. The plot is 
linearized in order to extract the mentioned 
parameters. The equation of the straight line can be 
written as follows [12]: 
 

  3
10 10 10log log logi

a a

E
K n

P P

   
    

             (5) 
The slope of Equation 5 is the exponent number 
while the y-intercept is the primary loading modulus 
when σ3/Pa is equal to 1.0. Once the hyperbolic 
parameters are established prediction of the load-
displacement behavior of the soil can be performed 
by using the following equation [12], [13]:  
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Where: 
C = cohesion 
 = angle of internal friction 
 
The values of cohesion and angle of internal friction 
can be determined by plotting the Mohr’s Circle. 
The deviator stress from the stress-strain plot must 
be at the peak state. If peak state is not experienced, 
the deviator stress at 15% of the axial strain can be 
used.   
 
SHEAR STRENGTH OF ASH MIXTURES 
 
 The shear strength of ash mixtures was 
determined from the results of the Consolidated 
Drained Test. The results are tabulated in Table 4. 
The results were compared to the typical values of 
previous researches. The typical values for the angle 
of internal friction and cohesion for silt is 30° to 35° 
and 9 kPa, respectively. For silty sand, the typical 
values for the angle of internal friction and cohesion 
is 26° to 35° and 50 kPa, respectively [17], [18], 
[19]. For S1 it was compared to the typical values of 
silts while for S2 it was compared with silty sand. 
The results of S3 on the other hand were compared 
to silty sand. For the results of the ash mixtures in 
C1, it was observed that all the results are in good 
agreement for cohesion. For its angle of internal 
friction, the result of S1 is slightly higher than the 
typical value by 10%. The increase was due to the 
amount of relative compaction which contributed to 
the increase in strength of the ash mixture. It was 
also observed that S1 has a higher of value of angle 
of internal friction compared to S2. This is because 
the particle shape of the two was different. A flaky 
particle shape was observed for S2 while a rounded 
shape was for S1. The particle shape for S2 is 

weaker compared to S1. For S3, its values are in 
between S1 and S2. For the results of C2, it can be 
seen that the values of the angle of internal friction 
decreased for all ash mixtures but the values are still 
within the typical values. The values for cohesion on 
the other hand increased. This can be due to the 
effect of sea water used in the consolidation stage. 
For the results of C3, the angle of internal friction of 
S2 is comparable to the results at C1. For cohesion, 
it dramatically decreased and it is the smallest value 
when compared to all the results.      
       
Table 4. Shear strength of ash mixtures. 
Seawater 
Exposure 

Ash 
Mixture 

  Cohesion (kPa) 

C1 S1  38.53 8.65 
S2  33.77 28.56 
S3 38.94 8.13 

C2 S1  31.95 33.32 
S2  27.03 49.91 
S3 31.86 19.06 

C3 S1 - - 
S2 33.91 15.43 
S3 - - 

 
HYPERBOLIC MODEL PARAMETERS 

 
 The hyperbolic model parameters for ash 
mixtures are tabulated in Table 5, 6, 7 and 8. In 
order to determine these parameters, the stress-strain 
plot was linearized as shown in Fig. 2. The plot 
shown is the typical result for the ash mixtures 
tested. It was observed that as the confining pressure 
increases the ratio between the axial strain and 
deviator stress decreases. This can also lead to the 
decrease in the value of the slope but the increase in 
the value of the ultimate deviator stress. From the 
tabulated results, it showed that as the confining 
pressure increases the ultimate deviator stress also 
increases. Comparing the results of the three 
conditions of sea water exposure, it was observed 
that the exposure of sea water had an effect towards 
the ultimate deviator stress of the ash mixtures. 
Based on the results in Table 7, the values of C3-S2 
at 50 kPa and 100 kPa are in between the results of 
C1-S2 and C2-S2 under the same confining 
pressure. For C3-S2 at 200 kPa the results are larger 
than C2-S2 but smaller than C1-S2. At this 
confining pressure, the exposure to sea water 
improved the strength of the ash mixture. When the 
results of C1-S1 and C2-S1 were compared, it was 
observed that the values of ultimate deviator stress 
are larger for C2-S1 at 50 kPa and 200 kPa but a 
smaller value was observed for 100 kPa. For the 
results of C1-S3 and C2-S3, it can be seen that the 
ultimate deviator stress decreased due to sea water 
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exposure. Comparing the results of the ash mixtures 
in each condition of sea water exposure, for C1 it 
was observed that there is no particular trend when it 
comes to the changes in the value of ultimate 
deviator stress. On the other hand for C2, it was 
observed that S3 had the smallest values. Knowing 
the values of ultimate deviator stress can serve as the 
upper limit or maximum strength of the ash 
mixtures. There was no consistent trend observed in 
the result of the ultimate deviator stress. This can be 
due to the method of sample preparation since 
preparing the exact replica of the relative 
compaction is somewhat difficult.  For the result of 
initial tangent modulus, there is also no definite 
trend. This parameter is highly dependent on the 
behavior of the stress-strain results. When strain 
hardening is more pronounced prior to failure the 
value of initial tangent modulus is smaller. This 
occurred in C2-S2 at 50 kPa confining pressure. For 
the failure ratio, it can be observed that almost all 
the failure ratio is within its acceptable range which 
except the result from C1-S2. Its value is 0.5335. It 
was observed that for this ash mixture, the ultimate 
deviator stress is high and its deviator stress at 
failure is almost half of its value. This means that for 
its transformed plot the slope is very steep. A steep 
plot indicates that strain hardening was present in 
the stress-strain diagram. Once the hyperbolic 
parameters are established, prediction can now be 
performed using Equation 6. The typical results are 
shown in Fig. 3 and 4. Three trends were observed 
from the results. First, the prediction seemed less 
accurate as the confining pressure is increasing as 
seen in Figure 3. This trend was observed for all 
results in C1. Second, the prediction was in good 
agreement with some parts of the stress-strain plot 
such as the strain hardening portion and the behavior 
of the plot until it reaches the ultimate shear strength 
as seen in Figure 4. Third, the model cannot predict 
the post peak strain behavior of the ash mixtures.  
 

 
Fig. 2 Typical results for linearized plot. 
 

 
Fig. 3 Hyperbolic prediction for C1-S2. 
 

 
Fig. 4 Hyperbolic prediction for C2-S2. 
 
Table 5. Hyperbolic parameters for C1 

Ash 
Mixture 

σ3 
(kPa) 

(σ1-σ3)f  

(kPa) 

(σ1-σ3)ult 

(kPa) 

Ei 

(kPa) 
Rf 

S1 50 191.93 192.31 217.39 0.9980 
100 398.15 400.00 625.00 0.9954 
200 619.39 625.00 1000.00 0.9910 

S2 50 238.04 238.10 277.78 0.9998 
100 274.24 294.12 181.82 0.9324 
200 666.87 1250.00 90.09 0.5335 

S3 50 207.25 208.33 769.23 0.9948 
100 470.41 476.19 102.04 0.9877 
200 688.77 909.09 136.99 0.75765 

 
Table 6. Hyperbolic parameters for C2 

Ash 
Mixture 

σ3 
(kPa) 

(σ1-σ3)f  

(kPa) 

(σ1-σ3)ult 

(kPa) 

Ei 

(kPa) 
Rf 

S1 50 239.77 256.41 416.67 0.9351 
100 305.66 344.83 126.58 0.8864 
200 579.76 666.67 185.19 0.8696 

S2 50 244.62 270.27 86.21 0.9051 
100 320.07 344.83 250 0.9282 
200 553.92 666.67 149.25 0.8309 

S3 50 181.76 181.82 370.37 0.9997 
100 287.47 333.33 116.28 0.8624 
200 474.37 476.19 526.32 0.9962 
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Table 7. Hyperbolic parameters for C3 

Ash 
Mixture 

σ3 
(kPa) 

(σ1-σ3)f  

(kPa) 

(σ1-σ3)ult 

(kPa) 

Ei 

(kPa) 
Rf 

S2 50 187.66 188.68 185.19 0.9946 
100 248.44 270.27 129.87 0.9192 
200 586.24 714.29 153.85 0.8207 

 
Table 8. Primary loading modulus and exponent 
number for ash mixutures 
Seawater 
Exposure 

Ash 
Mixture 

K n 

C1 S1 461.42 5.57 
S2 5.99 1.34 
S3 25.99 4.50 

C2 S1 10.75 1.65 
S2 5.99 1.34 
S3 37.19 1.11 

C3 S1 - - 
S2 4.66 0.22 
S3 - - 

 

CONCLUSIONS 
 
 Ash mixtures were tested under Consolidated 
Drained test. Three ash mixtures were considered 
namely, 100% fly ash (S1), 100% bottom ash (S2) 
and 50% fly ash 50% bottom ash (S3). These ash 
mixtures were exposed to sea water during the 
triaxial test. This was done to determine the effect of 
sea water towards the strength of ash mixtures. 
Three exposures to sea water conditions were 
simulated in the experiment namely, no exposure 
(C1), immediate exposure (C2) and prolonged 
exposure (C3). Based on the results, the shear 
strength of the ash mixtures are all within the typical 
values and are considered to have sufficient strength. 
For the exposure of sea water, it decreased the 
strength but the values are still within the acceptable 
limit. Among all the ash mixtures, S1 had the 
highest strength. When 50% of S1 was mixed with 
50% of S2 to form S3 it showed an improvement in 
the strength of S3. Furthermore, it was observed that 
the exposure of sea water had an effect towards the 
values of the deviator stress at failure and ultimate 
deviator stress of the ash mixtures. For the C2 
condition, both values for S2 and S3 mixtures are 
smaller compared to C1 and C3 condition. For the 
hyperbolic parameters, it can be seen that C1-S2 had 
the highest ultimate deviator stress at 200kPa. The 
value of the initial tangent modulus ranged from 
86.21 to 1000 kPa. The hyperbolic parameters were 
used in predicting the stress-strain behavior of the 
ash mixtures. The prediction shows that the material 

can still handle higher stresses. The limitation of the 
model is that it cannot predict the post peak strain 
behavior.  Based on the results from the 
Consoldiated Drained test and Hyperbolic model, 
they showed that the ash mixtures has a potential to 
be used as a construction material for a road 
embankment.  
 It is suggested that other percentage of ash 
mixtures be tested in order to determine the most 
suitable ash mixture. It can be noted that the fly ash 
specimen has a larger strength, increasing it might 
improve the strength of the ash mixture.   
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ABSTRACT

In recent years, more attention is being paid to alternative disposal of wastes to lessen the harmful impact of 

these wastes to the environment. In the construction industry, alternative disposal of waste comes in the form of 

utilization of waste as a substitute construction material. Plastic, typically in the form of plastic bags and bottles, 

is one of the most abundant wastes in Manila, and, also among the most problematic when it comes to disposal 

due to its non-biodegradable nature. Hence, more attention is given to alternative use of plastics as a substitute 

material in construction. In this study, experimental investigation was conducted to assess the performance of 

concrete beams with shredded plastics, sourced out locally, as one of its component as a partial replacement to 

fine aggregates. Strength properties of a concrete beam, in terms of compression, tension, and flexure, were done 

for both plain concrete and concrete with shredded plastics. Results showed that concrete with shredded plastics 

were significantly higher than that of plain concrete in terms of tension and compression strength. Flexural strength 

of concrete with shredded plastic, though the difference were found to be statistically not significant, showed 

slightly higher strength than that of plain concrete. This study also showed the applicability of elastic flexural 

theory to concrete beams with plastics as partial substitute to fine aggregates.  

Keywords: flexural theory, beams with shredded plastic, alternative material, utilization of wastes 

INTRODUCTION 

There is a constant, now an increasing, demand 

for alternative use of waste materials as its 

management and disposal is worsening with 

increasing population, continues development, and 

urban migration. Philippines has not been spared by 

this and one of the top contributors to this problem in 

waste disposal is plastics. According to [1], 16% of 

wastes from Metro Manila are plastics. To make 

matters worse, Philippines is rated to be among the 

worst offender in terms of plastic waste disposal as it 

was ranked 3rd among countries in Asia that disposes 

plastic wastes into the ocean [2]. 

Apparently, there is an alarming call for a more 

effective and environment-friendly disposal of plastic 

wastes. Environmental Protection Agency (EPA) 

estimated that 13% of total generated wastes is plastic 

[3]. Only 9% of the total generated plastic wastes 

(which are about 869,000 tons of plastic estimated 

annually) are recycled based on [4]. 

The government, in order to address rising 

concerns about plastic waste disposal and 

management passed and implemented Republic Act 

9003 or Ecological Solid Waste Management Act of 

2000. This law requires all barangay units to have its 

own material recovery facility (MRF). However, the 

implementation of such law had been difficult for 

many local government units. As reported in [5], 

many cities find the construction of MRF to be costly, 

complicated, and would bring foul odor and eye sore. 

Hence, most cities still preferred to have all wasted 

hauled and disposed to a landfill located faraway.  

The government needs help in combating waste 

problem in the country. With regards to plastic in 

particular, the construction industry has initiated 

some alternative means of disposing plastics by 

utilizing it as an alternative material in concrete 

locally and globally. Several local studies had been 

done to find an alternative use for plastics in 

construction [6] to [8].  

Globally, studies about alternative use of plastics 

had gained so much ground already. The studies of 

[9] and [10] have shown that plastics can be used in 

concrete for gateway support, tunnel linings, light 

precast elements, and road pavement applications. 

Others have explored the possibility of using plastics 

as partial substitute for sand in concrete for structural 

applications in the hope that the application of this 

venture can be extended to a wider range of 

application. The study of [11] explored the influence 

of using domestic plastic waste (polythene fibers) in 

concrete using 0.5% plastic by weight of cement. 

Results showed that an increase of only 3.84% were 

observed in compression of concrete cylinders while 

split tensile strength gained only an increase of 

1.63%. Based from [9], where they conducted a 

critical review of recent studies regarding the use of 

macro plastic fibers to reinforce concrete, they found 

that: (1) macro plastic fibres decreases the 
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workability of fresh concrete but limits plastic 

shrinkage cracking; (2) it has no obvious effects on 

compression and flexural strength; (3) and increases 

ductility of concrete in post-crack region. Reference 

[12] investigated depolymerized PET plastics used as 

an alternative binding material in concrete as a partial 

substitute for Portland cement. Their study compared 

engineering properties of concrete made up of several 

variations of PET polymers. According to [13], it 

investigated the performance of recycled PET fiber 

reinforced concrete using 0.5%, 0.75%, and 1.0% 

fiber volume fractions by testing its properties in 

compression, elastic modulus, and drying shrinkage 

strain. They compared its performance to that of 

polypropylene (PP) fiber reinforced concrete. Their 

study showed that compressive strength and elastic 

modulus decreases with increasing volume of fiber. 

However, use of fiber showed improve performance 

against cracking due to drying shrinkage. Also, 

structural performance, ultimate strength, and relative 

ductility were shown to be better with PET fiber 

reinforced RC beams compared to those without 

reinforcements. Reference [9] showed that at 1.5% 

volumetric weight percentage, using PET as fiber 

reinforcement, resulted to a significant increase in 

flexural strength.

This study focused on investigating the effect in 

concrete of partially replacing fine aggregates with 

combined shredded local plastic bags (low density 

polyethylene, LDPE) and plastic bottles 

(polyethylene terepththalate, PET), in terms of its 

mechanical behavior, particularly its flexural 

behavior to explore the suitability of its application to 

beam members. It also investigated the applicability 

of classic elastic flexural theory to concrete with 

shredded plastics in conjunction with the 

transformation procedure as suggested by [14]. 

Theoretical and experimental estimate of flexural 

cracking capacity is also assessed. 

THEORETICAL BACKGROUND

The elastic flexure theory is proven to be 

applicable for homogenous materials that behaves 

elastically. Hence, for flexural capacity, cracking 

moment, and deflection of plain concrete beam, the 

elastic theory of flexure is adopted in this study. 

Motivated by the transformation procedure 

suggested by [14] where they transformed FRP-

reinforced concrete into a single concrete material 

using the classic transformation of non-homogeneous 

elastic beam, this study will follow the same for 

concrete beams with shredded plastics in calculating 

for flexural stresses, cracking moment, and deflection. 

For concrete with shredded plastics, it is assumed 

that the composite section can be transformed into a 

homogeneous one by transforming the shredded 

plastics into a concrete equivalent. After 

transformation, the elastic bending theory will be 

applied to compute for flexural stresses or flexural 

capacity. In this study, shredded plastics are 

uniformly mixed in concrete during mixing, thus, it is 

assumed that plastics can be represented by a single 

layer positioned along the centroidal axis. The 

thickness of the plastic layer is measured, before 

casting of concrete, by laying down all plastics 

distributed uniformly in the mold which determines 

the dimension of plastic in terms of height (or 

thickness). Modulus of rupture property, or the tensile 

strength of concrete, is based from actual split tensile 

test of concrete samples. 

The area moment of inertia for the “transformed” 

shredded plastics mixed into concrete is computed 

based on the following equation: 

�������� =

 � ��

��
(1) 

where Iplastic = area moment of inertia of a single layer 

of plastic transformed into concrete, n = modular 

ratio, b = width of beam, and t = 10mm, the measured 

equivalent thickness of plastics. 

 The inertia of the whole section, based on the 

transformed section, is computed as the sum of the 

moment of inertia of concrete and (transformed) that 

of transformed plastic. Flexure formula is then 

applied to determine flexural stresses. 

 The following assumptions were further made for 

this study; (1) the modulus of elasticity for concrete 

is 4700 √fc’; (fc’ is taken from actual compression 

test); (2) the modulus of elasticity for plastic, which 

typically is within the range of 2.76 – 4.14 GPa, is 

taken as 3.45 GPa; and (3) the modulus of rupture is 

taken equal to tensile strength of concrete from split 

tensile test. 

 Theoretical deflection calculations are based on 

the deflection of a simple beam subjected to 

concentrated loads applied at third points, and is 

given by the equation: 

� =  
��

����
 (3�� − 4��) (2) 

where: δ = deflection at midspan, P = applied load at 

third points on a beam, a = 1/3 of span length, L = 

span length, E = modulus of elasticity of concrete, and 

I = moment of inertia of concrete and transformed 

plastic. All specimens were loaded up to failure. 
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Table 1. Summary of mechanical properties of plain concrete and concrete with 0.5% shredded plastics 

Specimen Compressive strength (MPa) Tensile strength (MPa) Flexural strength (MPa) 

0% plastic 0.5% plastic 0% plastic 0.5% plastic 0% plastic 0.5% plastic 

1 21.81 22.28 3.92 4.00 5.44 6.01 

2 21.95 22.21 3.95 4.49 5.58 6.29 

3 21.71 22.23 3.98 4.25 5.67 6.88 

Average 21.82 22.24 3.95 4.25 5.56 6.39 

EXPERIMENTAL SETUP

Properties needed for the application of elastic 

flexural theory on beams, with and without shredded 

plastics, requires the determination of mechanical 

properties of concrete. Hence, compression test, split 

tensile test, and flexural test, were conducted on 

concrete specimens.  

To represent the typical concrete mix composition 

of beams being used locally, a water-to-cement ratio 

of 0.4 was adopted in all concrete specimens, and ACI 

mix design procedure were adopted to determine the 

proportions. For concrete with shredded plastics, 

0.5% plastics by weight of total samples was used. All 

specimens were cured for 28 days through immersion 

in a water bath. Concrete cylinders of size 100mm x 

200mm, were casted for both plain concrete and 

concrete with shredded plastics for a total specimen 

of 3 per test per type. Tests were done after 28 days 

of curing and in accordance with [15] ASTM C39 

(compression test) and [16] ASTM C496 (tension) 

procedures. 

For flexural properties, 3 rectangular specimens 

of size 100mm x 100mm x 530mm were prepared for 

each type and tested after 28 days of curing. Testing 

were done in accordance with [17] ASTM C78 

(Flexural strength of concrete using simple beam with 

third-point loading). To measure deflection, a LVDT 

(displacement transducer) was attached at midspan of 

the specimen, and successive deflections were 

recorded. 

DATA AND ANALYSIS

 Mechanical properties, in terms of compression, 

tension, and flexure, derived from experiments for 

both plain concrete and concrete with shredded 

plastics, are presented in Table 1. Statistical test for 

all mechanical properties have shown that the 

difference in values between plain concrete and 

concrete with plastics were not significant. Hence, 

experimentally, addition of shredded plastics in 

concrete up to 0.5% does not have a detrimental 

impact to the mechanical properties of concrete. 

 Flexural behavior of beams made up of plain 

concrete and concrete with plastics were investigated 

further by determining the cracking moment (Table 

2). 

Table 2. Cracking moment of beams 

Specimen 

Measured cracking moment (kN-m) 

0% 

plastic 

% 

diff 

0.5% 

plastic 

% 

diff 

1 2.09 6.05 2.56 7.10 

2 2.04 8.19 2.50 4.45 

3 2.10 5.34 2.51 5.11 

Theoretical 2.22 2.39 

 Comparison between cracking moment capacity 

of plain concrete and concrete beam with plastic 

showed an increase in capacity for beams with 

plastics. Statistical test showed that this increase is 

significant. 

 The gap between theoretical deflection and 

measured deflection was overwhelmingly large, 

around 250%. As shown in Eq. (2), the theoretical 

deflection is calculated based on a transformed 

section with modulus of elasticity (MOE) estimated 

to be 4700√fc’. This MOE is a code prescribed 

equation and fc’ is the compression strength from 

actual tests. The rest of the parameters in Eq. (2) are 

dependent on the dimension of the section so the gap 

points out to MOE as the cause of the discrepancy. 

This, however, was no longer investigated by this 

study. 

Fig. 1  Load v. deflection for plain concrete beam 

Plot of deflection of both beams with plain concrete 

and concrete with plastics exhibited a linear behavior 

up to failure. Deflection capacity of beam with plastic 

was higher (~1.9mm) compared to that of plain 

concrete beam (~1.5mm). 
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Fig. 2  Load versus deflection for concrete beam with 

plastics 

CONCLUSION 

 Waste disposal and management is spiraling out 

of control in response to country’s development. The 

construction industry is in a perfect position to aid in 

this problem by utilizing waste as alternative 

construction material. As shown in this study, plastic 

waste was incorporated as component of concrete. Its 

mechanical properties were investigated. 

 It can be seen that all mechanical properties have 

shown an increase for concrete with shredded plastics 

compared to plain and summarized as follows: 

- compressive strength: 22.24 MPa v 21.82 MPa; 

- tensile strength: 4.25 MPa v. 3.95 MPa; 

- flexural strength: 6.39 MPa v. 5.56 MPa; 

Though, statistical test showed that the increase was 

not significant, this increase in mechanical strength is 

a testament that the use of shredded plastics, as a 

partial substitute, up to 0.5% by weight is not 

detrimental to the strength properties of concrete. 

 Improvements were also observed in flexural 

behavior of beams with shredded plastics, in terms of 

cracking moment (2.52MPa v 2.07MPa) and 

deflection. Statistical test showed that the increase in 

these properties were significant compared to that of 

plain concrete.

 Another important finding from this study is the 

comparison between the computed values of cracking 

moment for concrete with shredded plastics using the 

classical elastic flexural theory and transformation of 

concrete with plastics following the procedure 

adopted by [14]. The agreement between 

experimental and numerical results have shown a 

maximum difference of only 8.2% for cracking 

moment implying that the applicability of elastic 

flexure theory, and that of transformation by [14] can 

be extended to concrete with shredded plastics. 

 The deflection needs to be investigated further as 

disparity between theoretical and measured values 

was large. On the other hand, consistency was 

observed in terms of measured deflection for beams 

as exhibited by Fig. 1 and 2. For both beams, the one 

with plain concrete and the one with concrete with 

plastics, deflection exhibited a linear behavior when 

loaded up to failure. Measured deflections, for both 

beams, also showed comparable results with 

deflection of beams with plastics achieving a slightly 

higher value than that of plain concrete beam. 
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ABSTRACT 

 
Within the area of explosion prevention and protection, masonry buildings are taking into account 

considering the danger of explosion of natural gas or other items. For favourable design or assessment of 
masonry wall exposed to the out-of-plane load, which involves also explosion, it is possible to calculate the 
structure using some finite element model. Modelling and analysis of masonry seems to be complicated due to 
two-component material with different properties and dimensions. Out-of-plane loading adds another issue to be 
solved. Therefore, it is necessary to perform a calibration to evaluate the dynamic properties of the structure. The 
response of the finite element model is improved by predicting the parameter by performing a non-linear 
structural analysis. The deformations obtained numerically were compared to that of experimental observations. 
The experiments were carried out in one of the experimental galleries in the limestone pit. The study deals with 
the response of the masonry separating walls at various thicknesses, mechanical properties or loading. This 
contribution compares the effect of variability of particular parameters to the response of the walls.  
 
Keywords: Brick Masonry, Separating Wall, Explosion, Dynamic Response, Nonlinear response 
 
 
INTRODUCTION 

 
Sorted by their purpose, underground premises 

involve transportation structures, engineering 
structures and others (water silo, silo gas, sewerage 
plant, storage area etc.). Underground galleries 
interconnecting particular areas are designed with 
specific aims mainly as transport and airing 
connections. Purpose and lifetime of underground 
galleries should be in balance with precautions given 
on the basis of deep risk analysis. Leakage or 
formation of flammable gases in such areas certainly 
represents high risk for interconnected underground 
locations. Immediate presence of these gases could 
cause the explosion when open flames or other 
ignition source are occur at the same time.    

To prevent propagation and transfer of the 
explosion, separating or dam walls are built in the 
galleries. These structures separate two independent 
areas with no need to pass through or they close 
unused halls or premises. In the Czech Republic dam 
or separating walls are usually built from masonry 
(Fig. 1) however other materials as plaster or fly ash 
could be also used. 

In the case of accidental event, e. g. explosion, 
these separating structures are subjected to 
considerable load therefore they should be designed 
with sufficient resistance. For effective design and 
assessment of these walls, in-situ experiments 
should be carried out to provide useful information 
about the structures behaviour. Together with the 
experiments, advanced numerical modelling seems 

to be another suitable instrument for separating wall 
design.  

 

 
 

Fig. 1 View of the underground gallery. 
 

EXPERIMENT VENUE 
 
 The experiments were carried out [1] in one of 

the experimental galleries in the limestone pit in 
Stramberk, Czech Rep. The galleries are used for 
research and tests in the field of explosion 
prevention. There are three horizontal parts, two of 
them are parallel. Concerned gallery measures 300 
m (Fig. 2) and its clear section is 10.2 m2 in testing 
part.  

Inside the gallery two separating walls were built 
with the distance of 5.7 m between them. Inside the 
confined sector, steel frame was embedded in 
concrete. Loaded structures are placed into this 
frame with dimensions of 2200 x 2575 mm. 
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Fig. 2 View of the experimental gallery in 
Stramberk. 

 
There are two pipes with inner diameter of 800 

mm at the edge of the barriers. The pipes provide 
regulation of applied pressure by changing of their 
free inner diameter. The confined sector and loaded 
wall are shown in Fig. 3. 

 
 
Fig. 3 Confined sector between barriers.  
 

The gassed track is located opposite the loaded 
wall and it is bounded by the dividing barriers and 
diaphragm of PE sheeting. This sheeting is fixed by 
rubber hose to the gallery wall. Pressure tank with 
methane stands out of the sector. Methane is dosing 
into the confined sector in parallel with stirring the 
methane-air mixture. Two ways of stirring were 
suggested: by ejector straight in the confined sector 
or by ventilator outside the confined sector which 
should be connected by pipe with diameter of 150 
mm. As ejector did not guarantee the homogeneity 
of the mixture, only ventilator is used for stirring. 
During filling and stirring the mixture, methane 
concentration is measured in different height levels 
using single gas detectors. The way of ignition 
affects the final explosion parameters. For these 
experiments, the electrical ignitor with the ignition 
energy of 80 J was chosen. The centre of the 
confined sector, or alternatively the centre of back 
wall, was chosen as the ignition point. The explosion 
pressure was recorded by two pressure transducers 
[2]. 

 
Experimental Parameters 

 
The separating walls of three different 

thicknesses are dealt with in this paper – 65 mm, 140 
mm and 290 mm. This corresponds to the 
dimensions of used clay bricks (290 x 140 x 65 mm). 
Their strength is denoted as P10 which corresponds 
to the compressive strength of the unit 10 MPa; 
density is considered as 1800 kg · m – 3 and flexural 
strength is 1.7 MPa. Compressive strength of used 
cement-lime mortar is between 4 and 5 MPa after 28 
days. Used strength characteristics of masonry 
separating wall result from the standard Eurocode 6 
[3]. Other mechanical characteristics of the 
separating walls are presented in other papers [1], 
[4]. The dimensions of the walls are approximately 
2.2 m width and 2.5 m height, depending on used 
micromodel or macromodel and particular thickness 
of the wall. 

Each wall was modelled as restrained along all 
four sides. The load on the structure was considered 
both as quasi-static action and as real time behaviour 
measured in the gallery during explosion of 
methane-air mixture [5]. Corresponding measured 
load was used for the masonry structure. The 
explosion pressure is acting like uniform continuous 
load on the separating wall. For each separating wall 
of various thicknesses, different values of pressure 
load were considered according to conducted 
experiments. Models of the masonry separating 
walls were created in software ANSYS [6] as it is 
described later in this paper. 

 
NUMERICAL MODELLING OF MASONRY 

 
 Numerical modelling of masonry brings several 

issues to be solved. Masonry is a heterogeneous and 
anisotropic material composed of units (bricks, 
stones) and mortar. These two components differ in 
material characteristics, behaviour or dimensions. 
Disposition of units in masonry in a regular pattern 
or interface between brick and joint could be taken 
into account as well. Common software usually offer 
isotropic materials and necessity of simplified – 
homogeneous – model. 

Masonry walls discussed in this paper were 
modelled using two different approaches according 
to [7], micromodelling and macromodelling. 
Detailed micromodel (Fig. 4) consists of bricks and 
joints. Dimensions and location of bricks correspond 
to real parameters of clay units. Layers of mortar 
(bed and head joints) are modelled between the 
bricks. Two layers with different bonds are changed 
regularly through the height of the modelled wall. 
This micromodel could be useful for modelling of 
details, for better understanding of local masonry 
behaviour or for determination of homogenized 
properties of masonry. Density, Young´s modulus of 
elasticity, Poisson´s ratio, eventually shear modulus 
and others are defined for each material. Detailed 
micromodel represents disposition of bricks in the 
best way on the other hand it is also very 
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computationally demanding. It is suitable mainly for 
academic use or as the first-choice possibility for 
subsequent calculations.    

 

 
 

Fig. 4 Detailed micromodel. 
 

In the case of macromodel, neither particular 
bricks nor mortar layers or their interface are 
considered. This model is created from one 
composite (homogenized) material (Fig. 5) which 
could be isotropic (simplified model) or orthotropic 
(different strength, stiffness, friction, displacement 
along the cracks or other parameters could be 
defined for direction parallel or perpendicular to the 
bed joints) [8]. The masonry could be homogenized 
on the basis of constitutive formulas (e. g. 
modification of models for concrete) or using 
homogenization techniques (including use of 
empiric formulas or analysis of detailed macromodel 
as in [9]). These models are not as precise as 
macromodel (considering two different materials or 
units disposition) but they are much less 
computationally demanding, even for huge 
structures, and they survey the stress distribution 
through the whole structure or describe the 
interaction between particular elements.      

 

 
 

Fig. 5 Homogenized macromodel. 
 

The Concrete Model 
 
For purpose of this paper, all mentioned walls 

were modelled both as a micromodel and a 
macromodel. For non-linear solution, several 
methods are possible. One of them considers the 
Drucker-Prager plasticity model as it is mention for 
example in [10]. In our case the “concrete model” 
was studied. This approach of non-linear solution of 
masonry structures joins the finite element SOLID65 
with the concrete material model available also in 
ANSYS. The eight-node “reinforced-concrete” 
element SOLID65 is used for three-dimensional 
modelling of solids. The concrete element SOLID65 
is capable of treating the non-linear material 
properties such as cracking in tension, crushing in 
compression, plastic deformations or creep features. 

Reinforcement could be also added. A non-linear 
elasticity concrete model could be used for brittle 
materials (concrete, ceramics), it is suitable mainly 
for materials with high compressive load-carrying 
capacity and low tensile strength.  

In ANSYS “concrete model”, both crushing and 
cracking failure modes are included. The concrete 
model assumes that behaviour is linear elastic until 
the failure, than crushing or cracking could appear. 
Three different colours (red, green, blue) are used 
for the first, second or third cracks [11]. 

Tension cracks can occur in three different 
planes of the element and they are illustrated by a 
circle outline in the plane of the crack, i. e. 
perpendicular to the direction of the principal stress 
in one of the integration point of the element. In the 
case that more than one integration point has 
cracked, the circle lies in the average direction of all 
cracked planes of the element. Cracking occurs 
when the principal tensile stress in any direction lies 
outside the concrete failure surface that is shown in 
Fig. 6. Similarly, when all principal stresses are 
compressive and lie outside the failure surface, 
crushing occurs.  

 

 
Fig. 6 Concrete failure surface [6]. 

 
Behaviour of the model is described, among 

others, through uniaxial cracking stress, uniaxial or 
biaxial crushing stress and shear transfer coefficients 
which take into account sliding across the crack 
face. Shear transfer coefficient for an open crack β୲ 
varies from 0 to 1. Zero value expresses smooth 
cracks with complete loss of shear transfer and 
number 1 represents rough cracks without loss of 
shear transfer [12]. However, very low values (under 
0.1) do not need to lead to convergence. Shear 
transfer coefficient for a closed crack βୡ ranges from 
0 to 1 as well. Comparison of cracks in 
homogenized macromodel is illustrated in Fig. 7. 
For the illustrative example, both shear transfer 
coefficients were chosen as 0.1 (left) or 0.9 (right).  
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Fig. 7 Illustrative examples of various shear 
transfer factors. 

 
RESULTS AND DISCUSSION 

 
Masonry wall under out-of-plane load 

(earthquake, wind, explosion) is subjected to flexure. 
The cracks occur and develop depending on supports 
of the wall. In our case, two-way spanning wall is 
considered with all four sides restrained and it 
undergoes biaxial bending. Therefore, resulting 
crack pattern involves a combination of horizontal, 
vertical and diagonal crack lines [13].  

Display of the cracks when SOLID65 element is 
used could be highly advantageous. Partly, the 
overview of general behaviour of the structure is 
given in relation to the presence of the cracks, and 
moreover the load when the first indications of 
cracks occur could be pointed out indeed. 

Magnitude of pressure at the time of the first 
cracks appearance is presented on the wall with 
thickness of 65 mm. The value of pressure load 
perpendicular to the wall was 6.7 kPa. The first 
cracks occurred in the middle of the wall at about 10 
% of the load (Fig. 8, left) which corresponds to the 
pressure of 0.7 kPa. After increase of applied load, 
cracks progressively spread to the corners of the 
wall.  Later phase of cracks pattern at the pressure of 
1.1 kPa is shown in Fig. 8, right. Together with 
cracks in the middle of the numerical model, 
gradually developing cracks occur also along the 
supports.      
 

      
 

Fig. 8 The first cracks at 10 % (left) and 16 % 
(right) of applied pressure. 

 
Detail of cracks in the middle of the 

homogenized macromodel is presented in Fig. 9. 
The first and the second cracks are outlined with 

particular directions. 
 

 
Fig. 9 Detail of crack pattern of homogenized 

macromodel.  
 

One of the advantage of the detailed micromodel 
with separately created bricks and mortar is to 
monitor only one material. Following detail (Fig. 10) 
shows cracks arrangement in mortar joints in the 
middle of the wall.   

  

 
 

Fig. 10 Detail of crack pattern in mortar joints in 
micromodel. 

 
Following numerical models illustrate 

deformations of the wall of thickness of 140 mm. 
Total value of displacement at micromodel (Fig. 11, 
left) was calculated as 24.8 mm. The other picture 
(Fig. 11, right) demonstrates deformations at 
homogenized macromodel with result of c. 25 mm. 
Both models are in close agreement with each other 
and the results also correspond to the conducted 
experiments.  

 

 
 
Fig. 11 Total deformations, micromodel (left) and 

macromodel (right). 
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Dynamic Load 
 

At real dynamic load, besides dynamic part of 
the load self-weight is also applied to the masonry 
separating wall. Such prestress prevents joints and 
bricks from formation and propagation of cracks. 
Displacements along the cracks are also limited 
regarding friction on cracks surface. Ultimate tensile 
strength, crucial for masonry failure, is – at this type 
of load – significantly lower compared to 
compressive strength of masonry. Consequently, the 
cracks are formed even due to small tensile stresses 
[14]. The loaded wall is presented on the left side 
and failure of tested wall is shown on the right side 
of Fig. 12. 

 

 
 

Fig. 12 Masonry wall after explosion [2]. 
 
Fig. 13 shows time behaviour of deflection in the 

middle of the tested partition wall in interaction with 
the course of explosion load.  

 

 
Fig. 13 Measured time behaviour of explosion 

pressure and deflection during experiment 
investigation of the wall of thickness 65 
mm [15]. 

 
Modal Analysis 
 

At dynamic action lateral to the centre-line of the 
plated structure of separating wall, this wall behaves 
like a bending slab. Besides load characteristics, 

value of dynamic response depends on tune of the 
structure which is affected by its stiffness and 
weight. Fig. 14 presents the lowest natural vibration 
modes of the separating wall. On the left side, the 
10th natural mode of homogenized macromodel of 
the wall of thickness 140 mm is illustrated. 9th 
natural mode of detailed micromodel of the wall of 
290 mm is presented on the right side. Table 1 
compares the natural frequencies of the walls created 
as both micromodel and homogenized macromodel. 

 

 
 

Fig. 14 Natural modes of vibration (left: 
homogenized macromodel 140 mm, right: 
micromodel 290 mm). 

 
Tune of the structure is implied in character of 

the response. If time behaviour of positive phase of 
the load is significantly longer than the lowest 
natural vibration frequency, the structure response to 
the explosion load corresponds to quasi-static 
deformation of the structure.  
 
Table 1 Calculated natural vibration frequencies ሺ݂ሻ 

[Hz] of the separating walls  
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1 10.0 10.0 17.2 21.2 48.1 47.4 
2 18.4 18.4 31.5 38.6 85.2 85.4 
3 22.2 22.3 38.0 45.9 97.5 96.6 
4 29.9 29.9 51.1 61.2 127.6 127.3 
5 31.7 31.8 54.4 65.6 138.5 138.7 
6 40.8 40.8 69.9 82.3 151.6 151.3 
7 42.5 42.5 72.7 85.9 159.6 157.7 
8 48.0 47.9 82.1 95.9 164.3 162.0 
9 49.8 49.8 85.2 100.3 174.1 174.3 

10 59.9 59.9 103. 118.5 188.9 187.4 
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Relatively amplitude low frequency components of 
motion which corresponds to oscillation in natural 
frequencies of the structure are superposed to its 
response. 
 
CONCLUSION 
 

This contribution outlined possible numerical 
method for solution of masonry separating walls 
used for partition of underground premises as the 
explosion prevention. After description of the 
experimental gallery and conducted experiment, 
micromodel, macromodel and the concrete model 
used in software ANSYS were presented and modal 
analysis was performed. Nowadays non-linear 
numerical calculations are often used for complex 
engineering problems but it should be taken into 
account that many input data are needed to be 
discussed.  

The lack of specific knowledge of the range of 
values of shear transfer coefficients brings 
requirements for more experiments as obtain data 
could be used for further verification of numerical 
models. On the other hand, micromodels generated 
from bricks and mortar joints are already in good 
agreements with homogenized macromodel which 
could reduce the time for creating the model and 
computations. 

Separating walls as a way of explosion 
prevention in underground areas could be designed 
with the help of advanced numerical procedures on 
condition that input data and used methods are 
chosen appropriately. 
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ABSTRACT 

 
Previous research works have been devoted to developing sustainable construction materials. This is due to 

the potential risk of global warming resulting from the abuse and misuse of natural resources. Therefore, this 
study aims to address this through the use of abundant and by-product resources in the production of concrete, 
like seawater and fly ash. If these materials were proven comparable to conventional materials, then problems on 
freshwater scarcity, fluctuating supply of cement and associated pollutants from its production can be addressed. 
This research specifically concentrates on the effects of varying water to cement ratios and fly ash content on the 
macrocell corrosion behavior of steel in cold-jointed concrete. Ordinary Portland cement in concrete was 
partially replaced with fly ash at 30% and 50%. Water to cement (w/c) ratios of 0.30, 0.35, 0.40, 0.45, 0.55 and 
0.60 were tested. Rectangular prism specimens were cast to monitor the macrocell corrosion activity of the 
reinforcements. Results have shown an increasing trend of corrosion rate with increasing w/c ratios regardless of 
mixing water, with specimens mixed with seawater having higher values compared to freshwater. Generally, the 
0.30 w/c ratio resulted to the lowest corrosion susceptibility. In terms of fly ash content, it was found that 
corrosion rate decreases with increasing fly ash percentage. Fly ash decreases the permeability of concrete, thus 
making it less exposed to aggressive environments. Cold-joints showed evident corrosion effects as external 
elements may penetrate through these planes of weakness in the concrete.  
 
Keywords: macrocell corrosion, seawater, cold-joints, fly ash  
 
 
INTRODUCTION 

 
Concrete is one of the most widely-used 

construction materials. The strength and durability 
of concrete are affected by the properties of its 
constituents, mix proportions, mixing procedure, 
curing method and exposure to environment. It is 
primarily composed of cement, sand, gravel, water 
and some chemical or natural admixtures. However, 
due to the potential risk of global warming in the 
planet resulting from the abuse and misuse of natural 
resources, the availability of these components for 
the next generation may be inadequate. Thus, a 
number of research activities have been devoted to 
developing sustainable construction materials in 
order to address this issue. This study focuses on the 
use of abundant and by-product resources in the 
production of concrete, specifically the use of 
seawater and fly ash.  

The United Nations Water reported that 1800 
million people will be living in regions with absolute 
water scarcity while two thirds of the world’s 
population could be under water stress conditions by 
2025 [1]. Although the Philippines falls under the 
little or no water scarcity category, it is close to the 
vulnerability state in terms of freshwater availability 
[2]. Thus, seawater which surrounds the Philippine 
archipelago, may be used as an alternative to 
freshwater. Moreover, people living near coastal 

areas, where obtaining freshwater might be difficult, 
may benefit the most. However, the use of seawater, 
particularly in the construction sector, is not 
practiced because of its corrosion effects on 
reinforced concrete structures. 

Meanwhile, the Philippines primarily relies on 
coal powerplants in generating electricity. With the 
expected increase of 5.7% electricity consumption 
on the average between 2015 and 2020, the country 
is set to open 23 new coal-fired powerplants by 2020 
[3]. This increase in the demand for electricity 
requires a corresponding increase in power 
generation, thus, additional volume of fly ash is 
produced. Disposal of this enormous amount of ash 
becomes a problem to most companies in charge of 
the operations, coupled with the threat of leaching 
heavy metals and other toxic chemicals. Therefore, 
the use of fly ash as partial replacement to cement 
can help address the management and disposal of 
accumulated fly ash. During the production of 
cement, harmful gaseous substances are emitted into 
the atmosphere, contributing to the global warming 
effect. Hence, utilization of fly ash can also lessen 
the amount of cement required in concrete, thereby 
the reducing the demand for production and 
consequently reducing pollutants. 

The main objective of the study is to investigate 
the effects of using seawater and fly ash in concrete 
under the influence of cold-joints on a macrocell 
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corrosion level. Cold-joints are planes of weakness 
and discontinuity formed when there is a delay in 
placement of two batches of concrete, i.e., the 
initially placed and compacted concrete has started 
to set before the next batch is delivered and placed. 
Concrete may be difficult to cast monolithically at 
one time. The delay may result from time gaps in 
casting or mixing; transportation of concrete from 
ready-mixed concrete plant to project site; extension 
of the incomplete construction on next day and 
inadequate supply of concrete constituents [4]. 
These cold-joints may become the passageway for 
aggressive elements that can corrode the 
reinforcements in concrete and may eventually lead 
to sudden failure of a structure. 

The specific objectives of the study are: 
∙ To determine the effect(s) of different water to 

cement ratios (w/c) on the macrocell corrosion 
behavior of steel. 

∙ To determine the effect(s) of different fly ash 
replacement ratios on the macrocell corrosion 
behavior of steel.   

 This paper is organized as follows: First, a 
literature on corrosion behavior of steel in concrete 
is presented in order to understand the process and 
significance of macrocell corrosion assessment. The 
experimental set-up is discussed next, followed by 
results and discussion. Finally, conclusions of the 
research are highlighted. 
 
CORROSION BEHAVIOR OF STEEL IN 
CONCRETE 
 
 The durability of concrete may be compromised 
through alkali-aggregate reaction, sulfate attacks, 
freeze-thaw cycles and corrosion, among others. 
Corrosion of the reinforcing steel in concrete has 
become a great concern as this may result to sudden 
failure of structures. The high alkalinity of concrete 
(pH≈13) provides a thin oxide layer that protects the 
rebar from chemical reactivity [5]. However, the 
protective film around the reinforcing steel is 
destroyed when sufficient chloride ions penetrate the 
concrete and the pH of pore solution drops to low 
values due to carbonation [6]. Chlorides may be 
present in the mixing water and aggregates of the 
concrete at concentrations higher than 0.4-1.0% by 
cement weight or may penetrate by through cracks 
and construction joints. It was found that chloride 
induced corrosion rate is higher than carbonation 
[7].   
 The corrosion of steel reinforcement in concrete 
is an electrochemical process as described in [8]. 
During the corrosion process, two electrochemical 
reactions occur simultaneously at two different sites 
of the steel surface namely: the anodic and cathodic 
reactions. For these reactions to proceed, electric 
current must flow in the closed loop between the two 
sites. An external current also flows through the 

pores of the concrete as a result of hydroxide ions 
(negatively changed) moving the cathode to anode, 
and also ferrous ions (positively charged) moving 
from anode to cathode. The water in the concrete 
pores consists of a dilute solution of alkali and 
calcium hydroxide which serves as vehicle for ionic 
flow. The reaction of Fe2+ and OH- forms ferrous 
hydroxide (FeOH)2 and with further combination 
with oxygen results to an insoluble product called 
rust. However, rust is only a byproduct of the 
corrosion process while actual corrosion means 
converting metal atoms to ferrous ions dissolved in 
surrounding aqueous solution. 
 The loss of metal during corrosion occurs at the 
anodic sites. The iron atoms are ionized to ferrous 
(Fe2+) which dissolves in the water solution 
surrounding the steel. The electrons deposited on the 
steel raise its electric potential and then flow to a 
lower potential (cathodic site). At the cathodic site, 
the electrons combine with dissolved oxygen and 
water to form hydroxide (OH-) ions. The number of 
electrons accepted at the cathodic site must be equal 
to the number of electrons given up at the anodic 
site. Hence, two iron atoms must be ionized and 
dissolved at the anodic site for every dissolved 
oxygen at the cathodic site. Therefore, for the 
corrosion process to continue, oxygen and water 
must be present at the cathodic site. 
 Depending on the different spatial location of 
anode and cathode, corrosion of steel in concrete can 
occur as either microcell or macrocell [6]. However, 
microcell corrosion of reinforcements must normally 
co-exist with that of macrocell [9]-[10].  In microcell 
corrosion, the anode and cathode are located 
adjacent to each other resulting to a uniform iron 
dissolution over the whole surface [6]. This type of 
corrosion produces uniform removal of steel and 
contains anodic and cathodic sites that are 
microscopic in size [11]. It was found that microcell 
corrosion is the major corrosion mechanism for steel 
in concrete after 3 more than years of testing [12]. 
This type of corrosion is normally present in 
laboratory tests on small samples of reinforced 
concrete [9]. On the other hand, in macrocell 
corrosion, there is a net distinction between the 
corroding areas of the rebar and the passive surfaces 
[6]. Furthermore, macrocell corrosion further occurs 
when the actively corroding bar is coupled to 
another bar which is passive, which might be due to 
its different composition or because of different 
environment [12]. Macrocells are probable on large 
dimensions of real structures and often due to large 
active reinforcement areas that are in contact with 
passive areas [9]. 
 Macrocell corrosion may be affected by the cover 
depth and the properties or quality of concrete. 
Increasing the cover depth resulted to lower the 
corrosion rate in cracked concrete [13]. The cover 
depth also increases the barrier to various aggressive 
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species and corrosion initiation time [14]. The water 
to cement ratio significantly influence the macrocell 
corrosion process [15]. A high water-cement ratio 
leads to high permeability and a low concrete cover 
reduces the time for corrosive substances to reach 
the steel reinforcement [16]. This type of corrosion 
can be further affected by a non-homogeneous 
chloride environment and when cracks are induced 
in the concrete surface [17]. Moreover, macrocell 
pattern formation prevails and that corrosion rate 
increases when w/c ratio is low and in the presence 
of defects [7]. Macrocell corrosion investigation of 
steel in concrete under different w/c ratios and fly 
ash content mixed with seawater was investigated in 
this study. Furthermore, the influence of cold-joints 
was also taken into account. These factors can create 
a non-homogeneous distribution of chloride ions that 
may affect the anodic and cathodic transformation of 
steel through time. As fly ash complements the 
negative effects of chlorides in the seawater by 
converting larger pores to finer ones, the study 
attempts to explain further their influence on a 
macrocell level. 
 
EXPERIMENTAL SET-UP  
 
Material and Specimen Preparation 

 
Ordinary Portland cement (OPC) Type 1 was 

used as main binder. Cement was partially replaced 
by weight with Class F fly ash at 30% and 50%. 
OPC contained 20.70% silicon dioxide (SiO2), 
5.00% aluminum trioxide (Al2O3), 3.36% ferric 
oxide (Fe2O3), 62.80% calcium oxide (CaO), 1.7 
magnesium oxide (MgO), and 2.66% sulfur trioxide 
(SO3); while fly ash contained 53.30% SiO2, 29.10%, 
Al2O3, 5.44% Fe2O3, 8.00% CaO, 3.70 MgO, and 
0.80% SO3. W/C ratio was varied at 0.30, 0.35, 0.40, 
0.45, 0.55 and 0.60. Freshwater/tapwater and natural 
seawater were used as mixing water. The salinity of 
seawater was measured to be 30.60 ppt.  

Concrete mixing was done in accordance to 
ASTM C192 (Standard Practice for Making and 
Curing Concrete Test Specimens in the Laboratory). 
Rectangular prism concrete specimens of size 
100mm height by 100mm width and 200mm length 
were cast to investigate the macrocell corrosion 
activity of the steel reinforcement. Three specimens 
were cast for each type of specimen. Twelve 
millimeter diameter deformed steel bars were used 
as reinforcement. Segmented steel bars (around 
60mm in length) were prepared to facilitate the 
measurement of macrocell current flowing from one 
element to adjacent elements. Steel bars were 
submerged in 10% diammonium hydrogen citrate 
prior to casting to ensure removal of surrounding 
rust. Lead wires were soldered on both sides of each 
segment and then attached to one another by epoxy, 
making sure that no direct electrical connection 

exists between the elements except through the wires. 
The cold-joint in the concrete was formed by casting 
Section A first followed by Section B after 24 hours. 
After demolding, each surface of the specimen will 
be covered by epoxy except for the side with the 
concrete cover of 10mm. This is to ensure the 
penetration of outside elements through that surface 
only. All specimens were then cured by total 
immersion in freshwater and seawater. For purposes 
of comparison, control specimens with 0.50 w/c 
ratio with and without cold-joint were also cast and 
cured in freshwater. Figure 1 shows the specimen 
set-up. 

 
 
 
 
 
 
 
 
 
 

 
Fig. 1 Specimen set-up 

 
Measurement Methods and Computations 
 

Macrocell currents passing through the 
segmented steel bars were measured weekly using a 
zero resistance ammeter. Macrocell corrosion 
normally occurs in chloride-induced environment 
and formed along crack and local patch repair areas 
[18]. Since seawater was used both for mixing and 
curing concrete with cold-joints, more chloride ions 
are present for macrocells to occur. Macrocells are 
characterized by pitting and consists of anodic areas 
and large cathodic areas situated near or a few 
distance away from anodes [18]. Formation of 
macrocells must be considered in designing 
reinforced concrete structures in aggressive 
environmental conditions. 

The segmented steel bar facilitates the 
measurement of the actual macrocell current passing 
from a given element to the adjacent element [17]. 
Macrocell corrosion current is defined as the total 
electric current flowing through all steel components 
taken as a unit. This is given by Eq. (1) considering 
Fig. 2 [7]. 
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100 µA/cm2, the corrosion rate of steel is equal to                       
1.16 mm/year [7]. 

 

 
 

Fig. 2 Macrocell corrosion measurement 
 
RESULTS AND DISCUSSIONS 

 
Effect of W/C Ratio 

 
Three samples were cast to investigate the 

macrocell current variation in concrete specimens 
under different w/c ratios. These currents were used 
to compute for macrocell current densities of the 
steel elements. Figures 3 and 4 show the macrocell 
current density variation of freshwater specimens. A 
uniform variation of macrocell corrosion throughout 
the exposure period is not evident. The macrocell 
current variation is acceptable if it behaves either 
anodically or cathodically throughout the period 
regardless of its magnitude [17].  

Corrosion rates for freshwater and seawater 
mixed concrete were calculated and presented in 
Fig. 5 and Fig. 6, respectively. Generally, the values 
increased with time. In addition, as the w/c ratio 
increases, the corrosion rate also increases, except in 
the case of 0.40 w/c ratio. This can be attributed to 
the higher permeability associated with higher w/c 
ratio. Higher w/c ratio leads to greater number and 
size of pores which increased permeability. Increase 
in permeability means increase in the ingress of 
external elements which then corrode the steel bar in 
concrete. As expected, samples mixed with seawater 
displayed higher corrosion rates. Figure 7 illustrates 
the effect of cold-joints on corrosion. Samples with 
cold-joints mixed with seawater resulted to higher 
corrosion rates. Clearly, the presence of cold-joints 
resulted to an increase in corrosion activity since 
surrounding elements can easily penetrate the 
specimen. At eight week, the 0.30 w/c ratio appeared 
to be the least corrosive regardless of mixing water. 

 

 
FW-freshwater; SW-seawater; NOCJ-no cold-joint; 
WCJ-with cold-joint 
 
Fig. 3 Macrocell corrosion current density 
variation of freshwater mixed specimens under 
different w/c ratios 
 

 
 
Fig. 4 Macrocell corrosion current density 
variation of seawater mixed specimens under 
different w/c ratios 
 

 
 
Fig. 5 Corrosion rates of freshwater mixed 
specimens under different w/c ratios 
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Fig. 6 Corrosion rates of seawater mixed 
specimens under different w/c ratios 
 

 
 
 
Fig. 7 Effect of cold-joints on corrosion 
specimens under different w/c ratios 
 
Effect of Fly Ash Replacement Ratios 

 
Figure 8 shows the corrosion rate with respect to 

varying fly ash replacement ratios. Similar 
increasing trends of corrosion values can be 
observed in samples mixed with freshwater and 
seawater. Generally, those mixed with fly ash 
exhibited lower corrosion rates. This can be 
explained by the fine structure of fly ash that reduces 
the ingress of elements, thereby improving the 
permeability of concrete. This then delays the 
occurrence of corrosion. However, 50% replacement 
displayed higher value compared to 30% 
replacement. It can also be seen that seawater adds 
to the corrosiveness of the steel bar. Reinforcement 
corrosion is initiated when chloride ions from 
external environment penetrate the concrete and 
exceed the critical corrosion-inducing limit [19]. 
With the chloride content of seawater used for 
mixing and curing, the electrochemical activity of 
the steel bars is further stimulated.  

 
 

 
 
Fig. 8 Effect of fly ash content on corrosion rate 
 
CONCLUSION 
 
 This study highlights the utilization of fly ash 
and seawater as components of concrete in order to 
address problems on coal ash by-product disposal 
and global water scarcity. The effects of these 
materials, specifically on the macrocell corrosion 
behavior of steel reinforcement in concrete with 
cold-joints were investigated.  
 Specifically, this study investigated the influence 
of water to cement ratio and fly ash replacement 
ratios to corrosion rate values. Segmented steel bars 
facilitated the measurement of macrocell corrosion 
current activities, with cold-joints acting as 
corrosion catalysts. The following conclusions 
summarize the results of this research: 
1. Using seawater as mixing water showed an 

increase in the corrosion rate of steel 
reinforcement compared to specimens mixed 
with freshwater. Curing specimens with seawater 
greatly influenced the corrosion rate of the 
specimens.  

2.  Specimens without cold-joints obtained lower 
corrosion rates compared to those with cold-
joints.  

3.  Corrosion rate increases with increasing w/c ratio. 
A 0.30 water-cement ratio yielded the least 
corrosion rate. It may be recommended in terms 
of the low susceptibility corrosion both for 
freshwater and seawater mixed concrete. 

4. Fly ash alters the normal characteristics of 
concrete when used as partial replacement to 
cement. It was found that the corrosion rate of 
steel decreases as fly ash content increases. 
Specimens containing 30% and 50% fly ash in 
both freshwater and seawater mixes gained an 
increase in corrosion resistances. Fly ash 
decreases the permeability of concrete thus 
making it less exposed to aggressive 
environments. Moreover, the fly ash content 
caused lesser chloride intrusion to the specimens 
during curing. 

 



GEOMATE - Mie, Japan, Nov. 21-24, 2017 

469 
 

ACKNOWLEDGEMENT 
 
The authors would like to thank Christian Huy 

Dalangin, Jayson Marco Gonzales, John Christopher 
Ilagan, John Chritopher Yu, Joseph Caderao, 
Raphael Fernandez, Zer Ivan Santos, Juan Philippe 
Toreja and Kelly Temew for the experimentation 
and testing. Appreciation is also extended to 
Pozzolanic Philippines for providing the fly ash and 
De La Salle University faculty and staff; and for the 
laboratory equipment and facilities. 
 
REFERENCES 

 
[1] UN Water, Retrieved July 07, 2014, from 

United Nations Water International Decade for 
Action: Water for Life 2005-2015: 
2014.http://www.un.org/waterforlifedecade/scar
city.shtml 

[2] IWMI, Water for food Water for Life: A 
Comprehensive Assessment of Water 
Management in Agriculture. International Water 
Management Institute. UK and USA: Earthscan, 
2007. 

[3]  PEI, Philippines set for 23 new coal-fired 
power plants. Philippine Engineering 
International, June 30, 2015,                 
Retrieved February 2017, from 
http://www.powerengineeringint.com/articles/2
015/06/23-new-coal-fired-power-plants-for-
philippines.html 

[4] Rathi VR & Kolase PK, “Effect of Cold Joint 
on Strength Of Concrete”, International Journal 
of Innovative Research in Science, Engineering 
and Technology, 2(9), September 2013, pp. 
4671-4679.  

[5]  Bolzoni F, Fumagalli G, Lazzari L, Ormellese 
M, & Pedeferri M, “Mixed-in Inhibitors for 
Concrete Structures” In M. Raupach, B. Elsener, 
R. Polder, & J. Mietz (Eds.), Corrosion of 
Reinforcement in Concrete: Mechanisms, 
monitoring, inhibitors and rehabilitation 
techniques (Vol. 38, p. 185). Cambridge, 
England: Woodhead Publishing Limited, 2007. 

 
[6] Elsener B, “Macrocell corrosion of steel in 

concrete - implications for corrosion monitoring” 
Cement & Concrete Composites, 24, 2002, pp. 
65-72. 

[7] Miyazato S & Otsuki N, “Steel Corrosion 
Induced by Chloride or Carbonation in Mortar 
with Bending Cracks or Joints”, Journal of 
Advanced Concrete Technology, 8(2), June 
2010, pp. 135-144. 

[8]  Bentur A, Diamond S & Berke NS, “Steel 
Corrosion in Concrete: Fundamentals and Civil 

Engineering Practice”, Great Britain: E & FN 
Spon, 1997. 

[9]  Andrade C, Maribona I, Feliu S, Gonzales J, & 
Feliu Jr S, “The effect of macrocells between 
active and passive areas of steel reinforcements” 
Corrosion Science, 33(2), 1992, pp. 237-249. 

[10] Ji Y, Zhao W, Zhou M, Mac H, & Zeng P, 
“Corrosion current distribution of macrocell and 
microcell of steel bar in concrete exposed to 
chloride environments”, Construction and 
Building Materials, 47, 2013, pp. 104-110. 

[11] Subramaniam KV & Bi M, “Investigation of 
steel corrosion in cracked concrete: Evaluation 
of macrocell and microcell rates using Tafel 
polarization response” Corrosion Science, 52, 
2010, pp. 2725-2735. 

[12] Hansson C, Poursaee A & Laurent A,  
“Macrocell and microcell corrosion of steel in 
ordinary Portland cement and high performance 
concretes” Cement and Concrete Research, 36, 
2006, pp. 2098-2102. 

[13] Raupach M, “Corrosion of steel in the area of 
cracks in concrete – laboratory tests and 
calculations using transmission-line model”, In 
C. Page, P. Bamforth, & J. Figg (Eds.), 
Corrosion of Reinforcement in Concrete 
Construction (pp. 13-23). Great Britain: Royal 
Society of Chemistry, Information Services, 
1996a. 

[14] Shi X, Xie N, Fortune K, & Gong J, “Durability 
of steel reinforced concrete in chloride 
environments: An overview”, Construction and 
Building Materials, 30, 2012, pp. 125-138. 

[15] Mohammed TU, Otsuki N, & Hamada H, 
“Corrosion of Steel Bars in Cracked Concrete 
under Marine Environment”, Journal of 
Materials in Civil Engineering, 15(5), October 
2003. 

[16] Millard S, & Bungey J, “In-situ assessment of 
reinforcement corrosion in concrete structures”, 
Zurich: IABSE Report, 1989. 

[17] Nanayakkara O & Kato Y, “Macrocell 
corrosion in reinforcement of concrete under 
non-homogeneous chloride environment” 
Journal of Advanced Concrete Technology, 7(1), 
February 2009, pp. 31-40. 

[18] Raupach M, “Chloride-induced macrocell 
corrosion of steel in concrete - theoretical 
background and practical consequences”, 
Construction and Building Materials, 10(5), 
1996b, pp. 329-338. 

[19] Al-Attar TS & Abdul-Kareem MS, “Effect of 
Chloride Ions Source on Corrosion of 
Reinforced Concrete”, Buletinul AGIR. 107-
112, 2011. 

 
 

 



 

470 
 

Seventh International Conference on Geotechnique, Construction Materials and 
Environment, Mie, Japan, Nov. 21-24, 2017, ISBN: 978-4-9905958-8-3 C3051 

INFLUENCE OF PRECURSORS AND ACTIVATOR ON STRENGTH 
AND POROSITY OF ALKALI ACTIVATED BINDERS 

 
Nurulhuda Nadziri1,3, Idawati Ismail1 and Sinin Hamdan2 

1 Department of Civil Engineering, Faculty of Engineering, Universiti Malaysia Sarawak, 94300 Kota 
Samarahan, Sarawak, Malaysia 

2Department of Mechanical and Manufacturing Engineering, Faculty of Engineering, Universiti Malaysia 
Sarawak, 94300 Kota Samarahan, Sarawak, Malaysia 

3International College of Advanced Technology Sarawak, 93350 Kuching, Sarawak, Malaysia 

 
ABSTRACT 

 
Pore structure plays an important role in controlling durability and strength of binding materials. The objectives 

of this study are to characterize porosity and mechanical strength of alkali activated binders and to acquire the 
major factor that governs the relationship between both properties. Pastes of binder based on POFA and fly ash 
activated with sodium hydroxide (NaOH) and combination of NaOH with sodium silicate (Na2SiO3) were prepared 
and cured at 80°C for a duration of 7, 28 and 90 days. Mechanical strength was obtained at the same curing 
condition while porosity was measured via capillary sorptivity test. Coefficient of permeability in alkali activated 
POFA exhibits the highest porosity while fly ash showed the lowest, in which both types of precursor showed 
increment in porosity when silicate activator was used. Therefore, there is strong evidence that the choice of raw 
materials and activator play a major role in controlling pore structures of these materials.  
 
Keywords: Palm Oil Fuel Ash, Fly Ash, Alkali Activated Binders, Porosity, Strength 
 
 
INTRODUCTION 

 
Production of ordinary Portland cement (OPC) is 

responsible for the release of anthropogenic carbon 
dioxide gas and the trend is expected to increase 
[1],[2]. Alkali activated binders are amorphous 
materials that have a potential as the alternatives to 
OPC as cementitious binders. Industrial by products 
such as fly ash and agricultural waste such as palm oil 
fuel ash (POFA), rice husk, coconut pitch and 
sawdust will be used effectively as binders [3],[4].  

Pore structure is one of the most important 
properties that controls durability and strength. Water 
absorption of the alkali activated concretes is much 
lower compare to the traditional OPC concretes, 
depending on hydration products of these materials 
[5]. The use of supplementary materials such as fly 
ash and slag which densify concretes can arrest the 
penetration of “water” to enter inside the materials. 
Water in alkali activated binders does not present in a 
similar manner of that in a Portland cement binders 
[6]. Porosity of cementitious materials depends on 
many factors, such as curing conditions, use of 
supplementary materials and types of binding gel. 
Pores in a cementitious matrix can be classified in 
various ways. One possibility is the classification as 
gel pores (<10 nm), capillary pores (10 nm–10 μm) 
and voids (>10 μm) [7]. Three types of water are 
related to these types of pores, the pore water, is 
situated in the capillary pores which mainly govern 
durability of binders from surrounding environments. 
The interlayer water held by the gel pores due to 

capillary tension and strong hydrogen bonds to the 
calcium silicate hydrates (C-S-H) [8], a major binding 
product in the hydration of ordinary Portland cement 
(OPC) . The C-S-H layers consist of physically 
adsorbed water molecules and interlayer water 
between the sheet structure. The third type of water is 
the chemically bound water, which is part of the 
chemical structure of the hydrated phases. IUPAC 
also classifies pores according to micropores (<2 nm), 
mesopores (2–50 nm) and macropores (>50 nm) 
pores. The latter is generally used for porous 
materials and is used in the present research.  

Limited work has been done on the relationship 
between capillary porosity and strength in activated 
materials using POFA and fly ash as the main 
precursors. Alkali activated POFA was reported to 
form binder product of calcium-silicate-hydrate (C-S-
H) [9] while a fly ash based pastes consists of a 
sodium-alumina-silicate-hydrate (N-A-S-H) gel 
[10],[11]. Due to their differences in chemistry and 
binding products, pore structures in these materials 
need to be characterized in order to use for durability 
purposes. Therefore, this study investigates pore 
structures and strength development of POFA with 
fly ash activated using sodium hydroxide (NaOH) and 
the combination of NaOH and sodium silicate 
(Na2SiO3).  
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EXPERIMENTAL METHODOLOGY 
 

Materials Preparation 
 

To prepare the alkali activated pastes, Palm Oil 
Fuel Ash (POFA) from palm oil mill in Lundu, 
Sarawak and fly ash from Sejingkat Fired Coal Power 
Plant in Kuching were used as raw materials. POFA 
was pre-dried at 100°C for 24 hours and sieved in 45 
micron sieve to remove large particles and to ensure 
good pozzolanic reactivity. Access carbon on POFA 
was removed by calcination at 500°C in a furnace for 
approximately two hours.  The removal of excess 
carbon and other unburnt organic materials contained 
in POFA is important to avoid their adverse effect on 
finished product. Particle size of the raw materials 
was analyzed using CILAS laser particle size 
analyzer where d50 obtained for POFA and fly ash are 
at 16.7 μm and 9.67 μm respectively.  

The chemical composition of POFA and fly ash 
was shown in Table 1.  

 
Table 1 Chemical composition of raw materials by 
XRF (%). 
 

Precursors POFA Fly Ash 
SiO2 44.10 55.90 
Al2O3 1.20 21.80 
Fe2O3 2.10 6.62 
CaO 10.30 4.91 
MgO 9.13 2.00 
SO3 5.80 0.32 

Na2O 0.55 0.32 
K2O 12.40 2.20 

Others 14.95 5.94 
 

POFA was rich in SiO2 and it has a very little 
content of Al2O3 while fly ash was rich in SiO2 and 
Al2O3. The composition of fly ash is according to 
ASTM C 618, “Standard Specification for Coal Fly 
Ash and Raw or Calcined Natural Pozzolan for Use 
in Concrete” [12], which is rich in silica and alumina. 
Two types of alkali solution were used in this study; 
sodium hydroxide (NaOH), and a combination of  
NaOH and sodium silicate (Na2SiO3). Mix 
proportions and the water to solid precursor ratio of 
the alkali-activated POFA/fly ash binder are shown in 
Table 2. Water to solid precursor ratio was 
determined based on the workability of the mixes. 
POFA pastes requires higher water/solid precursor 
ratio due to its high absorbance properties [13] while 
fly ash pastes utilizes less water/solid precursor ratio 
due to its smaller particle size that improves 
workability [14] which was also observed from 
50wt.%POFA/50wt.%fly ash paste. 

 
 
 

 

Table 2 Mix proportions and the water to solid 
precursor ratio of the alkali-activated POFA/fly ash 
binder. 
 

Binder ratio 
(wt.% POFA/wt.% fly ash) 

Water/ solid 
precursor Ratio 

100/0 0.55 
0/100 0.35 
50/50 0.35 

 
The fresh pastes were manually mixed and poured 

in 25 mm diameter x 50 mm height cylindrical molds. 
The samples were sealed to prevent any moisture loss 
and cured at 80°C until age of testing, i.e. 7, 28 and 
90 days. The influence of using higher temperature 
may have some effect properties of the binder 
[6],[15]. For mechanical strength, the samples were 
subjected to compression load at 1 mm/s rate until 
failure. Capillary sorptivity was conducted as 
described by Fagerlund [16] which measures water 
uptake until samples become saturated. From 
sorptivity test, coefficient of permeability, k was 
calculated using the initial gradient measured. 
Sorptivity indicates pore structure and their 
connectivity or capillary network which is a major 
factor influencing durability towards aggressive ions 
penetration. A high coefficient of permeability 
indicates a highly connected porous structure or low 
tortuosity of the pore network in the binder. 

 
RESULTS AND DISCUSSIONS 
 
Compressive Strength 
 

Figure 1 shows the compressive strength of 
alkaline activated POFA/ fly ash pastes activated with 
different alkali solution at 7 ,28 and 90 days of curing 
ages. In sole alkaline activated POFA system (Fig. 
1A), samples activated using sodium hydroxide 
(NaOH) and the combination of NaOH and sodium 
silicate (Na2SiO3) shows continual compressive 
strength up to 28 days, however decrease at 90 days 
curing age. POFA activated using NaOH achieved 
higher compressive strength at younger age (7 days) 
compared to NaOH with silicate activator. This 
shows the alkalinity supplied by NaOH is sufficient 
to promote dissolution of aluminosilicate species and 
promote hardening [17] while silicate activator 
suppressed the dissolution process. This is 
contributed by the high ratio of silicate in the 
activator. For alkaline activated sole fly ash system 
with sodium hydroxide as alkali activator (Fig. 1B), 
the compressive strength at 7 days curing age is 
slightly higher than other precursor (sole POFA and 
the combination of POFA and fly ash). This is 
because of higher content of alumina in the system. 
In Fig. 1B, the substitution of Na2SiO3 as alkaline 
activator is slowing down the condensation rate 
between silica and alumina component and this may 
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influence the compressive strength of the harden 
paste. Silva et al. (2007) state that alumina component 
tends to dissolve easily compare to silica component. 
This influence the higher rate of condensation 
between silica and alumina species compare to silica 
species alone [18]. For sole POFA system with NaOH 
and combination of NaOH and Na2SiO3 as alkaline 
activator (Fig. 1A), shows the compressive strength 
at 7 days curing were lowest than other blends. This 
is because of the lower content of alumina species. 
Their compressive strength continuously increased at 
28 days curing age as the geopolimerization 
mechanism have been taken place. Substitution of fly 
ash in alkaline activated POFA (Fig. 1C) leads to a 
small increment in strength at early age as shown in 
the 50/50 blends at 7 days of curing age and the 
compressive strength continuously increase until 90 
days curing age. The compressive strength is increase 
because of the inclusion of fly ash which is rich in 
alumina. The compressive strength was decrease 
when Na2SiO3 stand-in as the alkali activator which 
slowing down the condensation rate between silica 
and alumina component. This is because of the 
reduction in the reaction mechanism as a result of 
reduced alkalinity in the system as the raw materials 
dissolves extensively during the early age [19],[20] 
which was also shown in sole alkali activated fly ash 
system (Fig. 1B).     

Overall, in sole alkaline activated POFA system 
showing lower strength compared to the combination 
of POFA and fly ash geopolymer under this alkaline 
condition. Calcium species supplied by POFA as 
shown from XRF data (Table 1) also has significant 
effect on strength contribution [11],[21], [22]. Ben 
Haha. et al. (2011) proved that higher MgO content 
of the POFA (shown in Table 1) influence the 
compressive strength at 28 days curing age [23]. It is 
suspected that the co-existence of the calcium with 
the aluminosilicate geopolymer gel favors the 
strength development in sole POFA system but upon 
inclusion of fly ash, aluminosilicate gel became more 
dominant [24], hence reducing the strength for this 
binary blend. However, it shows almost the same 
compressive strength of sole POFA. The higher 
content of SO3 in POFA also influence the lower 
compressive strength compare to fly ash which is also 
influence the porosity of the geopolymer paste [25]. 
The silica content in alkaline activator solution also 
influenced the compressive strength at higher later 
age. This is because of the polymerized of the silica 
into an array of small species [26] . Besides that, the 
formation of a more stable cross-linked 
aluminosilicate geopolymer structure when the 
activator used was NaOH and Na2SiO3. 
 

 

 

 
 
Fig. 1 Compressive strength of alkali activated 
POFA/fly ash pastes, as a function of the activator 
type and the time of curing; (A) 100 wt.% POFA, (B) 
100 wt.% fly ash and (C) 50wt.%POFA/50wt.% fly 
ash 
 
Capillary Sorptivity 
 

The rates of water permeability of alkali activated 
pastes studied here are shown in Fig. 2 and Fig. 3 as 
a function of precursors and curing age.  Sorptivity 
measurement can be interpreted by the sharp linear 
increase in water uptake that measures coefficient of 
permeability, k. This initial water uptake controlled 
by the larger pores while smaller pores control the 
capillary suction at later times which can indicate 
tortuosity or connectivity in a binder. Generally, 
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NaOH activated POFA shows the highest rate of 
water permeability by the amount of absorbed water 
shown in Fig. 2A compared to sample with sole fly 
ash in Fig. 2B and when both precursors were used as 
shown in Fig. 2C. This observation shows higher 
capillary sorptivity in POFA binder as a result of 
different mechanism that may take place during 
hardening process due to the chemical characteristics 
of this material. The physical properties of POFA also 
contribute to this increased rate of permeability in 
which POFA are also a high absorbent material [9]. 
In alkali activated fly ash pastes, lower sorptivity 
slope and longer time was observed to reach full 
saturation in the samples indicates a lower porosity 
and higher tortuosity of this material compared to 
POFA. 

This phenomenon is expected due to the 
difference in the chemistry of the gel developed in 
both types of precursors. It has been observed that 
alkali activated fly ash sample exhibit a sodium 
alumina silicate hydrate   (N-A-S-H) binding gel [11] 
compared to activated POFA whose gel is mainly 
composed of sodium rich silica gel with very low 
calcium [9]. This investigation also allows direct 
observation of the effect of gel type in porosity 
measurement by this technique.  For sample using 
both POFA and fly ash (Fig. 2C), a slight difference 
is shown in the water uptake and saturation time, but 
with improved permeability compared to sole POFA 
binder.  The measurement of coefficient of 
permeability, k, is tabulated in Table 3. 

 

 

 
 

 
Fig. 2 Capillary sorptivity of NaOH activated pastes 
as a function of precursors proportions and curing 
age; (A): 100wt.% POFA, (B) 100wt.% fly ash and 
(C) 50wt.% POFA/50wt.%fly ash. 
 

The measurement of capillary porosity is also 
compared with pastes with silicate as activator, 
shown in Fig. 3.  Similar observation was seen where 
activated POFA (Fig. 3A) exhibits the highest water 
absorbed while fly ash (Fig. 3B) had the lowest. A 
combination of both precursor (Fig. 3C) also reduced 
permeability of alkali activated POFA.  The 
observation from both sets of data implies that there 
are no significant differences in porosity between 
activators but strongly influenced by the type of 
precursor used.  
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Fig. 3 Capillary sorptivity of NaOH with silicate 
activated pastes as a function of precursors 
proportions and curing age; (A): 100wt.% POFA, (B) 
100wt.% fly ash and (C) 50wt.% POFA/50wt.%fly 
ash. 
 

Table 3 summarizes the kinetics of capillary 
sorption of water by the coefficient of permeability 
(k) calculated by the initial slope of the sorptivity 
curves up to saturation limit as a function of precursor 
proportions and curing age. The lowest k value is 
shown by fly ash paste in all curing ages, showing a 
denser matrix in the gel with high tortuosity 
compared to sole POFA paste which shows highest 
coefficient of permeability, k value. This observation 
is true for both types of activator used in this study. It 
also revealed that the use of silicate as activator 
increases porosity in these binders.  

 
Table 3 Average capillary absorption coefficient as a 
function of precursor ratios and curing age. 
 

Precur
sor 

propor
tion 

(wt.% 
POFA

/ 
wt.%fl
y ash) 

Average Capillary absorption coefficient, k 
(kg/m2s1/2) 

Activator: NaOH Activator : Na2SiO3 
Curing Age (Days) 

7 28 90 7 28 90 

100/0 0.050 0.079 0.045 0.082 0.121 0.159 

0/100 0.024 0.028 0.026 0.183 0.229 0.145 

50/50 0.065 0.072 0.065 0.060 0.088 0.068 

 
Coefficient of permeability, k vs mechanical 
strength 
 

Figure 4 illustrates the coefficient of permeability, 
k with mechanical strength of these binders. This plot 
clearly shows the relationship between capillary 
porosity and strength that is mainly governed by the 
type of precursor used. There appear a small range of 
strength obtained between the mixes, which are 

between 19 MPa to 32 MPa collected at all curing 
ages while large range in coefficient of permeability 
values in these sets of samples (between 0.024 to 
0.220), nearly 10 fold. This shows strong influence of 
raw precursor and the type of binding gel that was 
formed during hardening process.  Fly ash based 
samples showed the highest mechanical strength with 
lowest coefficient of permeability compared to alkali 
activated POFA. In alkali activated POFA paste, the 
reaction product is sodium silicate gel with a very low 
calcium gel which has small contribution to strength 
of the binder. This agrees to lower pozzolanic 
reaction in  POFA compared to fly ash [27]. In 
addition, water could easily be removed during the 
drying process prior to the sorptivity measurement 
which created more pores [6], increasing coefficient 
of permeability. The hydration product of fly ash 
alkali activated paste for both types of alkali activator 
was N-A-S-H gel which has a different water 
environment compared to calcium based binders. In a 
N-A-S-H type gel, water is physically bonded in 
which would not cause significant change in pore 
structure during drying [6] while water is chemically 
bonded a calcium based gel binders. It is also 
observed that NaOH contributes to increment in 
strength compared to silicate activator for all mixes 
studied here. This shows the effect of activator in 
reaction mechanism of these binders. The results for 
NaOH-activated pastes are in agreement with 
findings from few researchers [28],[29]. It also 
suggests silicate activator decelerates reaction 
mechanism in these pastes [30].  However, the impact 
on capillary pores is minimal, first time observed in 
this study.  

 

 
Fig. 4 Correlation between coefficient of permeability 
and strength as a function of raw materials and 
activator 
 
CONCLUSIONS 
 

The choice of precursors and type of activator are 
the main factors in controlling capillary porosity and 
mechanical strength of alkali activated POFA and fly 
ash binders. Alkali activated fly ash binder has the 
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lowest coefficient of permeability with highest 
mechanical strength compared to POFA binders. 
When comparing the effect of activator used, NaOH-
activated pastes measured lower rate of permeability 
and improved strength compared to silicate activated 
paste, for both POFA and fly ash. This implies that 
these materials have potential applications for 
strength performance, with differences in porosity 
which may impact the choice of binder application 
and environmental exposures.  Further works on 
actual exposure in aggressive environments to test for 
durability performance of these binders is 
recommended.  
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ABSTRACT 

 
With the rapid urbanization and economic growth on all the fronts, lots of construction activities are conduct-

ed everywhere, especially in big cities in Vietnam (e.g., Hanoi, Haiphong, Ho Chi Minh). All activities such as 
new construction, renovation, and demolition of buildings and structures generate huge amount of waste, called 
the Construction and Demolition waste (CDW). According to the State of Environmental Report 2011 on Solid 
Waste management issued by Ministry of Natural Resources and Environment (MONRE), the total municipal 
solid waste generation was about 60 thousand tons/day averagely, in which the CDW waste accounts for 10%-
12% of total solid waste. In order to maximize the potential positive impacts but at the same time minimize the 
negative effects of modernization and industrialization in the country, it is necessary to take immediate measures 
to protect the environment. This paper presents the current situation of CDW in Vietnam and gives challenges 
and opportunities in the legal and institutional framework for solid waste environmental management. The end 
solution intended will be to propose suitable CDW management and recycling strategies to suit to these condi-
tions with proven benefits to all stakeholders. 
 
Keywords: Construction and Demolition waste (CDW), Solid waste management, Recycling, Reuse, Vietnam 
 
 
INTRODUCTION 

 
Like many other developing countries, Vietnam 

has been experiencing various kinds of environmen-
tal problems such as Municipal Solid Waste Man-
agement, in which Construction Demolition waste 
(CDW) management and recycled is one of the most 
critical engineering issues that need immediate in-
tervention today.  

Vietnam is the easternmost country on the Indo-
china Peninsula in Southeast Asia. It is bordered by 
China to the north, Laos to the northwest, Cambodia 
to the southwest, and the South China Sea to the east. 
The area of Vietnam is approximately 330,000 km2 
and it is ranked as the 65th largest nation in the world. 
Currently the national economy heavily relies upon 
the extraction and use of natural resources. As of 
July 2016, the population was approximately 91.7 
million, making Vietnam the 14th most densely in-
habited country in the world and 8th in Asian region, 
which imposes a constant and long lasting pressure 
on the country’s natural resources. 

With the rapid urbanization and economic 
growth on all the fronts, lots of construction activi-
ties are conducted everywhere, especially in big cit-
ies in Vietnam (i.e., Hanoi, Hai Phong, Ho Chi 
Minh). All such activities (new construction, renova-
tion, and demolition of buildings and structures) are 
generating huge amount of waste, called CDW. Ac-
cording to the State of Environmental Report 2011 

on Solid Waste management (issued by Ministry of 
Natural Resources and Environment - MONRE), the 
total municipal solid waste generation was about 60 
thousand ton/day averagely, in which the CDW 
waste accounts for 10%-12% of total solid waste. 
Current generation of CDW in Vietnam can be seen 
in the Table 1 [1]. 

 
Table 1 Current generation of Construction and 

Demolition Waste (CDW) [1] 

Cities 
Amount of 

CDW generat-
ed (tons/day) 

Percent of 
CDW collec-

tion (%) 
Hanoi 1000 – 1500 70 

Ho Chi Minh 2000 – 2500 75 
Hai Phong 400 – 450 40 - 45 
Da Nang 500 - 600 60 

Other cities  100 - 200 20 - 30 
 
It is important to minimize CDW generation and 

maximize reuse/recycling as the construction indus-
try is consumer of tremendous amount of natural 
resources and energy as well as emitter of GHGs. 
Establishment of effective strategies and enactment 
of laws and regulations is essential to achieve this. 
In addition, provision for some incentives to users of 
the recycled products seems to be necessary to pro-
mote the use. In most of developed countries, for 
example, they actively introduce “Green Procure-
ment” for newly-construction projects lead by gov-
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ernments, i.e., enhancing the use of recycled materi-
als for constructing buildings and infrastructure. It is 
essential to assess the life-cycle as it provides quan-
titative tool to assess environmental impact of CDW 
reuse/recycling [2]. In the move toward green or 
sustainable environment, Vietnam has to benchmark 
developed nations like Japan and Hong Kong in 
handling construction waste issues. 

This paper presents the current situation of CDW 
in Vietnam and gives challenges and opportunities in 
the legal and institutional framework for solid waste 
environmental management. The end solution in-
tended will be to propose suitable CDW manage-
ment and recycling strategies to suit to these condi-
tions with proven benefits to all stakeholders. 

 
 

CURRENT SITUATION OF CDW IN VI-
ETNAM- CHALLENGES AND OPPORTUNI-
TIES OF RECYCLING  

 
Current situation of CDW generation in Vietnam 

 
In fact, the CDW has great value for recycle. In Vi-
etnam, the amount of solid waste has been being 
generated more in urban areas. As reported by the 
national environment agency on solid waste in 2011 
[1], the amount of municipal solid waste generated 
about 12.802 million tons in 2008 and estimated to 
be 22.352 million tons in 2015. In which, CDW is 
around 10-15%, mainly arisen from works of con-
struction and demolition. Approximately 2,200 
apartments (about 6 million of m2) were built in the 
70’s - 80’s, in which approximately 90% are degrad-
ed seriously. In 2007, the Vietnamese Government 
issued Resolution 34/2007/NQ-CP [3] on a number 
of solutions to the amelioration and reconstruction of 
damaged or degraded condominiums by 2015. So in 
the coming years, a huge amount of CDW will be 
discharged in the large cities or urban areas. 
Furthermore, regardless of compositions of CDW, it 
has been reported that the compositions of CDW are 
Soil, Sand, & Gravel (36%), Brick & Building block 
(31%), Concrete (23%), and others including metal 
and plastic (10%) [4]. Those major components of 
construction generated soil, bricks, and concrete can 
be recycled and reused efficiently and economically 
in construction and infrastructure systems, which 
directly contribute to the reduction of CDW land 
filling. 

Because of great value, CDW has been valued 
subjects for recycle in many countries (Table 2). 
Especially, Japan has been one of leading countries 
in promotion of CDW recycle products lines for 
trade and implementation of related legal regulations 
such as Construction Recycle Act and Standard for 
Recycled Construction Waste. These legal ap-
proaches taken by Japanese government made the 

country become more sustainable in handling con-
struction waste. 

 
Table 2 Recycle of CDW in several countries 

Country  
Region 

Waste 
Generation 

(million 
tons /year) 

Recycle 
Rate (%) Treatment Refer-

ence 

Thailand 1.9 
Almost 
no recy-

cle 

Dumped 
and land-

fill 
[5] 

Vietnam 1.9 1-2 
Dumped 
and land-

fill 
[1] 

Malaysia 6.9 5 
Reuse and 

recycle, 
landfill 

[6] 

Korea 67 Concrete 
36 

Reuse and 
recycle [2] 

Denmark 3 81 Reuse and 
recycle [7] 

Netherlands 11 90 Reuse and 
recycle [7] 

Japan 72.7 

Concrete 
(~99), 

Asphalt 
(~99), 
Wood 
(~90) 

Reuse and 
recycle [8] 

 
It can be clearly seen that the huge amount of 

CDW is actually the huge source of energy and sav-
ing we can obtain if we know how to take the oppor-
tunities. These sources of waste could be used as 
new recycled materials for infrastructure construc-
tion: 

+ Production of recycled aggregates (RAs) from 
CDW and application for Subgrade, base or 
sub-base layer, laying course and road surface, 
or for replacement of natural aggregate in mor-
tar and concrete production. 

+ Fabrication of sustainable materials for the 
construction of traffic infrastructure: pervious 
concrete containing RAs for paving flags; Roof 
tile embankment, trench plate, blocking barri-
er; edge restraint; backfill and road embank-
ment; Controlled Low Strength Materials 
(CLSM) Utilizing Recycled Aggregates, self-
leveling CLSM for road base using a combina-
tion of all industrial / agricultural wastes (fly 
ash, gypsum, blast furnace slag, rice husk ash); 
asphalt containing RAs; recycled aggregate 
concrete pavement; 

+ Sustainable materials for building construction: 
brick, interlocking concrete block using RAs 
and industrial/ agricultural wastes (towards 
cement-less bricks); as raw material or additive 
for cement production; manufacturing of rein-
forced concrete piles for reinforcing founda-
tion works; ... 

These sources of waste could be used for environ-
mental pollution control: 

+ Wastewater treatment: Filter media, Biofilm 
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attachment media (Carriers) 
+ Remediation of oil-polluted water and sea, 

Remediation of coastal erosion 
 

Current situation of CDW management in Vi-
etnam 
 

Disposal of such CDW in a sustainable manner 
is a big challenge for the contractors and owners 
while management of CDW at macro scale is a big 
task for legal authority. The most common manage-
ment of CDW at present in Vietnam is dumping in-
discriminately and some of CDW are being disposed 
in landfills. The number of landfills is actually very 
limited. For instance, there are currently 05 active 
landfills in Hanoi (Van Noi, Nguyen Khe, Duong 
Lieu, Van Con, Xuan Son leveling sites). The Van 
Noi construction landfill in Dong Anh rural district 
is the largest active one at present (Total 9.5 ha). 
According to Master map for CDW and sludge man-
agement in Hanoi city towards 2030, vision to 2050, 
there will be 24 CDW landfills and 03 landfills for 
sewer and fecal sludge treatment. In Haiphong, there 
is the largest CDW landfill in Hai An district with 
29.6 ha including a leveling site for CDW. The man-
agement of CDW has been regulated in Master plan 
on solid waste management in Haiphong city to-
wards 2025 [9]. According to the master plan, Hai-
phong will have 7 domestic solid waste treatment 
zones, 7 district treatment zones and 5 landfills for 
CDW disposing as: Trang Cat (5 ha), Ben Gung (3 
ha), Dong Hoa (3 ha), Do Son (3 ha), Lai Cach (3 
ha). 

 

 
Fig. 1 Treatment of CDW in Vietnam 

 
In the past two decades, Vietnam Government 

has put in place a sound legal framework for envi-
ronmental protection that addresses guidelines for 
the management and disposal of all waste streams. 
This framework is supported by several National 
Strategies that apply to solid waste management:  

(i) Strategy for the Management of Solid Waste 
in Vietnam Cities and Industrial Parks (1999). 

(ii) National Strategy for Environmental Protec-
tion (2003). 

(iii) National Strategy for Integrated Manage-
ment of Solid Waste up to 2025 and vision 
towards 2050 (2009). 

(iv) National Strategy on Environmental 
Protection up to the year 2020 and Vision to 
2030 (2012).  

 
In the 2009 National Strategy for solid waste 

management, it is expected that by 2050, all kinds of 
solid waste will have been collected, reused, recy-
cled and comprehensively treated by advanced, envi-
ronmentally-friendly technologies, suitable to each 
locality, thereby limiting the amount of solid waste 
that needs to be land filled. Together with National 
Strategies, there have been relevant laws and policy 
documents such as decree, circular, joint circulation 
and standards that have been issued to support. Es-
pecially, the importance of research and develop-
ment for the disposal and recycling of waste is em-
phasized in the newly revised “Law on Environment 
Protection (2014)”: Article 6.6 encourages “Conduct 
scientific researches, technology transfer and apply 
the technology for the disposal and recycling of 
wastes and environment-friendly technologies”.  

The recycle of CDW has been emphasized once 
in National strategy for management of solid waste 
up to the year 2025 and Vision to 2050 (Table 3) in 
which up to 50% - 60% of collected CDW would 
need to be recycled [5]. Nevertheless, the detailed 
instructions such as Construction Recycle Act or 
Rules for Recycling of CDW are not available. Fur-
thermore, there are no standards and criteria for the 
use of recycled materials from CDW such as sub-
base course materials, concrete aggregate, and con-
struction generated soil in Vietnam. There are only 
some Directives and Circulars promoting the appli-
cation of recycled construction materials. 
 
 
Table 3: National strategy for management of solid 
waste up to the year 2025 [10] 
 
Targets In 2020 In 2025 

Ratio of cities that have solid waste 
recycling system %  

70 100 

% Reduction of plastic bags compare 
to 2010 

65 85 

 
% Collec-
tion/ % 
Recycle  

Urban house Solid 
Waste 

90/85 100/90 

Construction and 
Demolition waste  

80/50 90/60 

Urban sludge 50/30 100/50 
Non-hazardous Indus-
trial SW 

90/75 100/100 

Hazardous Industrial 
SW 

70/0 100/0 

 
  

Treatment methods of CDW in Vietnam

Dumped indiscriminately

Landfilling

Recycling (1-2%)
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Challenges and Opportunities of recycling CDW 
in Vietnam 

 
It is obvious that the concept of CDW manage-

ment has been quite new in Vietnam and it is essen-
tially required to spread the information in order to 
gain the public and authority support. Vietnam Gov-
ernment indeed is facing a big challenge to deal with 
MSW (Municipal Solid Waste) management in gen-
eral and CDW management in particular. The stage 
wise problems could be identified in the following 
manners. 

Firstly, the construction technique remains out-
of-date, therefore, it generates huge amount of waste. 
For instance, instead of underground digging with 
pipe ploughing technology for pipe installation, it is 
commonly used the open ditch technique which gen-
erates CDW and expense for earth moving. The 
buildings are constructed with concrete blocks in-
stead of using bricks and mortars will save also lots 
of money in cleaning the construction waste at sites. 
The application of new advanced construction tech-
nologies would definitely help reduce the CDW at 
source.  

The illegal dumping of CDW, on the other hand, 
can cause risks to human health and environment 
including transportation obstacle (i.e., CDW on 
roadsides and pavements) leading to accidents, im-
pact of urban landscape, air pollution (due to dust), 
degraded infrastructure (i.e., blocking the sewers), 
waste of lands. It can be seen for the past ten years 
Hanoi has been a giant construction site and the dust 
from construction contributes significantly to air 
pollution in Hanoi. The illegal dumping of CDW on 
streets happens every day, which cause countless 
accidents unfortunately. In addition, the improper 
management of toxic materials including CDW such 
as gypsum drywall (which can produce hydrogen 
sulfide) and asbestos (which increase the risk of lung 
cancer) increases the potential risk to human health. 
The issues of illegal dumping are mainly due to the 
cost and project location factors. 

Right now, like other developing countries in 
Asia, Vietnam is facing the shortage of legal and 
enforcement in CDW management as mentioned 
above. The priority in current solid waste manage-
ment is for organic waste management and hazard-
ous waste management (health waste and hazardous 
industrial waste). The CDW, which belongs to non-
hazardous solid waste, is considered mostly at re-
search scale and no big investment has been put in 
so far. At present, there are not any regulations (cir-
culars, guidelines) on classification, collection, 
transfer and treatment of CDW. The priority policy 
or investment policy for research, manufacture and 
business investment in the recycle and management 
of CDW has not been promulgated. The recycle pol-
icy has just mentioned in general solid waste man-
agement in National Strategy on Environmental 

Protection up to the year 2020 and Vision to 2030 
approved by Decision No.2149/QD-TTg in 2009. In 
this legal document, one of the big tasks is to in-
crease the reuse and recycling of solid waste by in-
creasingly reuse solid waste; building and develop-
ing the waste market and economy; developing the 
recycling industry, promoting the purchase of recy-
cled products, elaborating and applying incentive 
policies for recycling activities and forming recy-
cling funds. 

Furthermore, there has been not much attention 
from present public awareness and attitude towards 
the waste generated from construction and demoli-
tion sites. This is required to be changed in first pos-
sibly the industrial practice. It is required to sensitize 
not only the Engineers, but all stakeholders includ-
ing regulatory authorities in construction industry. 
This also requires full understand the reuse potential 
of CDW and existing practices in implementation 
and enforcement for achieving the objectives of na-
tional strategy. 

In Vietnam, the recycle of CDW has been at re-
search scale only. JICA is one of leading donors in 
solid waste management (SWM) projects: 

+ 2006-2009: 3R initiative project in Hanoi city. 
This project had been implemented for 3 years 
from November 2006 to November 2009 aiming 
at establishing a balanced and unique 3R system 
centered on the source separation and recycling 
of biodegradable waste under the 3R Initiative 
in Hanoi City. 

+ 2005-2013: Haiphong Environmental Improve-
ment Project. 

+ 2014-2018: Project for Capacity Development 
on Integrated Management of Municipal Solid 
Waste 

+ 2014- present: DAP Recycle of phosphogypsum 
in Dinh Vu industrial zone- Haiphong. 

Besides, some SWM and promotion of recycling 
projects have been done under the support of Minis-
try of Environment in Japan. 

+ 2009: Ichikawa Kankyo Engineering (IKE) 
CDM Project on SW Composting 

+ 2014: Ichikawa Kankyo Engineering (IKE) D-
waste recycle project 

 
Similar projects have also conducted in related 

Vietnamese Ministries: 
- "Investment of CDW recycle line to produce 

construction materials project" by Ministry of 
Construction in 2010 - 2012. This project has 
investigated properties of the recycled aggre-
gates (RAs) from CDW from various CDW 
sources collected from landfills in Hanoi, as 
well as some properties of concrete, mortar and 
concrete bricks and block using RAs. Besides, 
the project also selected and appropriate tech-
nologies for recycling CDW to produce RAs for 
concrete and mortars applied in Vietnam. How-
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ever the project was not entirely successful, RAs 
is only applied to the base, sub-base layers of 
rural roads, not for surface layer or highway ap-
plications. 

- "Treatment and recycle of solid waste in con-
struction of road infrastructure project by Minis-
try of Transportation in 2010 – 2014. 

- “Investigation of management system of CDW in 
urban areas” by Vietnam Urban Environment 
and Industrial Zone Association in 2008 – 2010. 

- “Research and piloting innovative construction 
works in the islands” in 2015 – 2020. 

 
The biggest problem with current R&D public 

investment projects is its limit in application. The 
R&D manufacture line often stopped when the pro-
ject finished since the input material and output were 
not sustainable. 

Recently, in 2017, one very important coopera-
tion project between Vietnam and Japan institutional 
links (Saitama University, Japan and National Uni-
versity of Civil Engineering, Vietnam) was applied 
successfully, called “Establishment of Environmen-
tally Sound Management of Construction and Demo-
lition Waste and Its Wise Utilization for Environ-
mental Pollution Control and for New Recycled 
Construction Materials in Vietnam”. This project is 
funded by SATREPS, a Japanese government pro-
gram, that promotes international joint research tar-
geting global issues. The program is collaboration 
between two Japanese government agencies, i.e. the 
Japan Science and Technology Agency (JST) and 
the Japan International Cooperation Agency (JICA). 
The project proposes to promote the recycling of 
CDW in Vietnam, which aims (1) to establish guide-
lines necessary for the environmentally sound CDW 
management and quality standards for recycled ma-
terials produced from CDW; (2) to develop new 
technologies utilizing recycled materials produced 
from CDW; and (3) to propose strategic business 
models designed to promote the CDW recycling in 
Vietnam and examine their effectiveness and feasi-
bility through on-site pilot projects. The final goal of 
this project is to contribute to the achievement of a 
CDW recycling rate of 60%, which meets the Vi-
etnam national strategy for management of solid 
waste up to the year of 2025, through the application 
of developed technologies and business models to 
practical recycling business. 

This project is very crucial for Vietnam (1) to 
take advantage of sharing experience from Japanese 
side in terms of recycle technology and policy im-
plementation; (2) to strengthen the correlation of 
stakeholders (research institutions, public authority 
and private sectors) in implementing a cohesive na-
tional program to address waste management issues 
in Vietnam and (3) to promote the waste recycle 
business for better energy saving. 
 

CONCLUSION 
 

Taking all facts presented into account, it is ob-
vious that CDW management and recycled is one of 
the most critical engineering issues that need imme-
diate intervention in Vietnam today. Though there 
have being some initiatives in the past to address this 
issue, none has been successful mainly due to the 
multiplicity of the problem. Therefore a more holis-
tic approach addressing all technical, social, institu-
tional and economical issues is vital to achieve a 
sustainable solution.  
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ABSTRACT 
 
Rubber is indispensable to fill safety standards against earthquake and vibration. In Japan, this material is 

normally used to support many concrete structures (bridges, buildings). But, the compressive irreparable creep 
deformation as time goes by hasn’t been considered sufficiently. Generally speaking, rubber is non-compressive 
and hyper-elastic. This creep would reduce the affect to absorb the horizontal deformation in earthquake. Based 
on this, we have carried out simple compressive creep test by using cylindrical specimen made of chloroprene 
rubber as a bearing pad of bridge. At first, we pressed the specimen to equivalent forces which are equal to the 
self-weight of bridge girders. Secondly, we have kept them under compressive situation for three months. And 
then, the pressure was released. The residual displacement was measured including unloading elasticity, delayed-
elasticity and irreparable creep. The irreparable creep was account for 17 % of the total displacement. 
Furthermore, we simulated numerical analysis of the cylindrical specimen in 2 dimension based on finite 
displacement theory. In this analysis, we adopt the hyper-elastic Ogden’s model in axisymmetric problem. The 
result of analysis corresponded with the experimental result well.   
 
Keywords: Bearing pad, Irreparable Creep, Finite displacement, Hyper-elastic, Chloroprene 
 
 
INTRODUCTION 

 
Seismic isolation rubber has been used for bearing 
pad of bridges and buildings. The isolated effect 
would be dependent on the horizontal deformation 
of rubber under earthquakes. There were many 
experiments to evaluate the deformation without 
axial force or axial mechanical properties, for 
example (stress relaxation, creep, plasticity) . 
It is very important to consider the affection to the 
isolated effect due to axial irreparable behavior. 
Therefore, We have carried out simple compressive 
creep test using chloroprene specimen [1]. 
Rubber is usually non-compressive and non-
volumetric material. In addition, the material will 
have occurred large displacement even though the 
applied loads are small. Due to these complicated 
properties, It has been more difficult to explain 
mathematical expression in mechanical behavior. In 
this study, we showed the numerical analysis of 
compressive deformation by Ogden’s model that is 
the basic theory to explain large displacement 
behavior in 2 dimensional axisymmetric problem 
comparing with the result of experiments [2]. 

 
COMPRESSIVE TEST 

 
The load-displacement curve 
 
We selected chloroprene rubber that has been used 
as a bearing pad of bridge. The quasi-compressive 
loads were applied on the cylindrical  specimen (φ
80mm, H=80mm) with upper and lower steel plates   
(refer Fig.1). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 1. Deformation of rubber (compressive test) 
 
The relation between applied loads and longitudinal 
displacements are shown in Fig.2. In this test, The 
applied loading speed was 10mm/minute. 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.2 Loads-displacements curve 
The curve is typical compressive behavior [3].  
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Compressive creep test 
 
The Compressive creep test was carried out as 
following way. At first, we measured the 
displacements and applied loads until serviceability 
state which is supporting the self-weight of bridge 
girders. Secondly, the stress has been holding for 3 
months to fix securely upper steel plate by 4 bolts 
with nuts at the corner (refer to Fig.3).   
Finally, we measured the displacements again after   
releasing stresses unfastening the bolts and nuts 
(refer to Fig.4). We could evaluate non-linear state 
that including unloading elasticity, delayed elasticity 
and  irreparable creep to describe the deformation 
curve after  releasing stresses . 
We determined serviceability state to consider 
relationship between real chloroprene pad section 
area and girders weight. 
The serviceability state  is shown in Fig.5. The red 
point in the figure is equivalent to the state.  
This curve is approximately linear state comparing 
with the curve in Fig.2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3 Holding stresses 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.4 Releasing stresses 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.5 Serviceability state 
 
The curve after releasing stresses reveals creep 
characteristics (refer to Fig.6). This curve is mainly 
consist of three parts. The sharp descending line near 
0 (hour) is unloading elasticity, by 200 (hours) it 
showed delayed elasticity, and after 200 (hours) it 
showed irreparable creep, respectively. 
Even though the holding times are less than four 
months,  it was found that the irreparable creep 
reached about 17 %  of  total displacement. In 
addition, The creep would be occurred under the 
small load that is equal to serviceability state.  
The plastic deformation could be visualized the 
specimen after test (refer to Fig.7). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.6 Creep Characteristics 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.7 Plastic deformation of specimen  

Holding 

Irreparable creep 
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Constant value α μ 

First rank α1=1.3 μ1=1.491 (N/mm2) 

Second rank α2=5.0 μ2=0.003 (N/mm2) 

Third rank α3=-2.0 μ3=-0.0237(N/mm2) 
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NUMERICAL ANALYSIS 
 
Base of finite displacement theory 
 
Rubber has generally large deformation under 
compressive loads. So, There are some limitations to 
apply  the infinitesimal deformation theory. 
The deformation gradient tensor has been used to 
describe the mechanical  properties of rubber. For 
example, Cauchy stress , Green strain tensor[4]. 
In this paper, The deformation gradient tensor is 
defined as follows[5]. 
 

(1) 
 
 
 
 
 
Green-Lagrange strain tensor 
 
The strain should be described more than second 
rank orders to apply this analysis. Green-Lagrange 
strain tensor is reasonable  for variational principle 
[6]. 
 
 
 
 
 
 

(2) 
 
 
 
 
The Second Piola-Kirchhoff stress tensor 
 
This stress tensor is the best expression 
corresponding to the Green-Lagrange strain tensor. 
And then, This form is useful formulation in analysis 
because of  the symmetric form[4]. 
 

                              (3) 
 
 
 
 
 
 
 
 
 
 
Ogden’s model 
 
Strain energy function has been used to analyze the 
large deformation of rubber under various loads. 
Moony-Rivlin and Neo- Hooke models are popular 

functions for analysis. But, these models are 
inadequate for  nonlinearity in high strain region. So, 
here, we adopted  Ogden’s model to simulate high 
nonlinearity region in analysis[7]. 
 
 

(4) 
 
 
 
 
 
 
 
In this paper, we considered third rank (N=3). The 
material properties are shown in Table.1. 
 

Table.1 Material properties 
 
 
 
 
 
 
 
Results of  analysis 
 
We carried out two dimensional axisymmetric 
analysis considering the shape of specimen [2].  
Fig.9 showed the deformation  and the equivalent 
stress distribution at the quadrilateral  point in Fig.8. 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.8 Two example points  for analysis 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.9 Deformation and equivalent stress No.1 
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stress deviatric ofinvariant  Second　:

)(N/mm stress Equivalent:

3

'
2

2

'
2

J

J

eq

eq



 

Specific heat 1.65 (J/g・K) 

Specific gravity 1.39 

Heat transfer 

coefficient 

14 (W/m2℃) 

 

Fig.10 showed the deformation and the equivalent 
stress distribution at the circular point in Fig.8. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.10 Deformation and equivalent stress No.2 
 
Equivalent stress is defined in equation (5).  
 

(5) 
 
 
 
 
 
We adopted the displacement control method. 
The equivalent stress distribution is typical for 
compression state. The highest stress is distributed at 
the corner of specimen which is contacted with steel 
plates (upper and lower). The maximum equivalent 
stress is approximately 0.6 (N/mm2).  
 
Unsteady thermal conduction analysis 
 
The Thermal analysis was simulated under cyclic 
temperature change which showed average value in 
North area in Japan. This is preliminary step to 
check the evolution of viscoplasticity of this pad 
under cyclic temperature[8]. The cyclic temperature 
was shown in Fig.11. This temperature change was 
determined due to the limit of application of freezing 
and thawing test machine . 
 
 
 
 
 
 
 
 
 
 
 

Fig.11 Cyclic Temperature change 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.12 Thermal distribution  
 
 
In this analysis, We should check  the viscoplasticity 
under serviceability state. We have a plan to carry 
out  the freezing and thawing test keeping the 
deformation of rubber under serviceability state. So, 
The compressive final deformation is the initial form 
for unsteady thermal conduction analysis. 
For example, Thermal distribution that the 
temperature reached zero degree was shown in 
Fig.12. The center line was heat insulation and the 
other surface of rubber were heat transfer borders. 
The material properties are shown in Table 2.  
 

Table 2 Heat properties 
 
 
 
 
 
 
 
 
Thermal distribution was changed in about four 
degrees from the surface to the center of  rubber. 
 
CONCLUSION 
 
The knowledge found in this research are as below. 
(1) The irreparable creep would be occurred under 

the serviceability state even though the elapsed 
time was only for three months. 

(2) The value of irreparable creep was about 17  ％ 
of  total displacement. 

(3) Second Piola-Kirchhoff stress and Green-
Lagrange strain tensor are suitable expression 
for large displacement problem of rubber. 

(4) The analysis has a good agreement with the 
result of experiment. 

(5) We have a plan to adopt F-bar method that is 
the popular numerical way to describe elasto-
viscoplasticity of  rubber . 

(6) It was found that the maximum equivalent stress 
is distributed at the corner of specimen which is 
contacted with steel plates. 
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(7) We would like to research the thermal fatigue 
behavior keeping serviceability state under 
cyclic temperature in next stage. 

(8) There are only four degrees thermal distribution 
changes from surface to center. The thermal 
fatigue affection may be small. 
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ABSTRACT 

Concrete walls are effective earthquake resisting elements for lateral force in concrete buildings. In addition, 
stiffness and strength of walls are larger than one of columns and girders. As lateral force concentrate on walls, 
lateral strength of a building would be influenced by that. Therefore a seismic evaluation for walls is significant. 
However, concrete strength reduction (CSR) would be occurred for the vertical direction due to aggregate 
sedimentation. Consequently, seismic performance of a whole building might be reduced by CSR. In this paper, 
lateral strength of concrete walls with CSR was analyzed to get basic behavior by FE analysis. This paper reported 
that forming compressive strut was influenced by CSR and lateral strength were decreased at concrete wall with 
the shear span of less than 0.73. That wall was often seen in medium and low buildings, and seismic performance 
of a building with fewer walls tends to depend on wall strength. Therefore, CSR should be taken into account at a 
seismic assessment in addition to a conventional concrete survey for an existing building.  

Keywords: Concrete wall, Concrete strength reduction, Lateral strength, Shear span ratio, Compressive strut 

INTRODUCTION 

Seismic evaluation is significantly important in 
countries where earthquake often occur like Japan. In 
a concrete building, concrete walls are effective t o 
resist earthquake, and the seismic performance 
depend on them. Most of the lateral force by 
earthquake can be concentrated to the walls rather 
than columns, because the stiffness of the wall is 
much larger. Therefor the stiffness and strength of the 
walls must be properly evaluated. 

On the other hand, concrete bleeding and 
aggregate sedimentation often cause concrete 
strength reduction while concrete casting and 
concrete curing, because concrete is compose of 
water, cement and aggregate. 

Concrete strength distribution in columns an d 
walls along their height is shown in Fig.11). Kasai, et 
al. concluded that concrete strength was reduced to 80 
to 90% in walls and 60 to 90% in columns. Their 
result indicated that concrete strength can be reduced 

at the top of the walls. 
Concrete compressive strut is formed in diagonal 

direction when the wall resist earthquake, and the 
lateral strength of the wall definitely depend on the 
concrete compressive strut. 

However, seismic performance of a building 
might be reduced, because of concrete strength 
reduction as shown in Fig.2. In this paper, concrete 
walls with concrete strength reduction were modeled 
and analyzed to have their lateral strength. 

ANALYSIS 

Analyzed specimen for verification 
We modeled and analyzed the wall specimen2) as 

shown in Fig. 3 and 4 at first to verify our model and 
analysis. Figure 3 shows the geometric of the wall 
specimen. The wall is 1/3 scale specimen and has four 
stories, total height of 3,800mm (12.5 ft.), each height 
of 1,000mm (3.3 ft.) and the span of 4,000mm (13 ft.). 
The column section is 300mm (about 1 ft.) square and 

Fig.2  Concrete strength reduction in a concrete wall Fig.1  Concrete strength reduction along height1) 
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the girder section are the wide of 160mm (6 in.) and 
the depth of 200mm (8in.). Their rebar arrangement 
are shown in Fig. 3 and 4. Table 1 and 2 show the 
material property. Table 3 shows Diameter and area 
of rebar. Concrete strength is 26.6 to 29.4 N/mm2 (3.8 
to 4.3 ksi.) and the yield strength of the rebar is 
mainly 323 to 385 N/mm2 (47 to 56 ksi.). 

Model 

Figure 5 shows meshed model. Four nodes and 
quadrate iso-parametric plan stress element is applied 
for concrete and each elements are 100mm square. 
Embedded element is applied for rebar. Bond slip is 
considered for longitudinal bar, and other bar is 
assumed to be perfectly bonded. The base stub is 
fixed, the gravity load and lateral displacement is 
forced at the top of the wall as shown Fig.5. 

Material property 

The parabola model of Feenstra3) is applied for the 
relationship between concrete stress and strain. 0.2% 
strain of maximum compressive stress is assumed. 
The fracture energy of 9.5N/mm for column and 
girder, and 7.2N/mm for wall are considered based on 
Nakamura, et al4). Hordijk5) model with 0.1N/mm6) of 
fracture energy is applied for the relationship between 
tensile stress and strain. The fracture criterion of 
concrete under biaxial stress is based on Von Mises 
yield criterion. 

Rebar is modeled as bi-linear without strain 
hardening. Bond slip model is based on Morita, Kaku, 
and et al. as shown Fig.87). 

Concrete strength vertical distribution 

The concrete strength vertical distribution is 
assumed as shown Fig.9 based on Kasai, and et al.1). 
Four zones are assumed along the height, and the 
concrete strength is supposed to be reduced as the 
height of the zone raise. 

Fig.3  Bar arrangement and the geometry (mm) Fig.4  Section of the column and girder (mm) 

(a) Column (b) Girder and wall 

Table2  Rebar properties 

Size (grade) Location
Youg

modulus

(kN/mm
2
)

Yield
strength

(N/mm
2
)

Tensile
strength

(N/mm
2
)

Wall 172 351 518

Stirrup 163 323 490

D6(SD295A) Hoop 190 366 491

D10(SD345) Girder 185 385 594

D22(SD345) Column 185 563 738

D25(SD345) Column 185 535 722

D4(SD295A)

Table1  Concrete properties 

Story
Youg

modulus

(kN/mm2)

Concrete
strength

(N/mm2)

Tensile
strength

(N/mm2)

1, 2 21.5 29.4 2.59

3, 4 23.2 26.6 2.36

Imperial Bar
Size

Soft Metric
 Size

JIS Size
Area
(mm2)

N/A N/A D4 14

N/A N/A D6 32

#3 #10 D10 71

#4 #13 D13 127

#5 #16 D16 199

#6 #19 D19 287

#7 #22 D22 387

#8 #25 D25 507

Table3  Diameter and area of rebar 
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VERIFICATION 

Test result2) and our analysis results are compared 
to verify our model and analysis. In this verification, 
the concrete reduction along the height is not 
considered, because the concrete of the specimen was 
cast at high accuracy. 

Lateral strength and drift angle 

Figure 10 shows the lateral force versus drift angle. 
The maximum lateral force are 1,822kN at 0.37% 
drift angle in the test and 1,876kN at 0.36% in our 
analysis. Our analysis result is suited to the test result 
up to around the maximum lateral force, because the 
lateral strength in our analysis is 103% of one in the 
test. 

Cracking 

Figure 11 shows the cracking in the test2) and 
crack strain vector in our analysis at 0.4% drift angle. 
The failure mode was concrete compressive failure at 
the bottom of the wall in both results. The diagonal 
crack was observed overall the wall in the test. The 
crack strain vector was shown overall the wall in our 
analysis. Good agreement was shown in the test and 
our analysis results up to around 0.4% drift angle. 

RESULTS 

Our analysis was verified in the previous section, 
because our analysis result was approximately suited 
to the test results. In this section, the same and short 
height walls with the same section considered 
concrete strength reduction along the height are 
analyzed. 

Fig.5  Meshed model 
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Fig.6  Concrete model 
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Lateral force versus drift angle 

The models with / without concrete strength 
reduction are compared for .lateral force versus drift 
angle. 

Figure 12 shows lateral force versus drift angle. 
Figure (a) shows the result of four stories (shear span 
of 0.97) model. The maximum lateral force is 
1,876kN at 0.36% drift angle in the model without 
concrete strength reduction, and 1,874kN at 0.36% in 
the model with concrete strength reduction. The 
effect of the concrete strength reduction was not seen 
when the results of the models with / without the 
concrete strength reduction are compared. 

Figure (b) shows the result of three stories (shear 
span of 0.73) model. The maximum lateral force is 
2,253kN at 0.36% drift angle in the model without 
concrete strength reduction, and 2,217kN at 0.36% in 
the model with concrete strength reduction. The 
effect of the concrete strength reduction was not seen 
when the results of the models with / without the 
concrete strength reduction are compared as well as 
four stories (shear span of 0.97) model. 

Figure (c) shows the result of two stories (shear 
span of 0.50) model. The maximum lateral force is 
2,826kN at 0.38% drift angle in the model without 
concrete strength reduction, and 2,592kN at 0.34% in 
the model with concrete strength reduction. The 
effect of the concrete strength reduction was seen 
when the results of the models with / without the 
concrete strength reduction are compared. The lateral 
strength of model with concrete strength reduction 
was decreased to 89.5% of one of model without 
concrete strength reduction. 

Figure (d) shows the result of one stories (shear 
span of 0.27) model. The maximum lateral force is 
3,756kN at 0.44% drift angle in the model without 
concrete strength reduction, and 3,215kN at 0.36% in 
the model with concrete strength reduction. The 
effect of the concrete strength reduction was seen 
when the results of the models with / without the 

(a) Crack (b) Crack strain vector 

Fig.11  Crack and Crack strain vector at the peak 

2826kN
2592kN

0 5 10 15

0

1,000

2,000

3,000

0 0.1 0.2 0.3 0.4 0.5

変位 (mm)

水
平

力
(k

N
)

相対変形角 (%)

3756kN

3215kN

0 5 10 15

0

1,000

2,000

3,000

4,000

0 0.1 0.2 0.3 0.4 0.5

変位 (mm)

水
平

力
(k

N
)

相対変形角 (%)

2253kN
2217kN

0 5 10 15

0

500

1,000

1,500

2,000

2,500

0 0.1 0.2 0.3 0.4 0.5

変位 (mm)

水
平
力

(k
N

)

相対変形角 (%)

1876kN 1874kN

0 5 10 15

0

500

1,000

1,500

2,000

0 0.1 0.2 0.3 0.4 0.5

変位 (mm)

水
平

力
(k

N
)

相対変形角 (%)Drift angle (%) 

w/o CSR w/ CSR 

L
at

er
al

 f
or

ce
 (

kN
) 

(a) Four stories model 

Drift angle (%) 

Displacement (mm) 

w/o CSR w/ CSR 

L
at

er
al

 f
or

ce
 (

kN
) 

(b)  Three stories model 

Drift angle (%) 

Displacement (mm) 

w/o CSR 

w/ CSR 

L
at

er
al

 f
or

ce
 (

kN
) 

(c)  Two stories model 

Drift angle (%) 

w/o CSR 

w/ CSR 

L
at

er
al

 f
or

ce
 (

kN
) 

(d)  One story model 

Displacement (mm) 

Displacement (mm) 

Fig.12  Lateral force versus drift angle 



GEOMATE - Mie, Japan, Nov. 21-24, 2017 

492 

concrete strength reduction are compared as well as 
two stories (shear span of 0.50) model. The lateral 
strength of model with concrete strength reduction 
was decreased to 85.6% of one of model without 
concrete strength reduction. 

Lateral strength reduction 

Figure 13 shows shear span versus reduction ratio. 
The reduction ratio for lateral strength at the shear 
span of 0.73 and less was remarkably increased. 

Principal strain (ε2) 

Figure 14 shows principal strain (ε2) at the peak of 
model with CSR. For all models, the angle of 
compressive strut was about 45 degree. For models 
with CSR, compressive strut width of ε2 of 0.1% and 
greater were more increased than models without 
CSR. Shear span ratio was decreased to 0.97, 0.73, 
0.50 and 0.27, those width were 2.0, 1.22, 1.64 and 
1.11 times of one without CSR. 

CONCLUSION 

Two dimensional non-linear FE analyses for 
concrete walls with / without concrete strength 
reduction were performed. This paper has reported 
several conclusions as below. 

1. Our analysis was verified to be compared
between the test and analysis results.

2. The reduction ratio for lateral strength at the
shear span of 0.73 and less was remarkably
increased.

3. In models of two and one stories with concrete
strength reduction, concrete strength reduction
should be considered for the lateral strength
evaluation of a concrete wall.
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ABSTRACT 
 

Indonesian houses are generally categorized as non-engineered buildings that are constructed without any 
proper structural analyses. Bricks have long been used for hundreds years as main materials to make houses 
for the reasons of simplicity and construction speed. Lesson learnt from the Padang earthquake in 2009 
concluded many casualties are resulted from the collapsed houses made of bricks. Ferrocement as a 
construction material that made of wire mesh and mortar plaster become alternative to be used for retrofitting 
brick-houses. In this paper, structural analyses of a typical non-engineered house and a retrofitted house 
made of ferrocement-brick sandwich material are described. The ferrocement-brick composite material has 
role as the main structure in the non-engineered house. The series of tests on that sandwich material has been 
done prior to the analyses. The results of the tests are then used to determine the strength criteria of the 
analyzed house. A structural analysis of the house is done by using the finite element computer program. As 
a comparison, an analysis of an ordinary brick wall house is described. As previously thought, the house with 
walls made of the ferrocement-brick sandwich material can withstand the given earthquake loads. It is 
concluded that the ferrocement-brick sandwich material is very useful to build earthquake resistant houses in 
seismic prone areas such as the West Sumatra.  
 
Keywords: ferrocement, masonry brick wall, composite, non-engineered house, earthquake engineering 
 
 
INTRODUCTION 
 

The earthquake safe house can be defined as a 
house that provides security to its occupants in the 
event of an earthquake whether a weak earthquake 
or a very strong earthquake. The actual earthquake 
does not directly cause the victim but the house 
that collapsed when the earthquake that can cause 
casualties. This house should be made in such a 
way that it does not cause accidents or casualties to 
the inhabitants in it and the people around it. 
Psychologically secure homes also provide a sense 
of security to the inhabitants at all times. Small 
cracks that occur due to small or moderate 
earthquakes in a house will be very psychological 
disturbing the people in the house. So the main 
principle of earthquake safe house may be able to 
provide security to the occupants at any time, both 
psychologically and physically. 

The earthquake safe house should not has any 
damage even in case of a weak earthquake (Fig.1). 
Minor damage is like the small cracks in the wall 
or loose roof arrangement must be avoided. This 
should the main the criterion of earthquake safe 
houses because since the minor damage may cause 
bad feeling to residents of the house. The 
earthquake safe house also must not suffer from 
heavy damage such as the collapse of the wall or 
the fall of roof construction due to the very strong 
earthquake. Due to the collapse of the wall and / or 

the fall of the roof construction can hurt the 
occupants of the house and even take a life. During 
the very strong earthquake, seismic safe house 
should remain standing and may suffer from minor 
damage on the construction materials such as wall 
cracks on the wall. Each element of the earthquake 
safe house must remain in original place and still 
be in tied to each other during a very strong 
earthquake. 

The earthquake safe house as well as other 
buildings can be presented as a good team work of 
human collaboration between owner, designer and 
a group of workers. An earthquake safe house in 
general is ordinary house that may not analyzed 
with the good science procedures that use of 
engineered mechanics knowledge, but adopt the 
principles of earthquake resistance. Dimensions 
and cost of making a house depends on the desire 
and ability of the house owner. The final quality of 
physical engineering work is determined by the 
builder of the house as a worker who create the 
house from its raw materials. The role of the house 
builder has enormous value in generating 
earthquake safe house. By providing additional 
knowledge and skills to the builders to create a 
safe house, earthquake risk reduction can be 
realized [1]. 

 

Seventh International Conference on Geotechnique, Construction Materials and 
Environment, Mie, Japan, Nov. 21-24, 2017, ISBN: 978-4-9905958-8-3 C3051 



GEOMATE - Mie, Japan, Nov. 21-24, 2017 

495 
 

 
a. House before earthquake 

 
 

b. Safe house after  big earthquake 
 
 

 
c. Un-safe house collapse after earthquake 

 
Fig.1 Earthquake safe house definition 

 
The people still think that the earthquake safe 

house is a concept of applying advanced 
technology that is complicated. In addition, 
earthquake safe house is also a masterpiece of the 
application of expensive engineering science. That 
opinion is not entirely wrong, because of some 
earthquake safety guidelines circulating in the 
community, tend to feature an addition to the 
ordinary house so it looks more complex and 
expensive [2] [3]. The transformation of a house 
into an earthquake safe house may need up to one 
third of the overall cost of construction. The extra 
cost depends on the concept of the earthquake safe 
house to be adopted. In terms of mechanical 

engineering, reinforcement in a house logically 
provides additional resistance to earthquakes. So 
the concept of applying additional reinforcement 
can be justified and applicable to traditional 
buildings. 

Although earthquake-safe houses have the 
primary mission to avoid casualties from the 
collapse buildings during the earthquake, people 
still want a simple and inexpensive concept to be 
adopted. There is some earthquake-safe housing 
guidelines that nearly to eliminate the traditional 
procedure of building a house that are common in 
society. Some of these concepts have been used in 
some community in a few sample buildings [4]. 

Ferrocement as a construction material that 
made of wire mesh and mortar plaster become 
alternative to be used for retrofitting brick-houses 
to resist the seismic load. The concept of 
ferrocement material has been applied to almost all 
structural elements of a building such as floor, roof, 
water thank including beams [5]. More advance 
application of ferrocement composites also has 
been studied by some researcher [6]. In this study 
an application of ferrocement to ordinary brick 
wall is done to gain a seismic resistant of the house. 
In this paper, the tests of brick walls including 
ferrocement-brick sandwich wall and the structural 
analyses of a typical non-engineered house are 
described. 

 
BRICK-FERROCEMENT WALL TESTS   
 

In order to obtain the engineering strength 
value of ordinary and ferrocement composite brick 
walls, a series of laboratory tests had been 
conducted. The specimens included in the tests 
were: 

1.  Masonry brick wall  
2.  Brick wall with wire mesh (Brick wall 

covered by wire mesh without mortar) 
3.  Mortared brick wall (Brick wall covered by 

mortar plaster) 
4.  Ferrocement brick wall (Brick wall with 

wire mesh covered by mortar plaster) 
The tests were performed by applying single 

axial force in two different directions, one was 
parallel to the wall surface, and secondly 
perpendicular to the wall plane surface (Fig.2). 
The first one was purposed to obtain the shear 
strength of the wall in the direction of the wall 
cross section, and the second direction was for 
resistant moment as well as shear strength in the 
wall surface direction. 
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a. Force on the wall cross section 

 
 
 
 

 
b. Force on the wall surface 

 
Fig.2 Wall specimen test directions 
 

During the tests, the damage to the specimens 
in term of crack were monitored. There were two 
different patterns observed on the tests depend on 
the direction of applied forces as plotted  in Fig.3.  

The applied forces and displacement in the 
same direction are recorded. The results in the 
terms of forces versus the displacements are shown 
here (Fig.4 and 5). 

       
 
Fig.3 Crack during on tested specimens  
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Fig.4 Test results in wall cross section direction  
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Fig.5 Test results in wall surface direction  
 
Based on those test results, it can be taken the 

strength values of the walls in terms of the 
transversal and longitudinal shear forces as well as 
bending moment resistances as written in Table 1. 
The mortared brick wall seems almost has the 
same strength compared to the ferrocement-brick 
wall, but it is very brittle. This condition is not 
good for the buildings subject to earthquake load 
which may experience suddenly collapse. This 
situation do not give chance for occupants to 
evacuate from the building.   

It also can be seen that the ferrocement-brick 
wall has the strength about five times compared to 
the ordinary masonry brick wall. The advantages 
of the increase strength of ferrocement-brick wall 
certainly can be used to retrofit brick wall houses 
such that the earthquake safe houses can be gained.  

In order to demonstrate the application of 
ferrocement-brick wall to a non-engineered house, 
numerical simulations are performed in the next 
section. Those values in Table 1 are then used to 
determine the strength of the analyzed houses 
subjected to an earthquake.  
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Table 1  Wall strength to perform under 
earthquake load 

 

Wall types 

Longit. 
shear 
force 

Transv. 
shear 
force 

Bending 
moment 

(kg) (kg) (kg.m) 

Brick Wall 42 800 240 

Brick& Mesh 72 800 240 

Brick& Mortar 300 2000 600 

Brick& Ferroct. 220 2500 750 

 
 

NUMERICAL SIMULATION 
 

In this section, structural analyses of a typical 
non-engineered house and a retrofitted house made 
of ferrocement-brick sandwich material are 
described. During Padang earthquake on 30 
September 2009, many non-engineered houses in 
the West Sumatra Province suffered from partially 
(Fig. 6) and totally collapse. This experience must 
not be happening in the future, thus the existing 
ordinary brick houses in the West Sumatra need to 
be retrofitted. The retrofitting model can be 
performed by using wire mesh and mortar plaster 
on the houses to present ferrocement-brick 
sandwich material as the wall. This wall becomes 
the main structure of the house to subject any 
forces including seismic loads.   

 

 
 

Fig.6 Damaged house due to Padang earthquake 
 
Numerical simulation is a tool can be used to 

carried out the analysis of houses subjected to an 
earthquake. Here, the numerical study of a typical 
house that has experience the damage due to 
Padang 2009 earthquake are presented. The 
simulations are carried out first for non-engineered 
house and then for ferrocement-brick sandwich 
material  retrofitted house (Fig. 7).  Seismic loads 

are adopted from Indonesian Code for Padang City 
in transversal and longitudinal to the front side of 
the house.  

 

 
 

Fig.7 Numerical model of analyzed house 
 

 
Force (kg):  

 
 
Fig.8 Numerical result for shear forces 
 

 
Force (kg):  

 
 
Fig.9 Numerical result in longitudinal shear forces 

The simulation results in terms shear forces 
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due to of transversal and longitudinal seismic loads 
are shown in Fig.8 and Fig.9. In this paper only the 
internal shear forces on the front side of house are 
presented since they have the less strength based 
on the laboratory tests. 

The numerical results are then compared with 
the results of laboratory testing which are used as 
strength criteria analyses. The maximum forces 
acting on the house exceed the strength for 
ordinary brick wall and this indicates a house 
damage in reality. The internal shear forces due to 
seismic loads are about 60 kg and 80 kg which are 
more than 42 kg for the brick wall. Those internal 
forces are still under the maximum ferrocement-
brick wall strength that is 200 kg.  

Thus, the ferrocement-brick sandwich material 
is very useful to build the strength of the ordinary 
house due to earthquake. The seismic resistant of 
houses may increase by applying mortar plaster to 
the wall, but this way make the wall in brittle 
condition which may collapse suddenly during the 
earthquake.  
 
CONCLUSION 
 

Analyses of main structural component of non-
engineered buildings have been studied in this 
paper. The series of tests on that sandwich material 
has been done. The tests showed that the 
ferrocement-brick sandwich material increase the 
strength up to three times compared to the brick 
wall. The results are used to determine the strength 
criteria of the analyzed house. Based on 
comparison study using numerical results and 
laboratory tests, the ferrocement-brick sandwich 
material is very useful to build earthquake strength 
of ordinary brick houses in seismic prone areas 
such as the West Sumatra.  
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ABSTRACT 

 
This present study investigates the behavior of masonry building using ferrocement layers in a non-engineered 

building. Almost in all regions of Indonesia is an area of frequent earthquakes. In Indonesia, most of masonry 
building are built with a limitation of finance, skills, building materials, and resulting in poor workmanship and 
poor quality of construction. When an earthquake happens, the building had collapsed the walls of a sudden, this 
is caused by the lack of stiffeners of the wall so that the wall is more fragile and vulnerable to tremors for this 
purpose. Authors conducted a series of experimental study on masonry building strengthened with ferrocement 
layers in non-engineered building. The specimens were tested above the shaking table (304 x 190) cm2 that has 
simulated earthquake load with variation of ground motions. The specimens was built by masonry wall without 
main structure elements (column, beam, and sloof). They consist of two models with respective size (90x90x110) 
cm. The first model does not use ferrocement layers, while the second model given full of ferrocement layers. 
Experimental results revealed that ferrocement layers can significantly improve masonry walls performance.  
 
Keywords: Earthquake, Masonry, Strengthening, Ferrocement Layers 
 
 
INTRODUCTION 

 

 
Fig. 1 The collapsed building of unreinforced 

masonry building [2] 
 
Earthquakes that often occur in the area of West 

Sumatra, many cause damage to buildings, especially 
non-engineering building, ranging from minor 
damage to severe damage of unfit for habitation. In 
general, non-engineering building are built with 
unreinforced masonry building as shown in figure 1 

This Building is not in accordance with the 
standards, because if it is built without reinforcement, 
the wall of engineering building should be arranged 
with composition of 1 brick. But in reality, there are 
many people who rebuild the masonry building 
constructed in ½ brick like figure 2, such buildings 
are very vulnerable and not strong against earthquake 
loads. 

 
Fig. 2 Unreinforced masonry building 

 
Non-structural components such as walls, roofs 

and ceilings of a unreinforced masonry building are 
not part of the main load that works on a structure, but 
can be a major cause of losses due to the earthquake 
that occurred. 

Most damage buildings are spontaneously 
constructed buildings (non-engineered building). 
Where buildings are built on practical experiences 
whose structural strengths are not calculated. The 
building is usually built by the general public, in the 
form of residential houses, school buildings and 
traditional home buildings. Cracks in brick wall 
connections occurred during the earthquake in West 
Sumatra due to the falling brick wall having no 
stiffener [4]. 

The causes of this kind of unexpected structural 
collapse can be explained from several aspects, the 
uncertainties inherent in the ground shaking [5], 
feature ground motions with larger damage potentials 
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[6-9], and deficiencies in our knowledge regarding 
the collapse resistant design. 

The choice for home improvement, certainly 
influenced by the economic aspect. There are several 
option to repair a damaged house, some are destroyed 
and then rebuilt and some are repaired or given 
strengthened, such as wire mesh. 

In this study, authors are interested to perform 
experimental by modelling a unreinforced masonry 
building then strengthened with ferrocement layers 
that are tested on shaking table. So it can be seen how 
the behavior of unreinforced masonry building which 
given variation of earthquake loads. 
 
STRUCTURE MODEL 

 
There are two models structure that were built on 

the shaking table in soil mechanical laboratory, 
UNAND. Both models have a 1:4 scale of the actual. 
This is due to the limitation of the table area.  The first 
model (M1) is the original of unreinforced masonry 
building and plastered, the second (M2) is the same 
masonry structure strengthened by providing full 
using ferrocement layers on both of the walls, acting 
as sandwich structures. In the second model, all 
strengthened parts are also plastered (figure 3). 

 

 
Fig. 3 Two models for shaking table test : Model 
M1 : unreinforced masonry structure; Model M2: 
masonry structure strengthened by providing full 
using ferrocement layers on both sides of the walls, 
act as sandwich structures. 
 

Each model consisted of four walls with size 0.9m 
x 1.1m. Figure 4 shows the schematic drawing of 
masonry walls for model M2. The masonry walls 
were made brick (200x100x50)mm, bonded with 
mortar joints (1pc:4ps). The brick were imported 
from Padang, Indonesia. Figure 5 showed the 
construction process for installing wire mesh and 
plastering. Figure 6 showed the detail of wall 
strengthened with ferrocement layers. 
 

 
Fig. 4 Schematic drawings of shaking table test for 
model M2 
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Fig. 5 Construction process for installing wire 
mesh and plastering 
 

The specimens are made on the table in a 16˚ 
inclined position, this is in accordance with the 
earthquake loading rule of SNI 1729 - 2012 7.5.3 
points, the loading applied separately in all two 
orthogonal directions. The most critical load effect 
due to the direction of application of earthquake 
forces to the structure is considered to be satisfied if 
its components and foundations are designed to carry 
the following set load combinations: 100 percent 
force for one direction plus 30 percent force for 
perpendicular directions. Based on SNI 2012 
earthquake, the slope of the prototype of 16˚ in the 
direction of the positive x axis [1]. 
 

 
Fig. 6 The specimens are tilted at 16˚ 
 
INPUT MOTIONS 

 
Tests conducted by varying the frequency of 

earthquake of small earthquake (SME), medium 
earthquake (ME) and Strong Earthquake (SE) as 
shown in table 1. 
 
Table 1 Variation of the motions 

 
Type of earthquake a (m/s2) 

SME (0.3g) 2.94 
ME (0.6g) 

SE (1g) 
5.88 
9.81 

  

EXPERIMENTAL RESULT 
 

The experimental results presented in this section 
include the acceleration responses of the test 
specimens and the observed cracks and failure 
pattern. Testing has been done 3 times with different 
model variations. Each test is given a weak 
earthquake load and a medium earthquake, for the 
third test, tested to a strong earthquake. 
 
Acceleration Responses 
 

A g-trace device mounted beneath the shaking 
table test that produces a graph showing the amount 
of vibration that occur in models. The test obtained 
graphs as in figure 10. 

Figure 10 shows the acceleration time histories of 
the 1st to 3rd test. It seemed that the maximum 
acceleration responses of the 1st test were generally 
greater than 2nd or 3rd test. This occurs because the 1st 
test is not given additional load, so the load on the 
specimen is lighter than the 2nd and 3rd tests. The 
specimens on this 1st test received a larger earthquake 
load, which resulted in the magnitude of the 
acceleration occurring.  

In the 1st test as in figure 7, there is no collapse or 
cracking of the specimen when subjected to a small 
earthquake load or a medium earthquake load. 

 
Fig. 7 The specimens of the first test 
 

Because of the limitations of the device capacity, 
the acceleration of the earthquake load can not be 
added until it reaches the collapse. Therefore, the 2nd 
test is given an axial load on the specimen (as in 
figure 8) so that the earthquake load is greater than 
the wall capacity and there maybe collapse in the 
specimen. The load addition is calculated based on 
the shear stress analysis obtained from SAP2000.  

With a small earthquake acceleration and a 
medium earthquake acceleration given in the second 
test, the specimen (M1) only had a fine crack in the 
plaster but was not significant, whereas the M2 
specimen did not experience any cracks. This shows 
that plastering in each specimen contributes the 
strength of the wall, so that the brick wall is not 
destroyed. 
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Fig. 8 The specimens of the second test  
 

Based on the data of the masonry building in the 
field, the masonry building is also often made without 
plastering or with plastering that mixture does not 
comply with the applicable rules. The researcher then 
attempts a 3rd test by peeling the plaster on the 
specimen without ferrocement layers (M1), as shown 
in figure 9. 

 

 
Fig. 9 The specimen of the third tes 

 
On a small earthquake acceleration, the specimen 

did not collapse or cracked, then the acceleration of 
the earthquake was upgraded to a medium earthquake 
which resulted in fine cracks on the plaster but not 
significant. Then the earthquake acceleration is 
increased until the earthquake load is strong. When a 
strong earthquake acceleration occurs, the wall of the 
specimen (M1) is cracked. 
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3rd Test of strong earthquake load 

 
             0                               2                               4                               6                               8                              10    

Time (s) 
Fig. 10 Acceleration  time histories 
 
Observed Cracks and Failure Pattern 
 

Collapse in the specimen occurs in the 3rd test with 
a strong earthquake load. Specimen collapsed is 
specimen without ferrocement layers. When the test 
is carried out, there is a lifting force on the side of the 
specimen wall (M1) without opening until cracking 
also occurs in each corner of the specimen as in figure 
11, while on the wall having openings, there is also a 
larger crack may lead to collapse in the building as in 
figure 12. This means that the opening wall is more 
vulnerable to collapse in the event of a large 
earthquake, therefore the design of the house should 
pay attention to the opening of a wall area and place 
it not too close to the corners of the building and 
should be given space from the corner of the building 
to place the openings such as doors and windows. 

While the specimen strengthened with 
ferrocement layers (M2) did not experience a slight 
crack during testing from the first test to the last test. 

 

       
 

       
 
Fig. 11 The crack of the wall without opening. 

 

  
 

  
Fig. 20 The crack in the  opening wall 

 
CONCLUSION 

 
Based on data obtained from testing two Based on 

data obtained from testing two models of masonry 
building, M1 and M2 given cyclic load it can be 
concluded that: 

1. The specimens does not occur collapse, 
because the load given does not exceed the 
capacity of the specimen.  

2. After providing an additional axial load. The 
specimen (M1) had a fine crack in the plaster 
but it is not significant. It can be concluded 
that the plaster can reinforce the brick wall if 
the plaster is made with a good mix and 
workmanship in accordance with the 
standards.  

3. After providing an additional axial load 
increase and stripping of wall plastering. 
There is a crack on the wall of the specimen 
(M1) with different rift patterns on each side 
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of the wall. 
4. Throughout the condition, there is no crack at 

the specimen with ferrocement layers (M2). 
The shaking table tests demonstrated that the 
strengthening using ferrocement layers is 
effective in preventing collapse of masonry 
walls when shakes by earthquake. This 
strengthening method has such benefits as 
more simple and understandable 
workmanship by the local community, low 
cost and time saving. 
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ABSTRACT 

 
Microcapsule containing heat storage or phase change materials is useful in various applications. It provides 

a larger heat transfer area and controls the volume change of phase change materials during phase transition. 
Most polymer shells used in microcapsule are petrochemical-based polymers which is a growing concern about 
their impact on the environment. Therefore, in this work, biodegradable polymer as a poly(l)-lactic acid (PLLA) 
was implemented as the polymer shell to encapsulated octadecane (OD), a kind of phase change materials, by a 
simple emulsion evaporation method. Influence of PLLA molecular weight on the encapsulation efficiency and 
colloidal stability of microcapsule was studied. The spherical microcapsules with a size range ca. 5-50 m were 
obtained in all molecular weights of PLLA. However, at higher molecular weights (54,000, 77,000 and 145,000 
g/mol), some OD escaped from the droplets during solvent evaporation due to higher internal viscosity therein 
where polymer chains hardly diffused to precipitate on the droplet interface. In contrast, using the lowest 
molecular weight (24,000 g/mol), approximately 86 wt% microcapsule yields with about 100 %encapsulation 
and high colloidal stability were obtained which were much higher than those (44, 36 and 11% for 54,000, 
77,000 and 146,000 g/mol, respectively) of higher molecular weights. In addition, latent heats of the 
encapsulated OD (200 J/g-OD) were closed to those (230 J/g-OD) of bulk OD. Based on high encapsulation 
efficiency, this biodegradable microcapsule would enhance environmental sustainability for thermal energy 
storage applications. 

 
Keywords:  Poly(l-lactic acid); Heat storage materials; Microcapsule; Simple emulsion evaporation method 

 
INTRODUCTION 

 
Phase change materials are used in many 

industrial applications such as solar heat storage, air 
conditioning of building and thermal adaptable 
fibers[1]. Paraffin wax is one of the most attractive 
phase change materials.  It melts and crystallizes 
which can absorb and release energy, respectively, at 
a wide range of temperature.  Because of their 
moderate thermal energy storage and low thermal 
conductivity, paraffin is then encapsulated within the 
polymer shell to increase surface area for providing 
a larger heat transfer before the practical application. 
Numerous polymer shells are used to fabricate 
paraffin microcapsules such as polystyrene[2, 3], 
poly( styrene-co-methyl methacrylate)  [4], 
polydivinylbenzene[5, 6], poly( styrene-co-
divinylbenzene)  [7], poly( methyl methacrylate)  [8] 
and poly( methyl methacrylate-co-methyl acrylate-
co-methacrylic acid) [9]. However, most of them are 

petrochemical-based polymers which are a growing 
concern about their impact on the environment [10, 
11].  Biodegradable polymer as PLLA is then the 
good candidate to be used as the polymer shell of 
paraffin microcapsules.  Because of its non-toxicity 
and environmental friendly, it is applied for a 
various applications such as biomedical, 
pharmaceutical, food packaging and agricultural 
industries [12, 13].  To the best of our knowledge, 
there are a few researches using PLLA as phase 
change materials microcapsule shell.  From our 
previous work [14], we have successfully prepared 
microcapsule containing urea using PLLA as a 
polymer shell by a simple emulsion evaporation 
method.  Because urea can soluble in water, water1 
( containing urea)  in oil ( containing polymer)  in 
water2 system was prepared in order to increase the 
encapsulation efficiency.  In addition, PLLA was 
successfully used to encapsulate more hydrophobic 
material as vitamin E [15] using oil in water 
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emulsion system with a simple emulsion evaporation 
method.  Therefore, it would be possible to prepare 
paraffin microcapsule using PLLA as a polymer 
shell where paraffin and PLLA are dissolved in good 
solvent as an oil phase before being dispersed in the 
continuous (water) phase having surfactant. Paraffin 
microcapsule would be obtained based on an internal 
phase separation mechanism. Because PLLA is more 
hydrophilic than that of paraffin, it should diffuse 
from the polymer solution droplet to the droplet 
interface during the solvent evaporation to form 
polymer shell.  

 In this research, the preparation of paraffin 
microcapsule with PLLA and octadecane (OD) as a 
polymer shell and phase change material core, 
respectively, by oil in water emulsion with a simple 
emulsion evaporation method will be studied.  In 
addition, influences of PLLA molecular weight and 
PLLA and OD ratio on the encapsulation efficiency 
and colloidal stability of microcapsule will be 
investigated. 

 
EXPERIMENTAL 
  
Materials 
 

PLLA molecular weights of 77,000 and 145,000 
g/mol were used as received from B. C. Polymers 
Marketing Co., Ltd. OD (Sigma-aldrich, USA; 
purity, 99%), poly(vinyl alcohol) (Aldrich, 
Wisconsin, USA; degree of saponification, 87-90%) 
and chloroform (RCI Labscan, Bangkok, Thailand; 
purity, 99.8%) were used as received. Ethylene 
glycol (Loba chemie, India; purity, 99.5%) was also 
used as received. 

 
Preparation of low molecular weight PLLA  

 
Glycolysis of commercial PLLA with molecular 

weight of 145,000 g/mol employing EG was carried 
out to break PLLA chains[16].  PLLA and ethylene 
glycol at 1:1 weight ratio were previously mixed and 
dissolved in chloroform (finally, 20 wt%  of PLLA) 
before transfer to a round bottom flask and sealed 
with silicone rubber septum.  The solution was 
purged with five vacuum/ N2 cycles finally in a N2 
atmosphere. The reaction was started at 175 C with 
a stirring rate of 200 rpm and kept at 30 and 60 min. 
After the completion of reaction, PLLA short chains 
were purified by precipitation in methanol before 
dried overnight in a vacuum oven.  

 
Microcapsule preparation 
 

PLLA microcapsules encapsulated OD using 
various molecular weight s (24,000, 54,000, 77,000 
and 145,000 g/ mol)  were prepared in oil in water 

system. Firstly, 2.50 g of PLLA was dissolved in 20 
g of chloroform containing 2.50 g of OD as an oil 
phase.  It was added to 45 ml poly(vinyl alcohol) 
aqueous solution (1% wt)  and then homogenized at 
5,000 rpm for 5 min to prepare polymer droplets in 
oil in water emulsion as shown in Fig 1. Thereafter, 
the obtained polymer droplets emulsion was stirred 
overnight to evaporate chloroform resulting in the 
formation of polymer microcapsules.  
 
Table 1 Reagent amounts for the preparation of 
PLLA/OD microcapsules by a simple emulsion 
evaporation method 

 
a Molecular weight (g/mol):  24,000 
b Molecular weight (g/mol):  24,000 54,000 77,000 
and 145,000 

 
Characterization of PLLA microcapsules 

 
The microcapsules encapsulated OD were 

observed with an optical microscope ( SK-
100EB&SK-100ET, Seek, Seek Inter Co.  Ltd. , 
Thailand)  and scanning electron microscope ( JSM-
6510, JEOL, JEOL Ltd. , Japan)  to study the 
morphology of the particle surface and shape.  For 
scanning electron microscope observation, a few of 
dried microcapsules were placed on a nickel 
scanning electron microscope stub and dried before 
Au-coated.  Weight- and number-average molecular 
weights ( Mw and Mn, respectively)  and Mw/ Mn of 
PLLA were measured by gel permeation 
chromatography ( Waters 2414, Waters, USA)  with 
two poly(S/divinylbenzene) gel columns (Phenogel   
5 x 103 and 5 x 105 Å (pores), 7.8 mm (i.d) x 30 cm 
(length), Phenomenex, USA) connected in series and 
using tetrahydrofuran as eluent.  The flow rate of 
eluent was maintained at 1.0 mL/ min with column 
temperature of 40 °C and elution was monitored 
with refractive index detector (RI 2414/Waters). The 
columns were calibrated with six standard PS 
samples (2.5 x 103- 6.0 x 105, Mw/Mn =  1.05-1.15). 
For the measurement of thermal properties, the 
microcapsules were washed with 2-propanol before 
dried in vacuum oven. The OD content in the dried 
washed microcapsules was direction determined by 
thermogravimetric analyzer ( TGA, TGA 4000, 

Phase Ingredients    

Oil 

PLLA (g) 2.00
a

 2.50
b

 3.00
a

 

OD (g) 3.00 2.50 2.00 

CHCI
3 

(g) 20.00 20.00 20.00 

Aqueous 
PVA solution  
(1 wt%) (g) 45.00 45.00 45.00 
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Perkin-Elmer, USA)  at a heating rate of 5 °C/ min. 
The latent heats (∆Hm and ∆Hc) (J/g-capsule) and the 
melting (Tm) and crystallization (Tc) temperatures of 
the encapsulated OD were measured with a 
differential scanning calorimeter ( DSC, DSC 4000, 

Perkin-Elmer, USA)  under a N2 flow in a scanning 
temperature range of -20-40 °C and at a 
heating/ cooling rate of 5 °C/ min and shown as 
average values of three measurements. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Fig.  1 Schematic diagram for the preparation of PLLA microcapsules containing OD prepared by a simple 
emulsion evaporation method 
 

∆Hm*  and ∆Hc*  ( J/ g-OD)  were, respectively, 
obtained using the following equation (1)  from the 
∆Hm and ∆Hc ( J/ g-capsule)  and the OD content in 
each washed microcapsule ( %  loading)  obtained 
from the thermogravimetric analysis, which did not 
contain unencapsulated OD. 

 
A = [B / C] x 100                              ……( 1) 

Where 
A =  ∆Hm*  and ∆Hc*  of the encapsulated OD in 

unit of joules per 1 g of encapsulated OD (J/g-OD) 
B = ∆Hm and ∆Hc of the encapsulated OD in unit 

of joules per 1 g of microcapsule ( J/ g-capsule) 
measured with differential scanning calorimeter  

C = % loading (experiment) of OD in the washed 
microcapsules measured with thermogravimetric 
analysis  

 
The theoretical %  loading of OD in the washed 

microcapsules was calculated by equation (2)  
% Loading (theory)  
= [Wwax/(Wwax + WPLLA)] x 100     ……(2)                                                      
 
Where Wwax and WPLLA are weights of OD and 

PLLA, respectively, in the preparation recipes 
shown in Table 1. 

Encapsulation efficiency ( % )  of OD was 
calculated using the equation (3). 

 
Encapsulation efficiency (%)  

= [%loading (experiment)/% loading (theory)] x 100  
                                                          ……(3)  
RESULTS AND DISCUSSION 

 
One of the main driving forces for microcapsule 

preparation based on internal phase separation 
mechanism is viscosity inside polymer solution 
droplet.  To the best of our knowledge, when the 
polymer chains smoothly diffuse to the droplet-
water interface, the microcapsule with high 
encapsulation would be obtained.  The amount of 
polymer chain reached to the droplet-water interface 
decrease with internal viscosity.  In this work, 
various molecular weights of PLLA were used to 
encapsulate OD in which using higher molecular 
weights was expected to obtain high capsule shell 
strength.  However, this parameter was optimized 
based on both encapsulation efficiency and shell 
strength.  The low molecular weights PLLA were 
obtained by glycolysis of high molecular weight 
PLLA (145,000 g/mol) with various times at 30 and 
60 min.  It was found that the molecular weight of 
PLLA significantly decreased to 54,000 and 24,000 
g/ mol for the reaction times of 30 and 60 min, 
respectively, as shown in Fig.   1.  It is due to the 
depolymerization of PLLA by ethylene glycol to 
form shorter chain of hydroxyl ( OH) -terminated 
PLLA where PLLA molecular weight decreased 
with the reaction time [16, 17]. 

 
 
 
 
 
 
 
 
 

(a) 

(b) 
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Fig. 2 Molecular weight distribution of PLLA (Mw 
145,000) after glycolysis at various times (min): (a) 
30 and (b) 60 
  
 The PLLA/ OD solution droplets dispersed in 
poly(vinyl alcohol) aqueous solution (1 wt% ) were 
obtained with the homogenization. As seen in Fig. 3, 
the PLLA chains with higher molecular weights 
seemed incomplete miscible in CHCl3 containing 
OD especially for 77,000 ( Fig.  3c)  and 145,000 
g/mol ( Fig. 3d)  where the PLLA/ OD solution 
droplets contained dark domains.  After CHCl3 
removal, PLLA chains homogeneously distributed 
throughout the microcapsule due to high internal 
viscosity.  This then resulted in low microcapsule 
yield where numerous microparticle without OD 
were obtained.   In contrast, for lower molecular 
weights of PLLA, both PLLA/OD solution droplets, 
(Fig. 3a and b)  and microcapsule (Fig. 3a’ and b’) 
were clearly transparent.  Based on the theoretical 
total density of microcapsule ( 1; densities of OD 
and PLLA are 0.78 and 1.22 g/mol, respectively) at 
the ratio of PLLA:OD of 1: 1, the microcapsule 
should be floated on the top layer of the suspension. 
The suspension photos of PLLA/OD microcapsules 
with various PLLA molecular weights were shown 

in Fig.  4.  For the three higher molecular weights 
(Fig. 4b-d) , three parts i.e. top, middle and bottom 
layers of the suspensions were clearly observed 
where small amounts of microcapsules floating on 
the top layer were obtained.  The PLLA dispersed 
and precipitated in the medium and the bottom 
would be the broken particle and the PLLA particle 
without OD, respectively.  In contrast, most of 
PLLA/OD microcapsules floated on the top layer for 
the lowest molecular weight ( 24,000 g/ mol)  of 
PLLA ( Fig.  4a) .  The amounts of PLLA/ OD 
microcapsules at the top layer separating from each 
suspension were measured by gravimetry. It was 
found that the amounts of PLLA/OD microcapsules 
prepared by various PLLA molecular weights were 
11, 36, 44 and 86 wt%  ( based on the original of 
PLLA and OD)  for 145,000, 77,000, 54,000 and 
24,000 g/ mol, respectively.  This indicates that the 
obtained microcapsules increased with the decrease 
of PLLA molecular weight.  From these results, 
PLLA molecular weight of 24,000 g/ mol was 
selected to be used as the polymer shell for further 
study.  The PLLA:  OD ratio will be investigated in 
order to obtain large amount of PLLA/ OD 
microcapsules. 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
Fig. 3 Optical micrographs of PLLA/OD droplets (a-d) and microcapsules (a’-d’) prepared by a simple emulsion 
evaporation method using different PLLA molecular weights (g/mol): (a and a’) 24,000; (b and b’) 54,000); (c 
and c’) 77,000 and (d and d’) 145,000 

Fig. 4 Suspension photos of PLLA/OD 
microcapsules after centrifugation at 3,000 rpm 
using different PLLA molecular weights (g/mol): 

(a) 24,000; (b) 54,000); (c) 77,000 and (d) 145,000 
 
PLLA:OD ratio was varied at 40:60, 50:50 and 

60:40 wt% using PLLA molecular weight of 24,000 
g/mol. The suspensions of three conditions were 
shown in Fig. 5a-c. The densities of PLLA/OD 
microcapsule increased with PLLA content in 
which most (82 % related to original of PLLA and 
OD) of PLLA/OD microcapsules precipitated onto 
the bottom layer in the case of 60:40 wt%. However, 
this phenomenon was also observed for 40:60 wt% 
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of PLLA:OD (30 % related to original of PLLA and 
OD). The precipitated polymer is due to the 
polymer part of the broken microcapsule in which 
low content of PLLA was not enough to 
encapsulate OD. The microcapsule size and 
morphology of all PLLA:OD ratios were then 
observed by optical microscope as shown in Fig. 
5a’-c’. It was found that uneven surface 
microcapsules (Fig. 5a’) were observed with some 
broken particles in the case of 40:60 wt% of 
PLLA:OD according to the suspension photo. On 
the other hands, the spherical microcapsules were 
formed in the cases of 50:50 (Fig. 5b’) and 60:40 
wt% (Fig. 5c’) without broken particle. This seems 
that the PLLA shell can completely envelope the 
OD core.  

 

Fig. 5 Suspension photos (a-c) and optical 
photographs (a’-c’) of  PLLA/OD microcapsules 
using PLLA molecular weight of 24,000 g/mol after 
centrifugation at 3,000 rpm with different PLLA: 
OD ratios (wt%): (a and a’) 40:60; (b and b’) 50:50 
and (c and c’) 60:40  
 

 
 

 
 
 
 
 
 
 
 
 
 
 
Fig. 6 Thermogravimetric analysis thermograms of 
(a) bulk OD, (b) PLLA and dried PLLA/OD 
microcapsules at PLLA:OD ratio (wt%) of (c) 
50:50 and (d) 60:40 
 

The degradation temperatures of bulk OD, 
PLLA and OD encapsulated in the PLLA 

microcapsules using PLLA:OD ratio of 50:50 and 
60:40 were observed by thermogravimetric analysis 
and the thermograms are shown in Fig. 6. In the 
case of dried PLLA/OD microcapsules (Fig. 6c and 
d), the decomposition temperatures of OD (130-
260°C) and PLLA (280-420C) were shown in two 
respective steps. The degradation temperature of 
bulk OD (Fig. 6a) of 140-300°C was closed to that 
of the encapsulated OD. The thermogravimetric 
analysis thermograms confirmed that OD existed in 
the prepared microcapsules. In addition, in the case 
of 50:50, the experimental percent loading was 50% 
which was closed to the theoretical ones (50%) 
giving 100% encapsulation where the experimental 
percent loading was 27% giving only 65% 
encapsulation in the case of 60:40 ratio. This 
indicates that PLLA represented high efficiency to 
encapsulate OD.  
 

 
Fig. 7 Differential scanning calorimeter 
thermograms of (a) bulk OD and (b) the 
encapsulated OD in dried microcapsules at 
PLLA:OD ratio of 50:50 %w/w 

The latent heats (J/g-OD and J/g-sample for 
bulk and encapsulated OD, respectively) of bulk 
OD (Fig. 7a) and the encapsulated OD (Fig. 7b) 
were obtained from the heating/cooling peak areas 
of differential scanning calorimeter thermograms. 
The latent heats (Hm* = 197 and Hc* = 196 J/g-
OD) of the encapsulated OD were quite closed to 
those of bulk OD (Hm* = 233 and Hc* = 234 J/g-
OD). It may be due to the hydrophilicity of PLLA 
increased the phase separation between polymer 
shell and OD core where the encapsulated OD 
behaved similar with bulk OD.  

 
CONCLUSION 

The spherical biodegradable poly(l)-lactic acid 
microcapsule containing octadecane with good 
colloidal stability was successfully prepared by a 
simple solvent evaporation method. The molecular 
weight of poly(l)-lactic acid affected on the 
formation of the microcapsule shell. The lower 

Temperature 

(d) 
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molecular weight poly(l)-lactic acid formed the 
smoother shell than the higher ones based on lower 
internal viscosity. The latent heats of the 
encapsulated octadecane were closed to those of 
bulk octadecane. Therefore, the prepared polylactic 
acid/octadecane microcapsules were able to use in 
heat storage applications in place of petrochemical-
based microcapsule. 
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ABSTRACT 
 
 The use of composite materials for concrete is covered briefly starting from metallic reinforcement 
along with stainless steel bars which have been used in concrete elements by the engineers successfully 
primarily to improve the strength against tensile loads.  The above combination has been further improved by 
using different types of fibres covering natural, steel, glass, carbon etc. along with fibre reinforced polymers 
(FRP) in structures.  Strengthening structural members for carrying additional loads to meet new requirements 
have also been done with different wrapping FRP composite materials.  Polymer composite materials are 
manufactured by combining polymer resin with fillers and various types of reinforcing fibres.  Concrete as a 
material is durable and energy efficient.  Attempts are made for adopting eco-cement for carbon sequestration 
and to use alternative material to Portland cement to make the applications more environment friendly.  
Reference is given to the use of nano and geo-polymer concrete, polymer concrete, high strength and coloured 
concrete etc.  Concrete structures can be repaired and strengthened, if required, and concrete material can be 
recycled and used with other materials.  Concrete material has been found to perform well in fire and against 
blast. Routine monitoring for assessment of weaknesses, defects and delamination of FRP materials from 
structural elements and relevant studies are referred.  A few applications are included.  Further advancements 
will be more suitable for the projects to come, in the future.  This approach is expected to provide satisfactory 
performance of the structures with added elegance, innovativeness and overall long-term economy at the end. 
 
Keywords: Fibres, Polymer Composites, Different developments, Monitoring, Delamination  
 
INTRODUCTION 
 

 Composite materials for concrete had been 
used by engineers for a long time [1], [2].  Use of 
different types of fibres along with reinforcement 
had been tried successfully to overcome 
weaknesses of concrete.  Polymer composite are 
multiphase materials produced by combining 
polymer resin like polyester, vinyl ester, epoxy 
(thermoset) and polyethylene, polypropylene 
(thermo-plastic) with fillers and reinforcing fibres 
to produce a material having much superior 
mechanical and chemical properties than the 
individual base materials combined.  The emphasis 
was on high strength, low self weight and 
durability. 
 
TYPES OF COMMON FIBRES [3], [4] 

 

Numerous fibres have been tried.  Some of the 
common types are as mentioned below: 
• Natural vegetable or mineral fibres (sisal, jute, 

bamboo & asbestos) 
• Alkali or non-alkali resistant glass fibres 
• Aramid fibres 
• Polypropylene fibres 
• Steel fibres 
• Carbon fibres  
• Other fibre types - Ceramic, Nylon, Polyester. 

 
FIBRE COMPOSITE MATERIALS 
 

 Fibre composite materials have been used 
for various applications for a long time covering 
concrete and steel structure.  Common fibres may 
be used. 
 
Requirements of Fibres [5] - The desirable fibre 
requirements are – 
• The variation of strength between individual 

fibres should be less. 
• The fibres should be stable and retain their 

strength during handling and fabrication. 
• The diameter and surface of fibres should be 

uniform. 
Other Important Qualities [3], [5] – Matrix, 
Interface and Geometrical information 
 
REINFORCING SYSTEM IN CONCRETE 
 

• Mild Steel Bars – 
Normally not much 
used 

• Cold Twisted 
High Strength 
Bars 

• Galvanised Bars • Stainless Steel 
• FRP Bars  -  FRP is particularly beneficial in highly 

corrosive environment & electromagnetic [6] 
applications. 

 Stainless steel may be used in areas directly 
at the risk of chloride induced corrosion.  The 
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stainless steel bars may be used as the first layer 
[7] of reinforcement for the structural members.  In 
marine environment where corrosion is more 
aggressive, use of stainless steel bars may be 
justified over carbon steel considering reduced 
maintenance or extended service life of structures 
[8]. 
 
FRP Reinforcing Bars  -  Reinforcing bars are 
made using mostly glass and carbon fibres [6] by 
“pultrasion” method with secondary process for 
adequate bond properties.  Aramid fibres can also 
be used. 
 
Basalt Reinforcement [9]  -  Basalt reinforcement 
has been attempted in concrete beams to use as an 
alternative to steel bars.  Concrete beams with 
basalt reinforcement have been tested against 
flexural behaviour. 
 
Special Application of Basalt Fibre Reinforced 
Polymer Bars  -  Basalt fibre reinforced polymers 
(BFRP) have been used as rods [10] for the 
connections of timber structures instead of steel 
bars. 
 
STEEL FIBRES 
 
 The advantages of steel fibres, in concrete, 
are for controlled crack width, redistribution of 
stresses, enhanced load bearing a capacity, time 
savings and added ductility [11].  When steel fibres 
are added to concrete mix, the performance of the 
material particularly impact resistance and 
toughness will be increased.  For pile supported 
floors this toughness will be very important in the 
load bearing and deformation behaviour [12].  A 
combination of conventional reinforcement with 
steel fibres may prove to be a proper solution 
considering cost and performance.  Steel fibre 
reinforced concrete slabs have been tested 
successfully.  Reasonable agreement between 
elastic theory and actual test results was observed 
[13]. 
 

Micro-silica & Steel Fibre Concrete [14]  -  
Micro silica with steel Fibres has been selected and 
used for industrial floors to provide high strength, 
wear resistant durability and impact resistance. 
 
Construction of Composite Floor Slabs using 
Steel Fibre Reinforced Concrete  -  Steel fibre 
reinforced Concrete is used for the construction of 
floor slabs in high-rise structures.  Full scale tests 
[12] on suspended slabs have indicated specialist 
steel fibres increased slab ductility and the yield 
lines to develop. 
 

GLASS FIBRES 
 

Glass Reinforced Concrete (GRC) is a 
cement based composite which has been applied 
successfully in different areas of projects.  The 
resulting material will have high tensile, flexural, 
impact and abrasion resisting properties [15].  
Special e-GRC [16] will be suitable for economy 
and to produce cleaner and brighter facades of the 
buildings and will contribute towards reduction of 
noise and pollution in urban environment.   
 
Permanent Formwork with GRC  -  GRC panels 
are of flat sheets or profiled sheets which have been 
used as permanent formwork [17] for the 
construction of composite decks. 
 
Arching Action in Concrete Slabs & FRP 
Reinforcement  -  Concrete slabs were tested 
utilising in plane Compressive Membrane Action 
(CMA) with Glass Fibre Reinforced Plastic 
(GFRP) bars [18].  The test results indicate higher 
deflection for simply supported slab with GFRP as 
compared to equivalent slab with steel 
reinforcement.  However, with lateral restraint the 
mid span deflection was reduced significantly. 
 
CARBON FIBRES 
 

 Short pitch-based carbon fibres may be 
used in concrete for increasing flexural strength, 
toughness compressive strength etc..  High 
modulus (HM20) carbon fibres may be used in 
conjunction with either a polymer or a cement 
matrix [5]. 
 
ARAMID FIBRES 
 

 Aramid fibres are man made organic fibres 
which have high degree of crystallinity.  Higher 
modulus fibres are used in polymer composites [5]. 
 
SYNTHETIC/NON-METALLIC FIBRES 
 

 The most relevant ones are polyolefins [5] 
(Polypropylene and polyethylene), polyamide 
(nylon) and polyester.  The polyolefins are used for 
the production of cement/mortar composites.  The 
use of structural synthetic fibres will prevent 
plastic shrinkage cracking in concrete floors slabs 
and bridge decks and will demonstrate better 
performance against impact resistance and tensile 
strength in a more homogenous manner than steel 
[18].  Non-metallic reinforcement will increase 
durability of concrete and such reinforcement do 
not corrode [19]. 
 
MACRO SYNTHETIC FIBRES 
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 It had been commented from research [20] 
that use of macro synthetic fibres, in concrete, was 
efficient under seismic conditions due to tri-
dimensional nature of the reinforcement.  
Furthermore structural elements performed more 
ductile and the concrete with these synthetic fibres 
would be able to absorb high levels of energy.  
Fibres can be used in external concrete slabs and 
pre-cast elements [21]. 
 
MICRO POLY-PROPYLENE FIBRES 
 

 Primarily suitable to control drying 
shrinkage and settlement cracking including 
explosive spalling under fire [21].  The health and 
safety benefits of using polypropylene fibre 
reinforced concrete will cover construction, 
maintenance and demolition [22].  It is commented 
[23] that monofilament polypropylene fibres will 
provide great advantage in both design and 
performance for external applications. 
 
INFLUENCE OF GLASS, 
POLYPROPYLENE & STEEL FIBRES 
ON PHYSICAL PROPERTIES OF 
CONCRETE 
 

 The following comments are from the 
investigation carried out [21] 

• Concrete workability was least affected by glass 
fibres and most affected by polypropylene fibres. 

• All fibres were efficient for compensating 
shrinkage cracks. 

• All fibres increased abrasion resistance of 
concrete. 

• All fibres increased impact resistance of concrete 
upto 10 kg./cum. 

• Flexure strength increased with glass fibre 
addition. 

 
POLYPROPYLENE & STEEL FIBRE 
COMBINATION 
 

 It has been commented that combination of 
polypropylene and steel fibres (i.e. hybrid system) 
may be suitable for all types of concrete 
applications but will be more beneficial for ground 
supported slabs [25]. 
 
COMPARISON BETWEEN MACRO-
SYNTHETIC &  
STEEL FIBRE REINFORCED CONCRETE 
[26] 

 

 Comparison between two fibres have been 
studied specially in respect to limit crack widths in 
concrete which is generally done by providing 

conventional steel reinforcement using reinforcing 
bars or fabric.  Both macro synthetic and steel 
fibres can perform the same function instead.  
Micro synthetic fibres can be used to provide 
control on shrinkage cracks mainly in ground 
bearing floor slabs, metal decking, sprayed 
concrete. 
 
POLYESTER FIBRES 
 

 Various applications have already been 
done, in the past, using polyester fibres in cement 
concrete.  
 

NATURAL FIBRES[27] 

 

 Natural fibre reinforced concrete will 
consist of small dia-meter discontinuous, discrete 
natural fibres of different origin randomly mixed in 
a cementitious matrix. 
FIBRE REINFORCED POLYMERS (FRP) 
 

 This is basically a combination of fibrous 
reinforcement held in a polymer matrix to form 
plates, tubes, rods and other structural profiles [28].  
The fibres may be carbon, aramid or glass and the 
resins may be epoxy, polyester, vinylester or 
phenolic.  FRP materials exhibited good resistance 
to fatigue and creep and are very durable.  FRPs 
have good fire resistance as they are poor heat 
conductors and this is advantageous over metals.  
When the composite and adhesive have been 
correctly specified, FRP materials will require 
little or no maintenance during the service life.  
FRP wrapping can increase the bending and shear 
strength of an element by a factor around three [29]. 
 
GLASS FIBRE REINFORCED POLYMER 
(GFRP) 
 

 Studies have been made to improve the 
behaviour of the member by using glass fibre 
reinforced polymer (GFRP), in concrete beams, 
along with steel as reinforcement for studying the 
performance at serviceability limit stage.  The 
GFRP reinforced beams had higher failure loads, 
reinforcement strains, deflections and cracking 
compared to similar beams with steel 
reinforcement [30]. 
 
Large  Diameter  Columns  Reinforced  With 
WRAPPED Glass Fibre Reinforced Plastic 
Tubing  -   
Large diameter (greater than 300 mm) GFRP tubes 
filled with concrete have been tested at 
Southampton [31] University, U.K., for both 
axially and eccentrically loaded columns.  As 
expected centrally loaded columns failed at higher 
loads than corresponding eccentrically loaded 
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columns.  The failures were sudden and explosive 
and at failure, located near the centre of columns 
fibres tended to unwrap themselves from the 
specimen. 
 
CARBON REINFORCED POLYMER 
 

 Carbon fibres reinforced polymer (CFRP) 
plates have been used for shear strengthening for 
beams [32].  A large number of beams had been 
tested at Oxford Brookes University to study the 
performance of carbon fibres reinforced polymer 
(CFRP) plates for increasing the shear resistance of 
the reinforced concrete beams.  It was commented 
that CFRP material was well suited for 
strengthening, bonding to sofit was effective and 
beam stiffness increased.  Using two horizontal 
CFRP strips over shear span and tension zone 
seems to be an efficient method of shear 
strengthening. 
 
Evaluation of Carbon Reinforced Polymer 
Plates for strengthening Reinforced Concrete 
Members  -   

Experimental study of the strengthened reinforced 
concrete beams by bonding composite plates has 
been done [32].  Bonded plates increased ultimate 
capacity of beams but reduced ductility. 
 
Polymer (CFRP) Composite and Concrete Slab  
-  A concrete slab was designed with CFRP 
corrugated sheet as permanent form work and 
tension reinforcement [33].  Following the test it 
was commented that the slab was capable of 
withstanding large plastic deformation.  The 
performance of the slab at serviceability limit state 
was also satisfactory. 
 
HIGH PERFORMANCE POLYMER FIBRES 
 

 High performance polymer (HPP) fibres 
have been used for design and construction of 
ground supported slabs.  They have high resistance 
to acidic and alkaline environments [34].  HPP 
fibres are used in pre-cast housing panels and 
industrial floor slabs especially external slabs 
where surface fibres do not corrode. 
 
CREEP TESTS FOR FIBRE REINFORCED 

CONCRETE 
 

 The tests were done on plain and synthetic 
fibre concrete beams for modulus of rupture, 
elastic deformation [35] and studied for a period of 
12 months.  The presence or otherwise of fibres did 
not influence the flow component of creep.  High 
modulus macro synthetic fibres exhibited creep 
similar to that of steel fibres [26]. 
 

SPECIAL COMMENTS ON FRP 
STRENGTHENING 
Confinement of FRP Jacketed Reinforced 
Concrete Columns  -  Following the tests on FRP 
jacketed reinforced concrete square/rectangular, 
circular columns with 21 MPa Concrete and using 
high tensile fibres of Carbon, glass and aramid, 
some comments are [36] – 
• FRP strengthening columns performed better, 

the failure can be sudden. 
• Decreasing the corner sharpness increased both 

ultimate strength and ultimate axial 
deformation on square cross sections with 
carbon fibre reinforced jackets. 

• Circular columns experienced uniform 
confined pressure with significant increase in 
strength with carbon fibre jacketing 

 
Inspection for FRP Strengthening  -  The 
presence of moisture may be the main cause of 
deterioration of FRP strengthening system [37].  
Techniques such as water jetting, grit blasting or 
steam curing should not be used for cleaning.  All 
strengthened structures should be subjected to 
routine visual inspections and regular, with more 
detailed inspections from time to time.  The 
disadvantages of FRP strengthening are –[37]-[38] 
• The risk of soffit reinforcement hit by over-

weight vehicles.  Hence, some kind of 
protection has to be considered. 

 
OTHER DEVELOPMENTS IN CONCRETE 
TECHNOLOGY 

 

 The development of concrete took place 
significantly in the following areas - 
 

Ferro-cement [39], [40]  -  Ferro-cement is 
actually related to special reinforced concrete work 
when cement mortar and reinforcement in the form 
of layers of wire mesh and small diameter steel 
bars are used to produce, stiff structural form. 
 
High Strength Concrete [1], [2] & [40]  -  The use 
of mineral aggregates such as in combination with 
super plasticisers such as polycarboxylic ethers 
(PCEs) are responsible for HSC and enhance 
impermeability, durability and strength. 
 
Nano & Special Concrete [41], [42]  -  The nano 
concrete is made with Portland cement with 
particle size less than 500 nm. [42] as a cementing 
agent.  In recent years it has been observed that 
concrete can be based on nano technology to 
improve the properties of conventional concrete.  
High performance binders reinforced with nano 
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particles or nano tubes including nano cement may 
be used [43]. 
 
Geo-polymer Concrete [43], [44]  -  Geo-polymer 
is an alternative cementitous binder that has been 
attempted as a substitute for OPC which is 
comprised of an alkali-activated fly ash.  Geo-
polymers are in organic materials rich in silicon 
(Si) and aluminium (al) that will react with alkaline 
activators to become cementitous. 
 
High Performance Concrete [1, 40]  -  High 
performance concrete will be high strength 
concrete with low permeability.  Higher doses of 
super plasticisers may be required to provide 
desired workability of the concrete mix.   
 
Silica Fume for High Performance Concrete 
[45]  -  Silica fume is being used for the production 
of high quality concrete for its high strength, high 
chemical and abrasion resistance and durability in 
marine environment.  For high performance silica 
fume concrete is becoming popular for different 
applications. 
 
Coloured Concrete [46] – [47]  -  The colour 
system can offer excellent segment dispersion [46], 
uniform colour, 28 standard [47], colours with 
colour matching, UV-stable and fade resistant 
colours in concrete. 
 
Polymer Concrete [1], [40]  -  As compared to 
normal concrete the strength and other properties 
of polymer concrete will be improved along with 
increased chemical resistance and reduced 
permeability. 
 

Self Compacted Concrete [40]  -  Self Compacted 
Concrete (SCC) will be compacting itself in 
presence of reinforcement in the form work and 
suitable for areas with limited access for placement 
of concrete and vibration.  It is flowable, self-
levelling, self-developing and cohesive and can be 
handled without segregation.  Self compacting 
concrete with premix GRC has been tried.  
Rheology modifier may be required to control 
segregation in the GRC mix.  SCC can provide 
improved durability and faster construction and 
innovative design [48]. 
 
Sprayed Concrete [49]  -  Sprayed concrete has 
been used for various application including new 
construction strengthening and repair work, fire 
protection to steel framed structures, tunnel linings 
etc. 
High Performance Light Weight Concrete  -  
High performance light weight concrete (HPLC) is 
associated with high strength and long durability.  

The use of cellular high porous litght weight 
aggregate which is formed from volcanic ash 
compressed under extreme pressure is made for the 
preparation of HPLC concrete along with other 
materials as used for conventional concrete.  It is 
required for modern marine structures [50]. 
 

FURTHER ADVANTAGES OF USING 
CONCRETE 
 

Fire Engineering & Performance of Concrete 
under Fire [51] - [53]  -  Concrete has performed 
very well [2], [51] - [53] during fire over the years 
and the same has been observed during tests 
carried out.  Performance based approach will 
provide greater advantages [52].  It has been 
reported that concrete strength higher than 55 MP 
[53] are more susceptible to spalling and may show 
lower fire resistance.  In order to reduce spalling, 
in high strength concrete under fire, fibres may be 
used in the concrete mix or protecting the concrete 
surfaces at salient places with thermal barriers. 
 

Design for Blasts  -  Concrete has performed well 
against blast loads.  Presence of continuous 
reinforcement [54] with good detailing will 
provide reserve capacity to develop alternate load 
path and resistance mechanism under extreme 
conditions.  Steel fibre reinforced concrete (SFRC) 
can make an important contribution to the integrity 
and resistance to blast resistant structures [55]. 
 

UHPFRC Panel Testing for Explosion and 
Impact  -  Studies with the help of experimental 
work were carried out with steel fibre 
reinforcement to investigate the properties of ultra-
high performance fibre reinforced concrete 
(UHPFRC) under impact and explosive loading 
(100 kg TNT equivalent) and found to be suitable 
[53].  The material exhibited non-linear yielding. 
 
ECO CEMENT [56] 
 

 The emphasis now is to find out the 
alternative materials to Portland cement and the 
following may be considered in this connection ; 
• One alternative is to avoid the use of lime 

stone altogether from manufacturer process.  
It will be important to utilise magnesium in 
cements to have carbon absorption 
characteristics with greater impressive and 
tensile strength. 

• Eco cements can be produced at low 
temperature.  This means manufacturers have 
to use renewal sources of energy (i.e. solar 
furnaces). 

• Magnesium cements can have greater 
compressive and tensile strength and can be 
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used to build lighter structure with better 
insulating properties. 

 
RECYCLING CONCRETE MATERIALS [57] 
 

 Concrete material after prolonged use when 
demolished can be recycled for further re-use for 
different construction activities.   
 
Re-cycled aggregates   -   Upto 30% recycled 
concrete aggregates (RCA) as replacement of 
natural aggregates will have no adverse effect on 
engineering and durable properties of concrete [57].  
RCA will be preferable consisting impact on – 
• Potentially reducing transport impacts 
 
DE-BONDING OF FRP COMPOSITES 
 

 De-bond problems is a critical issue for 
proper assessment of performance related to FRP 
composites in structural strengthening and repair 
applications.  Some comments are made on FRP to 
steel and FRP to concrete based on experimental 
and theoretical studies [58] as given below : 
 
FRP Repair to Fatigue Damaged Steel 
Members [59]  -   A few important comments from 
tests on repair of fatigue damaged steel members 
using FRP steel systems are - 
• Notched steel specimens with FRP patches 

have resulted in significant increases in 
remaining fatigue life of the specimen. 

• Length of the patch (perpendicular to crack 
orientation) is found to be more effective than 
its width (parallel to crack orientation) 

• Symmetric bonding of the patches is 
recommended where possible 

FRP Strengthening to RC Beams [59]  -   The 
comments from studies and research work on 
debonding failures in FRP strengthened RC 
beams  : 
• Assessment of proper de-bonding failures is an 

essential part of RC beam strengthening using 
FRP composites. 

• Despite brittle nature of de-bonding failures, test 
results indicated that initiation of FRP de-
bonding took place at laminate ends and at crack 
locations at early load levels. 

• Cover of de-bonding takes place along with the 
re-bar level differs significantly for FRP de-
bonding mechanisms in its causes and behaviour.  
Experimental studies have been carried out [60] 
to assess the effect of surface profile on the 
flexural strength of RC sections with FRP.  The 
failure of concrete section strengthened by 
externally bonded FRP can be due to- 

• Failure where composite action is maintained 
• Failure where composite action is lost. 
 

The failure plane can be at the surface of 
concrete or at the level of steel reinforcement. 

It is mentioned that the presence of concave 
surface profile at the soffit of a beam will reduce 
the degree of flexural strengthening by externally 
bonded FRP composite. 
 
Debonding Failures in CFRP – Strengthened 
[61] Steel Structures 
 
 Studies including experimental work on the 
performance of CFRP laminates/plates have been 
made to assess the performance of the joint, 
particularly the role of adhesive.  De-bonding 
failures between steel member and CFRP is critical 
may take place in one of the following modes: 
• Within the adhesive (cohesion failure) 

 • Between the adhesive and 
adherends (adhesive failure)  •
 A combination of adhesion failure and 
cohesion failure 

 
DETECTING DELAMINATION IN FRP 
RETROFITTED CONCRETE STRUCTURES 
[62] 
 
 The concern exists for weakening of the 
bond due to environmental factors such as wet and 
dry cycles, thermal variation and freeze-thaw 
cycles as applicable.  The failure, if takes place, 
will be brittle type and will have catastrophic 
consequences.   Traditional ultrasonic methods 
(linear) have long been used for condition 
assessment of the materials.  In the study for 
assessment [63] non-linear elastic wave 
spectroscopy (NEWS) has been used.  In NEWS 
frequency characteristics of the received signal are 
analysed to understand the condition of the 
material.  Following the laboratory experiments, it 
is commented that NEWS can not be used as the 
base line technique for condition assessment.  Prior 
measurements may be compared with new 
measurements for condition assessment of FRP. 
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APPLICATIONS  -  Composite materials have been used successfully, in various projects, in different 
countries.  Only a few are selected as given in the table with some brief details. 
 

 

No. Item & Brief Details Use/Strengthening Country Remarks 
01. Tunnel Lining [63] Steel fibres Netharlands, 

Germany 
SFRC exhibited reduced 
crack development 

02. Rock Support, Tunnel [64] Steel fibres, Sprayed 
concrete 

U.K. 50-100 aspect ratio was used 

03. Suspended floor slab 
supported on piles [65] 

Steel fibres U.K. Crack width may be critical 
than deflection 

04. Pile supported Car Park [66] Steel fibres Belfast, U.K. To withstand 100 KN/m2 
05. External Cladding [67] GRC, Single skin 

panels 
Wharf 
Galleria, U.K. 

Stone like finish was 
required 

06. The Atlantis Hotel, External 
Cladding [68] 

GRC façade Units Dubai Ribbed façade panels, 
Lighter Units 

07. Recladding WestChester 
County Courthouse [69] 

GRC panels N.Y. External cladding 

 
08. 

 
Dome Structure, Catholic- 
Church [70] 

 
GRC 

 
Ukraine 

 
22 m dia dome, 26 m above 
ground level 

09. Black pool’s promenade [71] Macro Synthetic 
fibres 

U.K. Strux 90/40 fibres used 

10. Scrabster Harbour Sea Wall 
[72] 

Ground granulated 
balst furnace slag 
(ggbs) 

Scotland Largest marine engineering 
application 

11. Underground Car Park, 
Tunnel Lining [73] 

Macro Synthetic 
fibres 

Sweden, 
Norway & 
Japan 

Sprayed Concrete 

12. Belfast International Airport, 
drainage channel [74] 

Macro Synthetic 
fibres 

Belfast, UK Synthetic fibres replaced 
welded reinforcement mesh 

13. Tunnel lining, Channel 
Tunnel Rail Link [75] 

Steel & 
Polypropylene 
fibres 

U.K. Precast Segments, use of 
PPa 

14. Tunnel linings [76] Polypropylene 
Netherlands fibres 

  

15. Marine concrete [77] Monofilament 
polypropylene fibres 

U.K.  

16. Industrial floors [78] Steel fibres (SFRC) U.K. Jointless, different projects 
17. Hertfordshire Warehouse[79] Steel fibres (50 mm 

long 1mm diameter) 
U.K. Large area of 60000 sqm 

excellent flatness achieved 
18. Biggest SF RC Flooring [80] Steel fibres U.K. 250,000 sqm. (approx..) 

area, Joint-less ground 
bearing slab 

19. Fibres in floor screed [81] Polypropylene fibres 
60 mm long and 60 
micron in dia 

U.K. 4 kg drop tests for screed 
crushing resistance 

20. Rigid pavement [82] Steel fibres  As reinforcement 
21. Road Tunnel [83] Steel/Macro 

Synthetic fibres, 
sprayed concrete 

Hind-Head 
tunnel, U.K. 

Executed quickly 

22. Pre-stressed concrete bridge 
strengthening [84] 

CFRP Plates Skipton, UK Pre-stressed concrete beams 
strengthened 

23. Steel bridge strengthening 
[85] 

Ultra high modulus 
(UHV) CFRP plates 

UK Job executed without 
interrupting rail traffic 
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24. Concrete Bridges [86] CFRP Plates, NSM 
reinforcement. 

Park House 
Bridge(UK); 
Tay Road 
Bridge (UK) 

Used for different parts of 
the bridge 

25. Strengthening of Concrete 
bridges [87] 

Carbon fibre 
Composite Plates, 
NSM reinf. 

Japan, USA, 
UK 

Strengthening Soffit, Shear, 
top deck 

26. Concrete bridge 
strengthening [88] 

NSM tapes & FRP 
Bars 

USA  

27. Strengthening bridge 
columns [89] 

Aramid FRP sheets Middles 
borough, UK 

24 No. tapered columns 
strengthened on two bridges 

28. Jack-arch beams 
strengthening [90] 

CFRP Composite 
materials 

London UG 
Ltd. (LUL) 

 

29. Harbour City Car Park [91] Aramid fibre sheets UK 164 No. Columns 
strengthened, addition of 
extra floors 

30. Car park Multi-storied, 
Merseyside Police [92] 

NSM reinf. bars 
CFRP Strips 

UK, 
Liverpool 

Car park decks strengthened 
against flexure 

31. Fertiliser prill tower [93] CFRP-Plates Qatar Specially formulated 
adhesive used 

 
32. 

 
Ribbed floor slab 
strengthening [94] 

 
Carbon fibre 
Laminates 

 
UK 

 
Carbon fibre laminates 
bonded at the bottom 

33. Composite Metal deck 
applications [95] 

Fibre reinforcement U.K. Time saving upto 20% may 
be achieved 

34. Coastal Defence Project 
Blackpool [96] 

Glass fibre(GFRP) 
reinforced polymer 

UK  

35. Concrete Chimney strength 
retrofitting [97] 

CFRP Composites 
[97] 
FRP Composites 
[98] 

USA, 
Switzerland, 
Japan 
USA, Europe 

Lower installation and 
maintenance cost 

36. Soil stabilisation [99] Geo-polymer 
injection, Hoxton 
Property 
Ecl/Pie Island 
Innovation 

UK 
 
 
UK 

To increase foundation load 
bearing capacity 
 
Additional soil stabilisation 

37. Earth Reinforcement [100] Strips, Sheet reinf. 
(geotextile), 
Composite reinf., 
Anchors 

U.K. Bridge Abantments, Vaults, 
Land reclamation, Slope 
stability 

 
DURABILITY OF FIBRE REINFORCED 
CONCRETE [101] 

 

 For durability, corrosion to steel fibres and 
performance of polymeric fibres under alkaline 
environment are the main concern.  Polypropylene 
fibre is the only polymeric fibre that has been 
tested for field applications for a long period.  The 
performance of polypropylene fibres under 
alkaline environment is found to be satisfactory 
and unaffected by time and exposure in crack 
width upto 5 mm, uncracked SRC specimens are 
largely unaffected by corrosion [101].   Even 
the fibres do corrode, small volume of each fibre 
and the fibre being discontinuous will not create 
problems of cracking like conventional concrete 

with corroded steel reinforcement.  The durability 
of fibre reinforced concrete can be considered as 
good. 
 
STRUCTURAL PERFORMANCE 

 

 The performance of the composite 
materials is expected to be better considering high 
specific stiffness and strength.  Low self weight of 
the material will provide other benefits such as 
reduced structural dimensions and reduced cost for 
transport and erection.  It seems that performance 
of FRP materials specially for strengthening work 
is satisfactory and reliable when the same is 
executed properly.  However, regular checks and 
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monitoring for condition assessment will be 
required. 
 
FAILURE INVESTIGATIONS AND THE 
FORENSIC PROCESS [102] 

 

 Forensic engineering is associated with 
detective skill as opposed to design skill which will 
be the key requirement for the investigator.  
Causation investigation will be the prime item for 
the forensic approach.  The forensic process starts 
with an investigator collecting and collating 
physical evidence connected with the failure in an 
objective manner. 
 
CORROSION TO REINFORCEMENT 
 
 This is associated with the de-gradation of 
the metal by an electro-chemical reaction with its 
environment.  The four essential items are anode, 
cathode, electrolyte and electrical connection.  In 
the absence of any one of the components, the 
corrosion reaction will stop [103].  Both oxygen 
and water must be present for corrosion to occur.  
Corrosion to reinforcing bars, in concrete members, 
is responsible for damage and associated repair 
work. 
 
INSPECTION & MONITORING OF 
CONCRETE STRUCTURES  
 

 The advantages of continuous structural 
health monitoring are [104] – 
Early warning of problems, indication of structural 
current life time, cheaper maintenance and lower 
running cost, enhanced safety.  The items for 
surveying activities are visual inspection, 
dimensional measurements, cover depth 
measurement, rebound hammer tests, carbonation 
depth measurements and assessment of possible 
onset of corrosion.  The use of sensors is common. 
 
PROTECTIVE COATINGS [105] 
 

Concrete surfaces, in a structure, can be treated 
with protective coatings for – 

• Prevention of direct deterioration due to 
chemical and physical effects. 

• Prevention of indirect deterioration 
induced by reinforcement corrosion. 

• Enhancement or maintenance of 
appearance 

The use of protective treatment on concrete 
structures is quite common and has increased in 
recent years. 
 
 
 
 

REPAIR WORK 
 

 The repair work to concrete structures is 
often associated with the following types due to 
various reasons including environmental factors, 
constructional deficiencies and poor quality of 
improper rebar concrete cover.  These are – 
 

• Cracking 
• Surface Repair 
• Strengthening/Retrofitting 
• Ground Stabilisation 
 

Non-destructive tests (NDT) are often done on 
concrete structural elements for diagnosis and for 
proper assessment prior to repair work.  Some 
comments will be made on fire damaged structures 
below : 
 

Repairs to Fire Damaged Structures [106]  -  
The main purpose of repairing the structure will be 
to restore the structure to perform similar to the 
condition it had before the fire, both in respect of 
strength and fire resistance in a future fire.  The 
properties of concrete will be altered at high 
temperature and if the temperature reaches above 
5000C and the outer layer of concrete will be much 
affected when the temperature reaches 9000C.  The 
concrete below the surface may not have suffered 
much damage in many cases. 
 

Assessment for the effect of fire on structural 
members [106]  -  Proper accounting for safety of 
the affected structural members will be very 
important.  It may be necessary to remove some 
loads from structural members wherever possible 
during repair work using proper propping.  For 
repairing materials Cementitous mortar and 
concrete will be more suitable for fire damaged 
concrete structures. 
 

Load Tests  -  It may be necessary to carry out load 
testing of some selected members of the affected 
areas after completing the repair work for further 
confidence and satisfaction. 
 
COST [107] 

 

 Fibre composite materials are expensive 
initially as compared to conventional construction 
materials.  High cost is mainly due to the cost of 
raw materials.  The applications are attractive due 
to their high strength-weight and stiffness to 
weight ratios, corrosion resistance, light weight 
and potentially high durability.  With more use of 
the composite materials the cost is likely to go-
down.  However, maintenance cost including life 
cycle cost will be much less as compared to 
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conventional structural materials.  Hence overall 
economy is expected in the long run. 
 
CONCLUSIONS 
 

 A review of composite concrete material 
has been presented to some limited extent with 
different reinforcement and fibres.  Mostly, steel, 
polypropylene, carbon and glass fibres have been 
considered and the behaviour of the same under 
flexure, shear and other load conditions have been 
reported.  Steel and polypropylene fibres have been 
used successfully in industrial concrete ground 
floor slabs.  It is commented that glass fibre 
reinforced composite concrete may be suitable for 
cleaner and brighter facades of important buildings 
and will contribute to the reduction of pollution in 
urban environment.  Different test results on the 
use of composite materials are reported to be 
reasonable. 
 

 It may be concluded that proper use of 
composite materials, the concrete structures will be 
able to perform satisfactorily upto the predicted life 
span with minimum maintenance cost. 
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ABSTRACT 

       In this study, asphalt binders’ rutting resistance were assessed using high temperature rheological 
properties of warm mix-modified binders. For this evaluation process, frequency temperature sweep and 
multiple stress-creep recovery tests were conducted on extracted binders at a fixed temperature of 50°C using 
a dynamic shear rheometer. Two approaches were considered for determining rutting resistance: the Superpave 
rutting specification parameter (G*/sinδ) and multiple stress-creep recovery. By using these specific 
approaches, the rheological rut properties of modified asphalt binders were determined and then correlated 
with Hamburg Wheel Track Testing (HWTT) results performed at 50°C. A simple linear regression model was 
developed to study the relationship between rheological data and pavement rutting potential. It was observed 
that non-recoverable compliance (Jnr) value obtained from the MSCR test demonstrated better correlation with 
HWTT (R2 = 0.96) compared to Superpave rutting parameter (R2 = 0.91). In addition, the mixture incorporated 
with both Cecabase® additive and polymer modification exhibited significant enhancement in rutting 
resistance. 
 
Keywords: Warm mix additives, Rutting resistance, MSCR, Frequency temperature sweep  
 
 
INTRODUCTION 
 

In perspective of global use, the associated costs 
for the volume of raw materials used and energy 
consumption required for asphalt production cost 
could be astounding. The increasing costs of raw 
materials and demand for environmentally suitable 
paving materials in road construction have 
challenged the asphalt industry to seek and develop 
alternatives that aid in reduction of production and 
compaction temperatures of asphalt mixtures 
without compromising the required performance 
behavior. 

Warm mix asphalt (WMA), pioneered in Europe 
in the late 1990’s [1], is the latest asphalt technology 
that presents the capability of addressing the 
practice of environmental sustainability and 
enhancement of mixture workability without 
compromising performance.  WMA additives can 
reduce the viscosity of the binder, allowing 
mixtures to be produced at a temperature grade of 
38°C lower than traditional Hot mix asphalt (HMA) 
[2], [3], which lead to a number of environmental, 
operational, and economical benefits. 

The implementation of WMA has become more 
widespread with an increasing number of paving 
contractors employing these sustainable 
technologies in construction in order to take 
advantage of reduced mixing and compaction 
temperatures, lowered energy usage for production 
and placement, and reduced emissions. However, 
one of the challenges to implementation is the 

uncertainty about how WMA may affect asphalt 
mixtures’ short and long-term field performance. 
Research has shown that as mixing temperature are 
reduced for WMA, the mixes show increased 
tendencies towards rutting and moisture 
susceptibility [4], [5]. This was attributed to 
decreased aging of the binder, possible presence of 
moisture in the mixture incomplete drying of the 
aggregates due to lower temperatures. 

A better understanding of the effects of warm 
mix additives on the performance of asphalt 
concrete is a fundamental step towards the effective 
application of WMA. As part of the structural 
design processes to optimize field performance of 
asphalt mixtures, simple performance tests such as 
Hamburg Wheel Tracking Test (HWTT) has been 
developed to determine rutting potential. However, 
the characteristics of the binder component are also 
important, especially for cases involving binders 
with modifying agents. 

Despite the fact that asphalt bitumen make up 4 
to 8 % of a pavement mix structure, it provides a 
level of rigidity, structural bonding, resilience, and 
absorbance which holds the total pavement mixture 
together as a solid body [6]. However, with higher 
traffic densities and effects of environmental 
exposure, binder flows and dissipates energy with 
time [7]. As a result, asphalt binder experience a 
variety of thermomechanical demands; where 
pavement defects transpire such as rutting at high 
temperatures due to thermal susceptibility of 
asphalt [8].  
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The asphalt contribution to permanent 
deformation process has traditionally been handled 
by observing the asphalt binder’s consistency based 
on softening point and penetration tests [9] . 
However, with priorities set for environmental 
conservation and preservation, the integration of 
polymer modifiers, warm mix additives, and 
recycling of reclaimed asphalt pavement (RAP) 
materials into asphalt mixtures have gained 
popularity [10], [11]. With this in mind, the 
empirical tests mentioned earlier are insufficient to 
characterize the rutting resistance behavior of 
binders. It would be helpful to examine the effects 
of these modifying agents on the properties of plant 
produced mixtures. In order to accomplish this task, 
extraction and recovery of asphalt binder from 
asphalt concrete were performed. 

Thus, this research evaluates the rutting 
resistance of binders modified with different warm 
mix additives.  

 
OBJECTIVES  
 

I. Evaluate the effects of different warm mix 
additives on the rheological and rutting 
performance characteristics of asphalt 
concrete. 

II. Compare rutting resistance of the extracted 
binders using two different rutting 
parameters. 

III. Assess the correlation between rheological 
properties and permanent deformation 
results obtained from HWTT. 
 

 
TEST METHODOLOGY 
 

This section of the paper focuses on material 
selection, experimental plan, and a brief description 
of each test considered for the purpose of this 
research. The test methodology is described in Fig.1, 
where this test program is designed to evaluate the 
rutting susceptibility of the selected pavements and 
to see if there are demonstrable differences in test 
results between control HMA and WMA modified 
test sections. This study was conducted in two 
phases: 1) rutting performance evaluation and 2) 
assessment of extracted binder properties. The 
rutting potential of WMA modified asphalt 
mixtures, in comparison to HMA, were evaluated 
through HWTT device. As samples were collected 
from the LTPP pavement sections, binders on these 
plant-produced asphalt mixtures experienced short-
term aging during their production stage [12]. The 
process of laboratory short-term aging was annulled. 
In order to measure the two rutting parameters, 
rheological tests were performed on the extracted 
binders using a Dynamic Shear Rheometer (using a 
25 mm diameter plate and 1 mm gap). The average 

values of three replicates samples were determined 
at 50°C, corresponding to the test temperature of the 
HWTT test. 

 

 
 

 Fig.1 Test methodology implemented in this study 
 
Material Source and Classification 

 
The pavement test sections selected for this 

research are located in district four of central New 
Mexico and were constructed in fall of 2014 along 
the westbound lane of Interstate 40 near Santa Rosa, 
New Mexico, where designs incorporate 
approximately 20% RAP materials collected from 
the Interstate 40 and US 84 highway stockpile.  

Material type of sand and gravel with gradation 
classification of Superpave Mix type III with 
nominal maximum aggregate size (NMAS) of  ¾ 
inches were utilized for design of these AC mixes. 
In addition, 1% of versabind® were incorporated 
into the mixes. 

The production of asphalt concrete utilized in 
the second test section were produced with Terex® 
Foaming technology and WMA chemical additive 
of Evotherm®  was used in the construction of the 
third test section. Cecabase® chemical additives was 
considered for the two supplemental pavement test 
sections in order to perform additional research on 
the effects of other WMA production methods The 
asphalt concrete mixing temperature considered for 
design of HMA and WMA were 322°F and 270°F, 
respectively. The first four pavement sections were 
manufactured using binder grade of PG 70-28. 
However, the last section was prepared with the 
same binder grade and enhancement of polymer 
modifiers, thus resulting in the designation of PG 
70-28+. 

Based on the different additives used in these 
test sections, WMA technology is classified into 
two different technologies namely: (i) water-based 
and (ii) chemical additive technologies. In the 
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foaming process, a certain amount of water is added 
to the hot binder and then the water is turned into 
steam, which results in a volume expansion of 
binder and consequently, a reduction of the binder’s 
viscosity [13]. This temporary reduction facilitates 
aggregate coating and thereby improved 
workability at reduced temperatures. The expanded 
volume gradually deteriorates with time and the 
asphalt binder returns to its original characteristics 
[14]. This form of technology is currently more 
popular and widely used compared to other 
technology categories. 

Evotherm® and Cecabase®, for instance, are 
both chemical additives. Cecabase® which do not 
reduce the asphalt binder’s viscosity. They are 
packaged by surfactant and adhesion agents, which 
chemically enhance active adhesion and improve 
the wetting of aggregates by binder without altering 
considerably the rheological performance [5]. 
Evotherm® is an additive packaged in the form of 
emulsion, which are introduced into the plant’s 
binder line, allowing for the reduction of mixing 
temperatures close to 38°C, translating to decreased 
energy requirements for asphalt production [15]. 
 
Mix Performance Evaluation Tests 
 

Mixture rutting performance was done using 
HWTT following AASHTO T 324-14, a laboratory 
test procedure which simulates repeated wheel 
loading on specimens in order to characterize 
rutting resistance potential and stripping 
susceptibility. Linear variable displacement 
transducers (LVDTs) located at the side of each 
wheel are used to record the rut depth at 11 points 
along the test samples with 0.01 mm precision. 
Following the recommendation suggested by 
Schram et al. [16], the average value of the rut 
depths at 4th, 5th, 6th, 7th, and 8th points along the 
wheel path was considered as the HWTD test result 
for this study. 

Plot of rut depth vs. number of wheel passes are 
analyzed to predict rutting and stripping 
susceptibility. Fig.2 includes a post compaction 
consolidation (PCS), a creep slope (CS), a stripping 
slope (SS), and a stripping inflection point (SIP). 
PCS occurs within 1,000 number of wheel passes 
and simulates initial densification of pavement 
mixtures when traffic movement is allowed on a 
newly constructed pavement. CS relates the rutting 
susceptibility through measurement of permanent 
deformation which occurs due to plastic flow. SS 
relates the stripping susceptibility of the mixtures.  
A lower value of CS and SS indicates characteristics 
of decreased rutting and stripping resistance of 
tested samples [17]. If the plot does not include a SS 
or a SIP, the mixture has adequate moisture damage 
resistance. 
 

 
 

Fig.2 Schematic of HWTT results 
 
3.3 Test Procedures for Binder Evaluation 

 
In order to evaluate the effects of warm mix 

additives and recycled materials, extraction and 
recovery of asphalt binder from asphalt concrete 
was the approach considered. Extraction was 
performed following AASHTO D2172 and 
AASHTO D5404, respectively. The solvent used in 
this process is trichloroethylene. 

AASHTO T 315 was followed to perform 
frequency-temperature sweep tests at 50°C in order 
to determine the G*/sinδ values of the extracted 
binders. 

In addition, MSCR tests were conducted to 
determine the percent recovery (% R) and non-
recoverable creep compliance (Jnr) values of the 
binders, in accordance to AASHTO TP70. 
 
RESULTS AND ANALYSES 

 
Hamburg Test Results 
 

Fig.3 shows HWTT analysis of the SPS-10 
pavement mixtures, where the average rut depth 
values of four test replicates per mixture has been 
taken as the symbolic rut depth value. 

 

 
 
Fig.3 Hamburg test results for evaluated mixes 
 

It is observed that all five mixtures has a 
representative PCS and CS. However, stripping 
phase was not reached for any of the mixes, 
indicating no incidence of damage due to the effects 
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of moisture. Results display a significant reduction 
in rutting susceptibility for Cecabase®+ (2.44 mm) 
mixture in comparison to control HMA (4.72 mm). 
However, between two Cecabase mixtures, 
Cecabase® without polymers exhibited a slightly 
higher rut depth (3.59 mm). On the contrary, 
Cecabase®+ is polymerized, resulting in a harder 
mixture. This specific circumstance exhibits the 
effect of linking warm mix additives with polymers.   

 

 
(a) 

 
(b) 

 
(c) 

 
Fig.4 Hamburg test results for evaluated mixes 
 

In reference to Fig.4(a), a comparable trend was 
observed for permanent deformation measurements 
at 10,000 number of wheel passes with slightly 
lower values with respect to values from 20,000 
wheel passes. Fig.4(c) indicates that as rut depth 
increases, PCS decreases. CS of these mixtures also 
illustrates this similar trend. Since, there is no 
stripping slope, all mixtures have ample moisture 
damage resistance. This may be attributed to the 
incorporation of 1% versabind® in these mixtures; a 
well-known anti-stripping agent. According to 
research conducted by Hill [18], it was observed 

that the incorporation of RAP to WMA has the 
potential to improve the performance of these type 
of mixtures at intermediate to high temperatures.  
 
Superpave Rutting Parameter – G*/sinδ 
 

The G*/sinδ values of the extracted binders was 
explored. All forms of warm mix modification was 
observed to increase the superpave rutting 
parameter (Fig.5a). For example, G*/sinδ value for 
binders with Terex® foaming, Evotherm®, 
Cecbase®, and Cecabase®+ was found to be 
approximately 27.90, 20.47, 19.90,and 91.83 kPa, 
respectively, compared to 11.70 kPa for control 
HMA. Out of the four additives, results show that 
the addition of Cecabase® with polymerization 
increased G*/sinδ substantially, indicating the 
highest rutting resistance with this modification 
arrangement. From these results, Cecabase®+ is 
recognized to be the most effective additive in 
improving rutting resistance followed by Terex® 
foaming, Evotherm®, and Cecabase® unmodified. 
Based on the simple regression analysis (Fig.5b), a 
good correlation of R2 = 0.91 was observed between 
the maximum rut depth and rheological parameter 
values of these mixtures. 
 

 
(a) 

 
(b) 

 
Fig.5 G*/sinδ parameter results 
 
MSCR Rutting Parameters – Jnr, %R 
 

As shown in Fig.6a, the Jnr value of control 
HMA was found to be 0.59 kPa-1. The Jnr values of 
the extracted binders with Terex®, Evotherm®, 
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Cecabase®, and Cecabase®+ was found to be 0.15, 
0.46, 0.23, and 0.02, respectively. Lower Jnr values 
were observed for all WMA modified mixtures in 
comparison to control HMA. This indicates 
increased rut resistance. As shown in Fig.6b, the % 
Recovery value of the control sample was found to 
be 13.47. The % Recovery values of the extracted 
binders with the presence of Terex®, Evotherm®, 
Cecabase®, and Cecabase®+ was found to be 32.58, 
18.14, 23.71, and 77.54, respectively. This also 
indicates increased rutting resistance compared to 
the control sample. Based on the lowered Jnr and 
heightened % Recovery values from the 
incorporation of Cecabase®+, the influence of 
polymerization is exhibited through the decreased 
rutting potential. 
 

 
(a) 

 
(b) 

 
Fig.6 MSCR parameter results 
 

A simple linear regression analyses were 
performed between the two parameter results 
obtained from this test method in contrast to HWTT, 
As shown in Fig.7, a correlation value of R2 =  0.96 
and R2 = 0.77 were found for Jnr and % Recovery, 
respectively. Hence, indicating the non-recoverable 
creep compliance parameter as a reliable measure 
when it comes to evaluating rutting resistance, out 
of the MSCR parameters. 

Based on the Jnr values, the order of rut 
resistance for the extracted binders can be seen as 
(i) Cecabase®+, (ii) Terex® Foam, (iii) Cecabase®, 
(iv) Evotherm®, and (v) Control. This ranking order 
shows that compared to the control HMA sample, 
WMA modification improves the rutting potential 
of the mixtures. 

 

 
(a) 

 
(b) 

 
Fig.7 Simple linear regression analysis of MSCR 
results with respect to HWTT 
 
CONCLUSION 
 

This study has evaluated the anti-rutting 
abilities of warm mix additives in asphalt concrete 
mixtures. The key findings drawn from this 
research are discussed below: 
 
 Based on the simple regression analysis results, 

Jnr presents the best correlation (R2 = 0.96) with 
rutting results obtained from HWTT. With the 
absence of MSCR test, the superpave rutting 
parameter (G*/sinδ) may still be considered as 
a viable option to evaluate rutting resistance. 

 Cecabase®+ exhibited significant rutting 
resistance improvement among the five 
pavement sections. In HWTT mixture testing, 
stripping phase was not reached for all 
mixtures, indicating ample damage resistance 
against the effects of moisture. 

It is recommended to conduct another study to 
evaluate the effects of higher percentages of RAP 
content. In addition, if the opportunity presents 
itself, the effects of these select additives on varying 
binder performance grades and gradation will 
provide good insight in evaluating the impact of 
WMA technology. 
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ABSTRACT 

 
Due mainly to lacking of skill labor, the precast construction has been widely adopted and increasingly 

replace the conventional cast-in-place construction. This paper explains experimental investigations on precast 
concrete columns using steel box connection at the column base under cyclic loading. The test results show 
satisfactory seismic performance of the precast specimens both in seismic shear capacity, ductility and energy 
dissipation compared with the identical cast-in-place specimen. The failure of the precast columns, with proper 
details, was in flexural ductile mode. The shear capacity was respectively 1.16-1.24 times higher than the 
averaged capacity of the cast-in-place column. The damping ratio was about 18-25 percent in the inelastic range, 
after the drift ratio of 3.0%. Finally, seismic design of the precast concrete column using the steel box connection 
is described based on the experimental results.  

 
 

 
Keywords: Precast Concrete Column, Seismic Design, Column Steel Box Connection, Lateral Cyclic Load  
 
 
INTRODUCTION 

 
The increasing rate of the construction industry 

is related well with the economic growth of country 
especially for developing countries. Nowadays, the 
problems about labor shortage and labor cost have 
become more severe. These problems, as well as 
high construction industry competition, have led to 
the application of the precast construction. In 
addition, the construction technique becomes more 
popular due to the less time consumption.  

In a seismic prone area, failure mechanism of 
structural elements in a building must be considered 
to ensure ductile damage under a severe earthquake. 
Columns and beam-column joint are maintained in 
elastic range. In other words, a good structure must 
be able to control the location of damage or plastic 
hinge under big earthquakes on beam elements for 
absorbing and dissipating energy. This phenomenon 
can be achieved by a systematic design for weak 
beam-strong column. As the column elements are 
very important, many past researches investigated 
the shear capacity demand of reinforced concrete 
columns and beam-column joints under the lateral 
loading [1-3]. For the precast column, Rejame et al 
[4] conducted an experimental investigation on 
precast columns in socket foundations with internal 
smooth interfaces. 

Seismic design of ductile reinforced concrete 
frames has been developed for a long period of time. 
A successful design method has been based on the 

past lessons learnt from the failed buildings. 
However, the design of precast concrete element has 
not been clearly explained, as the existing buildings 
are mostly reinforced concrete type. The adopted 
innovative precast connection has then based on 
experimental result of prototype element. This paper 
presents lateral cyclic load test and seismic design of 
precast concrete columns using steel box connection. 
The technique permits faster construction with use 
of this bolted connection type, as shown in Fig. 1. 
Seismic design of reinforced concrete frame 
buildings is first described to overview demand 
capacity for design of the precast concrete columns. 
Then, precast concrete with the steel box connection, 
as shown in Fig.1(b) and an identical cast-in-pace 
concrete column tests under lateral cyclic load is 
explained. From the test, seismic performance of the 
precast columns is discussed compared with the 
cast-in-place one. Eventually, the design of the 
precast columns and the steel box connection are 
described based on the test results.  
 
SEISMIC DESIGN OF REINFORCED 
CONCRETE FRAME 
 

An overview of seismic design of reinforced 
concrete frame buildings is described below, as 
shown in Fig.2.  Following the step, damage pattern 
can be controlled in flexural mode at the beam ends 
and the collapse of buildings under a strong 
earthquake can be avoided.  
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(a) Precast concrete column in a precast frame 

 
(b) Steel box connection 

 
Fig.1 Precast concrete column with steel box 

connection 
 

 
Fig.2 Seismic design of reinforced concrete frames 
 
Estimation of seismic load and building analysis 

 
First, for a regular building, lateral seismic load 

on building is estimated according to a local 
standard. The load depends on seismic parameters 

including local seismic intensity, type of building, 
type of soil, building weight and dynamic properties. 
The calculation starts from base shear force 
estimation and then distributes the force to each 
floor of the building. Structural analysis is next 
performed for element forces induced by all cases of 
load combination.  
 
Design for reinforced concrete beams 

 
From the envelope flexural force, flexural 

strengths required for beams are obtained and 
required longitudinal reinforcement can be 
determined accordingly. Considering under a strong 
earthquake forming flexural hinge at the beam ends, 
shear force ( eV ) at the stage is estimated as shown 
in Eq.(1) and Fig.2.  The beam shear strength 
designed following this procedure ensures the 
avoiding of shear failure in the beam element. 
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(1) 
 
Where   

1prM  and 2prM  are probable flexural strength 
of the beam ends 

uw  is factored load per unit length of the beam 

nl  is clear length of the beam 
 

Design of reinforced concrete column 
 
To protect the columns against a strong 

earthquake, design shear and flexural strengths of 
the columns must be higher than the flexural 
strength of the joining beams. According to ACI318 
[5], the flexural strengths of the columns shall 
satisfy  

 

  nbnc MM 2.1                                         (2) 
Where  

 ncM  is sum of nominal flexural strengths of 
columns framing into the joint 

 nbM  is sum of nominal flexural strengths of 
beams framing into the joint 

 
The required flexural capacity of the column 

ncM  is then used to determine the column 
dimension and reinforcement. The required shear 
capacity of the reinforced concrete column is also 
determined. Consequently, the steel box connection 

Estimate seismic load 
and building analysis 

Design for reinforced 
concrete beams 

Design of 
reinforced concrete 

Design of beam-
column joint 
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is designed which will be explained next. 
 
Design of beam-column joint 

 
Damage of beam-column joint can lead to 

reduction of redundancy of structure. Hence, elastic 
performance of the region under an earthquake must 
be confirmed. Based on the capacity of the designed 
columns from the previous step, the required 
strength of the beam-column joint can be determined.  

 
TEST OF PRECAST CONCRETE COLUMNS 
 
Specimens and Experimental Setup 

 
To verify the applicability of the designed steel 

box connection, tests of 5 precast columns were 
carried out at the Structural Laboratory, Department 
of Civil Engineering, Chiang Mai University [6]. 
The test results were compared with an identical 
cast-in-place one. All the columns were 0.25 x 0.25 
m2 section and 1.7 m in height from column base to 
top. 4-DB16 were used as the longitudinal 
reinforcement for all specimens. For the precast 
specimens, the steel box connection was used for the 
base connection. The difference between the precast 
specimens is based on difference in construction 
method, e.g. grouting, welding to nuts, welding of 
the column reinforcement to the steel box. Fig.3 
shows the specimen details. For the specimen 
nomenclature, M and P stand the Cast-in-place 
specimen and the Precast specimen, respectively. 
Constant axial load of 

gc Af 1.0 was applied to all 

specimens. Lateral cyclic loading was applied to the 
tip of the specimen, as seen in Fig.4. While the 
column bottom was arranged to be a fixed condition, 
the application of the load induces a cyclic shear and 
moment as if it is a half-story column in a rigid 
frame. The deformation control at the loading point, 
represented as story drift was adopted as 
recommended in ACI T1.1-01 [7].  
 
Lateral Load and Deformation Relationship 

 
The cast-in-place specimen failed in flexural 

failure with yielding of the longitudinal 
reinforcement at the column base. High ductility and 
energy dissipation were observed. For all the precast 
columns, depending on different reinforcement 
detailing, P-100-20 and P-50-20 specimens were 
ductile failure and P-100-20L, P-100-16 and P-150-
20L were brittle failure. The brittle failure was 
caused by the improper welding details of the 
column reinforcement on the steel box connection. 
Under the lateral cyclic loading, the ductile precast 

concrete columns with the steel box connection 
satisfied seismic performances, compared with the  

 
(a) Monolithic specimen M-100

 
(b) Precast specimens 

 
Fig. 3 Test specimens 

 
 

 
Fig. 4 Lateral cyclic load test 

 
cast-in-place column. The ductile precast columns 
were failed under flexural mode similar to that of the 
cast-in-place specimen but at section above the steel 
box connection. Hence, the ultimate lateral load of 
the ductile precast is higher than the load of the cast-
in-place column due to the shorter moment arm. Figs 
5 and 6 respectively show the lateral load-
deformation relationship and damping of the ductile 
precast columns (P-100-20 and P-50-20 specimens) 
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and the cast-in-place concrete column.  As seen in 
Table 1, the ultimate lateral load capacities of the 
ductile precast columns are about 1.16-1.24 times 
higher than the averaged capacity of the cast-in-

place column. The equivalent damping ratios 
determined from area under the load-deformation 
curve [8] were between 18-25 percent after drift 
ratio more than 3 percent. 

 

 
(a) M-100     (b) P-100-20 

 

 
(c) P-50-20      (d) P-100-16 

 

 
(e) P-100-20L      (f) P-150-20L 

 
Fig.5 Hysteresis relation of lateral load-deformation 
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Table 1 Lateral load capacity and damping ratio 

 

Specimen Pu_push Pu_pull Pu_Theory (kN)3 Failure mode 
Damping ratio (%) 
(Story drift >3%) 

M-100 25.26 26.20 25.33 Flexural 22-25 Avg. (Pu_Ma
1) 25.73 

P-100-20 30.46 (1.18)2 30.53 (1.19)2 39.33 Flexural 15-21 
P-50-20 32.00 (1.24) 2 29.86 (1.16)2 39.33 Flexural 18-22 
P-100-16 23.66 (0.92) 2 12.86 (0.50) 2 25.33 Slip of threaded dowel 3-4 

P-100-20L 31.00 (1.20) 2 30.93 (1.20)2 39.33 Fracture of welding 7-15 
P-150-20L 27.46 (1.07) 2 45.93 (1.79)2 39.33 Fracture of welding 5-6 

1Pu_Ma the average of push and pull ultimate capacity of specimen M-100 
2Numbers in parenthesis and ultimate capacity ratio compared with the Pu_Ma 
3Pu_Theory is calculated based on ultimate capacity of maximum shear and moment section (at column base). The 
calculated strengths are controlled by flexure 

 
 

 
 

Fig.6 Equivalent damping ratio 
 
 
DESIGN OF PREACAST CONCRETE 
COLUMN USING STEEL BOX CONNECTION 

 

 
Fig. 7 Design of the steel box connection 

 
After obtaining the designed column section, the 

steel box connection dimension is determined 
accordingly. Similarly, to avoid weak points on the 
connecting steel box, capacity of the connection 

must be higher than that of the column section above 
the connection.  

 
Number of dowel bar and threaded diameter 

 
Under tension load on the column, longitudinal 

reinforcement resists the entire load. Hence, at the 
steel box connection, number and threaded diameter 
of the dowel bars are calculated based on 
equilibrium, as shown in Eq.(3).  It is noted that the 
buildability also decides size and number of the 
dowel bars. For this test, as the reinforcement of the 
column is 4-DB16, 4 dowel bars with the threaded 
diameter of 20 mm. and same yield strength of the 
column reinforcement were used. By using this 
approach, the design under tension becomes 
conservative. In the real situation, columns will be 
subjected to combined compressive load and 
bending. The entire column section will be curved 
and the stress of the section is under distributed 
compressive stress or compressive-tensile stress.      

 
yjsjycsc fAfA                                               (3) 

 
 where scA , ycf and sjA , yjf  are sectional area 
and yield strength of the column reinforcement 
adjacent to the steel box and dowel bars, 
respectively.  

 
Section of the steel box connection 
 

This is the additional design procedure compared 
with the cast-in-place column. As seen in Fig.7, the 
tested precast concrete columns had the flexural 
capacity of 38.6 kN-m. associated with the axial 
load of 

gc Af 1.0 . Based on AISC steel design [9], 
flexural yielding (My) and stiffness (EI) of the box 
were 57.9 kN-m and 5.88 kN-m2 respectively, 
providing 1.5 and 2.3 times relatively higher than 
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the ultimate flexural capacity and non-cracked 
flexural stiffness of the reinforced concrete column 
section. With the capacity of the steel box 
connection is higher than the column above, 
connection failure can be avoided. 
 
Prevention of premature failure 
 

Premature failure introduces unexpected lower 
capacity with brittle failure mode. For the design of 
precast concrete column with the steel box 
connection, attention should be paid to providing 
nuts with enough bond-slip capacity. For the column 
reinforcement, the longitudinal column 
reinforcements attached to the upper plate of the 
connecting steel box can be done in either form of 
welds, e.g. fillet weld with U shape or butt-weld. 
However, the welding contents should be carefully 
examined and the welding strength should be 
guaranteed for the designed purpose. Welding for 
the built-up steel box is also carefully made. 

 
CONCLUSION 
 

This paper presents the lateral cyclic load test 
and seismic design of precast concrete column using 
steel box connection based on capacity design 
concept. First, seismic design of reinforced concrete 
frames is reviewed based on capacity design 
concept. Then, the guideline on how to obtain the 
seismic design force for the columns is made. The 
design of precast concrete column with the steel box 
connection is explained. To illustrate the 
applicability of the designed steel box connection, 
lateral cyclic load tests of precast concrete columns 
was made and the results were compared with a 
resemble reinforced concrete column. The test 
results show the good seismic performances of the 
designed steel box connection. The columns with 
connection possessing the flexural strength and 
stiffness higher than the concrete column above the 
connection performed the ductile behavior. The 
flexural yielding strength and stiffness of the box 
were 57.9 kN-m and 5.88 kN-m2 respectively, 
providing 1.5 and 2.3 times relatively higher than 
the ultimate flexural capacity and non-cracked 
flexural stiffness of the reinforced concrete column 
section.  It is noted that welding of the column 
reinforcement to the steel box need to be carefully 
made. The ultimate capacity of the precast column is 

higher compared with the cast-in-place concrete 
column, due to the relocation of the failure section. 
Hence, based on the capacity design concept, the 
weak beam-strong column can be easily achieved. 
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UTILIZATION OF BUCKLEY-LEVERET THEORY IN BAZARKAMI OIL 
FIELD IN NORTHERN OF AFGHANISTAN 

Zabihullah Mahdi and Shigeo Honma 

ABSTRACT 

Hydrocarbon resources are important for the rehabilitation and sustainable progresses of Afghanistan’s infrastructure. The 
purpose of this paper is to increase the oil production from petroleum reservoirs of Bazarkami oil field, applying Buckley-
Leveret frontal displacement theory, in north part of Afghanistan. In this paper oil displacement is studied by injecting water 
in to the petroleum reservoir which is known as waterflooding technique. The theory is investigated by laboratory experiment; 
and graphical study is improved in a horizontal plane model which designed for study of fluid flow properties through porous 
media. Furthermore, the result of laboratory experiment is compared with graphical calculation, then the theory is applied on 
the planed oil field, which is now under process of a private petroleum company. The relative permeability of oil and water 
that obtained by laboratory experiment in reference to the literature by authors, is performed in this study. Based on this study, 
a considerable amount of oil production obtained from Bazarkami oil field, by determining water-oil displacement 
characteristic, residual oil saturation, Advance frontal saturation and FBL is determined. 

Keywords—waterflooding, petroleum reservoir engineering, two-phase flow, immiscible displacement in porous media, relative permeability, 
Buckley-Leveret. 

 
 

INTRODUCTION 
 
Fig. 1 illustrated a naturally general state of a petroleum 
reservoir where gas is located at the top of the reservoir 
under cap rock, oil is stored under the gas and there is water 
in the bed of reservoir [5]-[8].  
When water is injected into a petroleum reservoir, oil is 
displaced toward the production well in a situation of two-
phase flow. Buckley and Leverett, in 1942, have studied 
the mechanism of immiscible displacement of two-phase 
flow [6]. 
 

 
Fig. 1 Typical petroleum reservoir 

 

The Buckley-Leverett frontal displacement theory describes 
a graphical method to calculate saturation profile based on 
relative permeability; the effect of capillary pressure between 
two fluids and the gravitational effects are assumed to be 
neglected. Based on this theory, the advance of a front 
saturation by displacing fluid is affected by the oil and water 
permeability and viscosity ratio between the two fluids [11].  

                                                      
 

In this pepper recovery of heavy oil by water based on the 
Buckley-Leverett frontal displacement theory has been 
evaluated. In this study first the oil displacement by water 
obtained by laboratory experiment then the graphical 
calculation has been applied. Finally, the result of the laboratory 
experiment and graphical calculation have been compared. In 
this paper, the residual oil saturation, irreducible water 
saturation, SBL, fBL and heavy oil recovery factor were 
determined. 

BUCKLEY-LEVERETT THEORY 

Buckley-Leverett is a simple, widely used method of 
investigating the advance of a fluid displacement front in an 
immiscible displacement process [3],[8]. The theory is used 
fractional flow and it is based on flow should be linear and 
horizontal; water is injected into a petroleum reservoir; oil and 
water are both incompressible; oil and water are immiscible and 
the effect of gravity and capillary pressure are negligible [8]. 

Mostly in petroleum reservoir rocks there is a transition zone 
between water and oil. Saturation of water is 100% in a true 
water zone but in the oil zone, there is usually connate water, 
which counts as an immobile water. Oil and water will produce 
together from a well if it is in the transition zone. The fractional 
flow rate at each point will depend on to the water and oil 
saturation in the reservoir. It is mentioned that Buckley-
Leverett advance theory is an application of the law of the mass 
conservation [8]. 

Fluid flow through a small volume section with length of ∆x 
and cross-sectional area of “A" may be expressed in terms of 
total flow rate qt as in (1)-(3): 

 

wot
qqq        

       
      (1)        
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In Eq. 3 the q is volumetric flow rate in petroleum reservoir 
situations, sub-script (o, w, and t) referred to the oil, water, and 
total rate, respectively and fw and fo are water and oil fractional 
flow respectively.   

The one-dimensional flow rate of oil and water by 
considering of oil displacement by water in a completely 
saturated porous medium can be investigated by Darcy’s law as 
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in equation 4 and 5,  kz is the intrinsic permeability of the 
porous medium, in equations 4 and 5, A the cross-sectional area 
of the reservoir,                 and               are the dynamic viscosity 
of oil and water, kro and krw are the relative permeability of oil 
and water, pw and po and pore pressure of water and oil 
respectively.     

As illustrated in Fig. 4 the relative permeability of oil and 
water (kro and krw) are typically given as a function of water 
saturation Sw and Sor and Swi are the residual oil saturation and 
irreducible water saturation in the petroleum reservoir. The 
capillary pressure is denoted by po/w, and pw and it can write as 
equation (6):  
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subtracting Eq. (4) from Eq. (6), gives 
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From the relation that explained in equation 1, 2 and 3 into Eq.  

 
Fig. 2 Displacement of oil by water in a natural petroleum 

reservoir. 
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The fractional flow fw can give as 
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The capillary pressure (po/w) is essentially very small 
compared with the oil/water pressure when oil displaced by 
water in the petroleum reservoir. If the effect of capillary 
pressure neglected, for the horizontal flow, the fractional flow 
equation is expressed simply as  
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The continuity equation may be presented to take the 
conservation of fluid mass [13], and this is expressed as  

t
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  (11) 
In equation (11), φ is the porosity of the reservoir rock. Using 
the relations qw = fw qT and fw (Sw), Eq. (11) is rewritten as:  
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Because Sw (z, t), we can express saturation change as 
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In Eq.  (13), if the fluid is at constant saturation during the 
displacement process, can rewrite it as 
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t
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Then, it follows that 

dt

dx

xt
S wSw


 




     

       
   (15) 

Substituting Eq. (15) into Eq. (12), obtain 
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       (16) 

Equation (16) indicates the Buckley-Leverett theory. This 
equation illustrates, the rate of the advance plane of fixed water 
saturation Sw, which is directly proportion to the rate of changes 
in the stream and is a composition with saturation. Because fw 
is not an explicit function of t, so Eq. (16) can be integrated to 
give the position of a particular saturation value as a function of 
time. 
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(17) 

In Eq. (17), z0 is the position of the water saturation at time t = 
0. 
The saturation profile which explained by Eq. (17) is described 
in Fig. 3 denoted by the curves “abcd”. The conservation of the 
mass over the advance position was applied by Morel and 
Seytoux [9]. Based on this application the hatched area which 
denoted by A is equal to the hatched area described by B in Fig. 
3. The saturation advanced immediately behind the front can be 
calculated by tangent point c on the fractional flow curve. The 
tangent point c on the fractional flow curve is explained in Fig. 
9. The sudden front in the saturation profile is given by line cf 
(Fig. 9) [10]. 

 
Fig. 3 Tentative saturation profile 

RELATIVE PERMEABILITY OF HEAVY OIL AND WATER  

Relative permeability is an important parameter that controls 
the immiscible displacement of two-phase fluids flow in porous 
media. There are numerous factors that affect the relative 
permeability such as fluid saturations, the effect of rock pore 
structure, degree of initial saturation Swi, wettability, and 
temperature. The relative permeability value is measured 
through laboratory test by steady-state (SS) methods and 
unsteady-state (USS) methods [5]. The wetting fluid saturation 
curves were usually water, Sw, extending from the irreducible 
wetting-phase saturation to the residual oil saturation. As the 
relative permeability curve of water, krw, increases, the relative 
permeability curve of oil, kro, gradually decrease with 
desaturation of oil, and in contrast the relative permeability of 
water will gradually rises to its maximum value krws (end-point 
water permeability) at the time where kro is 0 because water 
phase is mobile and at it has maximum saturation [12].   

 
Fig. 4 Relative permeability curves for heavy oil displacement by 

water [12]. 
 

Fig. 4 illustrated the relative permeability curves of heavy oil 
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and water measured through laboratory experiment by steady 
state method (SS). In Fig. 4 as relative permeability curves of 
water, krw, increases, the relative permeability curve of heavy 
oil, kro, gradually decreases. At the left side of the Fig. 4 there 
is irreducible water saturation (Swr = 0.12) and at the right side 
of the graph, the residual oil saturation (Sor = 0.27) were 
demonstrated. It is noticed that displacement of heavy oil by 
water investigation by Buckley-Leverett frontal displacement 
theory was calculated by using the relative permeability curves 
of heavy oil and water illustrated in Fig. 4.  

I. EXPERIMENTAL INVESTIGATION OF WATERFLOODING 
FOR HORIZONTAL DISPLACEMENT   

A. Experimental Model 

Apparatus illustrated in Fig. 5 was used for horizontal oil 
displacement by water. Toyoura sand (with the particle 
diameter, D = 0.105-0.425mm) and the density of soil particle 
ρs=2.65g/cm3, was packed in the horizontal square plane with 
the constant density. It was saturated with heavy oil for the 
purpose of oil displacement by water. 

This apparatus was a regular plane and horizontal square 
model of 60 cm length and 120 cm2 cross-sectional area. At the 
both sides of the horizontal plane, there was volume area that 
could keep piezometer pressure at a constant level. There was 
water supply tank at the left side of the model. The model was 
designed to study the fluid flow characteristic through porous 
media. This model made from glass material and has 9 
observation wells, with the upstream and downstream level that 
have been sat to evaluate the hydraulic head from fluid flow 
pressure. The purpose of this investigation was to evaluate 
linear horizontal immiscible displacement of fluids flow in 

pours media. Water supply tank pushed oil and displaced it 
from the left side of plain to the right side, displaced fractional 
fluids discharge were collected at the end of right side of the 
model. 

B. Experimental investigation 

Table 1 illustrated the properties of heavy oil, water, sand and 
experimental model that have been used in the test. Horizontal 
squire plain model that illustrated in Fig. 5 was packed sand, 
first saturated by heavy oil. Water pushed through saturated 
sand plain to displaced heavy oil. Table 2 illustrated piezometer 
data recorded during the test, from observation wells, it 
illustrated the hydraulic head verity with the time differences. 
Fig. 6 illustrated fractional flow discharge of oil and water 
through horizontal squire plain model. Fig. 6 illustrated heavy 
oil displacement by water (qo = qT, qT is the total input rate). As 
illustrated in Fig. 6 when soil pore in horizontal squire plain was 
saturated by heavy oil, the fractional discharge at the outlet fod 
is 1 until some pore volume, and later some amount of water 
discharged. Therefore, there was only oil discharged at first 120 
min during the operation. After 120 min the oil fractional 
discharge decreased and water discharge was increased. 
Finally, after 180 min fluid flow experiment, kerosene 
discharge was too less, only water is discharged ( fwd = 1) and 
fluid flow became the steady state. There was still some amount 
of heavy oil remained in the plain that can refer to residual oil 
saturation (Sor = 0.27). 

In this experiment total amount of heavy oil displaced by 
water until 120 min was 1073 cm3 (Qo = 0.39%) from total pore 
volume (                       2767 cm3). This experiment was done in 
180 min and total discharge of fluids were QT = 1610 cm3. 

 
Fig. 5 Experimental apparatus 
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Table I Properties of heavy oil, water, and test material. 
Soil name Toyoura sand (0.425～0.105mm) Oil Heavy Oil (20 ） 

Density of soil particle 2.65 (gr/cm3 ) Density 0.837 

Column length 60.0 (cm) Viscosity 0.0107 

Column diameter 3.0 (cm) Volume of soil 0.001 

Sectional area 120.0 (cm2) Dry density 7200.00 

Dry mass of soil 10000.0 (g) Porosity 1.389 

Void ratio 0.908   

Pore volume 3436.42 (cm3)   

Pumping rate of water -   (cm3/s) Pumping rate of oil - (cm3/s) 

Table II Hydraulic head data recorded from the test. 

Time : 15 min  Time : 30 min  Time : 45 min 

Well 
number 

Hydraulic 
head 

Hydraulic 
head 

Hydraulic 
head 

1 13 cm 17 cm 25 cm 

2 12.2 cm 24 cm 25 cm 

3 13 cm 25 cm 25 cm 

4 7 cm 7 cm 14 cm 

5 7 cm 7 cm 9 cm 

6 6 cm 6.5 cm 9 cm 

7 1 cm 1.2 cm 1.5 cm 

8 1 cm 1.2 cm 1.5 cm 

9 1 cm 1.2 cm 1.5 cm 

Upstream 25 cm 25 cm 25 cm 

Downstream 0 cm 0 cm 0 cm 

    

               Time : 60 min Time : 85 min Time : 110 min 

Well 
number 

Hydraulic 
head 

Hydraulic 
head 

Hydraulic 
head 

1 26 cm 28 cm 28 cm 

2 26 cm 28 cm 27 cm 

3 26 cm 28 cm 27 cm 

4 18 cm 21 cm 21 cm 

5 10 cm 21 cm 21 cm 

6 16.5 cm 21 cm 21 cm 

7 2 cm 14 cm 14.5 cm 

8 2 cm 15 cm 15 cm 

9 2 cm 1.5 cm 14 cm 

Upstream 25 cm 25 cm 25 cm 

Downstream 0 cm 0 cm 0 cm 
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Fig. 7 illustrated the hydraulic head and experimental model 
during a test at different times. By considering the hydraulic 
head and piezometer pressure and heavy oil displacement by 
water in the horizontal square, the plane model is investigated 
in Fig. 7. As illustrated in Fig. 7 every individual contour line 
state equipotential line of pressure differences. In fact, the 
drawing contour line is based on interpolation assumption and 
approximation method using the observation data recorded 
during the test. 
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Fig. 6 Experimental result of the fractional discharge of pore heavy 

oil and water 
 

 
Fig. 7 Contour line for heavy oil displacement by water 

based on piezometer pressure and it is cross- section.  

 
Fig. 8 Experimental apparatus during operation. 

II. APPLICATION OF BUCKLEY-LEVERETT THEORY TO 
EXPERIMENTAL MODEL 

The data of table 1 were used for investigation of heavy oil 
displacement by water through Buckley-Leverett frontal 
displacement theory.  Fig. 5 considered as an artificial 
petroleum reservoir in this study. In this investigation relative 
permeability of heavy oil and water that illustrated in Fig. 4 
were used. The fractional flow of water and oil may be 
calculated by equation 10 of section 2.  It is known from the 
experiment that discharge of fluids is 8.94 cm3 per min, so the 
water saturation at the front and the average saturation behind 
the front are found through the graphical method to be SBL = 
0.51 and Sw = 0.56. As illustrated in Fig. 9 the fraction flow of 
water is an S shape and by using intersection between the 
tangent line and fw = 1 can calculate the SBL and fBL.  
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Fig. 9 Relative permeability for heavy oil displacement by water 

and fractional flow curves. 
 
Fig. 10 illustrated heavy oil displacement by water analyzed 

based on Buckley-Leverett frontal displacement theory. It has 
seen the saturation front progresses toward the outlet at a 
constant speed, and breakthrough occurs at t = 147 min. As 
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shown in Fig. 10 the water displaced heavy oil and reach to the 
end of a plane model at 147 min and breakthrough occurred, but 
there is still some amount of heavy oil remained in the column 
which may be discharged with water together as point out in 
experiment investigation in section 4. The amount of oil 
produced may be calculated for a reservoir of area A and 
distance B by writing Eq. (16) as  

 
ppww vdfVdtfBAdtfBxd wTT

qq '/'/'/    (18) 

 
where Vp = AφB is the pore volume of the reservoir and dvp is 
the pore volume of water injected. Because the saturation is 
steady, the equation can be integrated to obtain the front of 
swept by water. 

  pwvfBx '                                                                (19) 

where vp is the pore volume of water injected. When x reaches 
B, the water saturation at the front is SBL, which makes it 
possible to evaluate fw’ and calculate vp, the total amount of oil 

displaced by water in units of pore volume [14]. The oil 
recovery factor of this condition can be calculated by 
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The heavy oil recovery factor is also calculated from Eq. (20) 

and found to be RF = 0.40, from which the amount of water 
produced up to the breakthrough is A φ B × RF = 1252 cm3 (Qo 

=0.45%) from total pore volume (                   2746 cm3) for the 
given experimental sand horizontal square plain model. 

 

 
Fig. 10 Calculated results of saturation profile by Buckley –Leverett analysis for heavy oil. displacement by water. 
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III. CONCLUSION 
The conclusion for this study will be explained as 
follows:  

1 According to the Buckley-Leverett frontal 
displacement theory which describes a 
method of investigating saturation based on 
the relative permeability and the 
gravitational effect and capillary pressure 
effect between the two immiscible fluids 
are neglected, had been evaluated. It has 
been identified that fluid flow through 
porous media should be linear and 
horizontal. It is mentioned that the 
saturation advance is largely affected by 
the permeability of oil and water relativity 
to collectors and to the viscosity ratio 
between the two immiscible fluids.  
 

2 It is also investigated the rate at which an 
injected water bank moves through a 
porous medium. The graphical study is 
used by fractional flow theory and is based 
such as flow should be linear and 
horizontal, water is injected into a 
petroleum reservoir, oil and water are both 
incompressible, oil and water are 
immiscible and the effect of gravity and 
capillary pressure are negligible. 

3 Recovery of heavy oil by water is studied 
in the laboratory, experiments are done to 
evaluate the residual oil saturation and 
recovery factor. 

APPENDIX 
k Intrinsic permeability  
krw Relative permeability of water 
kro Relative permeability of oil  
krws Endpoint relative permeability  
μw  Viscosity of water  
μo  Viscosity of oil  
ρw Density of water 
ρo  Density of oil 
pw Water pressure 
po Oil pressure 
qT Total pumping rate of oil and water 
qo Amount of oil  
qw Amount of water  
So Water saturation 
Sw Oil saturation  
Sor Residual oil saturation  
Swi Irreducible water saturation  
fw Fractional water flow  
φ Porosity of the reservoir 
Vp  Pore volume 
A Cross-sectional area  
B Thickness of reservoir  

RF Recovery factor. 
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ABSTRACT 

 The utilization of coastal waste landfill site remains at low level, up to now. In the consideration of advanced 
use of these sites, it is necessary to drive some foundation piles through the barrier clay layer. However,  there is 
a concern in the actual field that waste will be pulled into the clay layer by piling. Therefore, a series of 
experiments were conducted in this research, examining the effect of dragging prevention on pile tip,  by model 
pile penetration experiment and X-ray CT scanning. According to the experiments results, it was found that the 
pulled-in waste can be reduced by sharpening the tip of the pile. Additionally, with  a pile that has an outer edge 
on the tip,  wastes can be easily pulled into between the clay layer and pile,  but also found that the pulled-in 
waste can be reduced by coating a  swelling material on the pile surface. Therefore, it is assumed that bring 
waste can be reduced with  a pile that has reinforcement band. 

Keywords: pile foundation, pulled-in waste, X-ray CT scanning, absorbent polymer 

INTRODUCTION 

Like Tokyo bay or Osaka bay, the coastal waste 
landfill has been executed mainly in the suburbs of 
metropolis in our country, Japan. These coastal 
landfill sites have been constructed in offshore. 
However, after the reclamation is completed, it will 
become recognized as an important area, as the 
result of surrounding port areas expansion. In this 
case, utility value of these landfill site will increase, 
which is expected to make effective use for as traffic  
or industrial site. Nevertheless, currently the coastal 
landfill site is used only horizontally, for such as 
green space, park or golf course, but there are also 
cases here and there that many sites are left unused. 
As described below, the reasons are considered to be 
largely due to specific circumstance of the landfill 
site. 

When considering effective use for landfill site 
as an industrial site, many foundation ground of 
landfill site consist landfilled waste and clay layer as 
barrier clay layer. Therefore, often the foundation 
ground is too soft to support the constructions. Also, 
clay layer is often normal consolidation states in 
these case, that long term consolidation settlement 
will become a problem for using the landfill sites. 
Generally, a pile foundation type structure is 
consider to be use in this case, and because of the 
piles are required to install to a ground capable to 
support the structure,  it is necessary to drive some 
foundation piles through the barrier clay layer. The 
barrier clay layer is necessary to satisfy structural 

standard as waste landfill site after pile driving, 
however the effect of pile driving through the barrier 
clay layer on permeability performance has not been 
cleared in this stage. Also, there is a concern that 
waste will be pulled into clay layer or taken out of 
site in some case, while the pile is driving, because 
of the waste gets tangled and adhere to the pile, 
However, the effect difference by each pile driving 
method is also unknown. It is considered that such 
facts are the cause to not to make advanced use of 
landfill site. 

Against to this situation, Kikuchi and Hashizume 
[2] or Kamon et al. [3] are doing experimental 
research about the effect to barrier performances. As 
a result, it has shown that even if voids are formed 
between clay layer and the pile surface, if clay layer 
is normal consolidation state, the voids closed in 
short time, and there is no influence to barrier of 
clay layer. Also, about influence by earthquake, 
Kikuchi et al. [4] have shown that barrier 
performance is not lowered and pond water (internal 
water) does not leak to outer site.  

On the other side, about waste dragging in to the 
clay layer, there is an actual case [1] that piles were 
driven through the barrier clay layer as bridge 
foundation. In this pile driving method, the steel 
casing is installed to the ground of landfill site. Then 
remove the waste in the casing by hammer glove, 
and make the space that is not filled in waste, then, 
drive the pile into this space, at the last. With this 
pile driving method, waste can be completely 
removed. However, the construction costs are very 
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high, because it needs triple tubes. Therefore, the 
inferior of versatility to utilize as general structure 
foundation is the current subject.   

Against to this  situation, Kikuchi [5] and Hirao 
et al. [6] are doing experimental research, an effect 
for waste type and pile tip shape about behavior of 
waste dragging by pile driving. And the result shown 
that is inevitable dragging with close tip piles, and a 
few dragging with shape tip piles, and it is effective 
to digging in a pile or coating the swelling material 
on pile surface in order to prevent the waste 
dragging.  

However, these experimental researches are 
elemental experiments for finding the effect of pile 
tip shape qualitatively, and it had carried out under 
conditions with using the closing tip piles and by 
simulating the waste with sand. The foundation piles 
that are mainly used in the actual field are open tip 
piles made by concrete and steel. It is found that 
wastes are not homogeneous granules, and have 
many lumpy items and liner items such as wires 
include.  

From this background, in this research, consider 
the behavior of waste dragging by installing open 
ended piles and lumpy items, and investigate the 
effect of the difference of the pile tip shape and 
swelling material applied to the pile surface. 

METHODOLOGY OF EXPERIMENT 

In the experiment for this research, to consider 
the behavior that waste will be pulled into the clay 
layer by piling, sands and gravels were laid on clay 
layer, and drive the piles into this layer, then 
measured the weight of the sands and gravels that 
were pulled into the clay layer. The following two 
methods were used for a method of measuring the 
sands and gravels that was  pulled-in.  

The first method is to measure the weight of 
sands and gravels that has been dragged directly by 
taking clay layer out from the test vessel after pile 
driving (hereinafter referred to as “model pile 
driving test”). The second method is to observe  
visually for pulled-in conditions of sands and gravels, 
and to count number of particles, by analysis using 
the X-ray CT scanner of  the test vessel (hereinafter 
referred to as “X-ray CT scanning test”). 

However, in the experiment in this research, 
barrier clay layer is modeled as clay layer, and 
wastes are modeled as sands and gravels, then 
confirmed the pulled-in conditions of sands and 
gravels by model pile driving to clay, sand and 
gravel layer. It is considered that the parameter to 
dominate the pulled-in conditions are friction forces 
between the piles and ground, or clearance around 
the piles and particle size. In this experiment, it is 
modeled by reproducing the stress state and the 
clearance and the particle size at the realization field. 
Also, there are various methods for pile driving, and 

it is impossible to reproduce these methods in 
experiments. Therefore, assuming a driving pile 
method of directly driving into the ground which is 
considered to be the method pulled-in wastes the 
most, and then confirm the pulled-in conditions at 
tip or surface of the piles by experiments. 

MODEL PILE DRIVING TEST 

CREATE THE MODEL CLAY LAYER 
In this experiment,  commercial clay called “blue 

clay” as clay layer that simulates the barrier clay 
layer was used. It was adjusted by sieving to  106μm, 
considering the  separate clay and sand as described 
later. 

Properties of the clay are shown in Table 1. The 
water content of the blue clay adjusted to  slurry 
states as water content ratio of 100%. It was put into 
the test vessel  shown at the left side on Fig.1. After 
one and a half day, consolidate with pressure 
p=100kN/m2 (equivalent to stress states GL.-20m on 
barrier clay layer). Then  continue the  consolidation 
until time to 3Te, to create the model clay layer 
(thickness h=8cm). 

LAYING SANDS AND GRAVELS 
Silica sand No.5 and gravel No.7 were used as 

materials that simulate wastes. Silica sand No.5 is 
simulated as small particle size wastes, using the 
particles (soil density ρs=2.65 g/cm3 ， average 
particle size D50=0.589 mm) left in the sieve with 
250 μm for separate from clay. Also, gravel No.7 is 
simulated as large particle size wastes, using the 
particles (average particle size D50=3.304 mm) 
remain in the sieve with 2 mm. Further, these silica 
sands and gravels were laid on the clay layer by 
falling underwater method. It carries out following 
two type tests to  compare the particle size. In case-1, 
silica sand lay at thickness of 5 cm, this is simulated 
as small particle size wastes. In other case-2, silica 
sands and gravels mixed by weight ratio as 3:7. This 
lay at thickness 1cm, and silica sand lay at thickness 
4 cm. These are simulated as the condition with   
large particle size mixed. 

Table 1 Physical Property of BLUE CLAY 
Soil Density 2.79 g/cm3 
Liquid Limit 40.1 % 
Plastic Limit 24.2 % 
Plastic Index 15.9 

Fig. 1 Experimental Method (outline draw) 
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Fig. 2 Laying Method of Sands and Gravels (case-2) 

Fig. 3 pile tip shape of model piles(Pile Driving tests) 

Fig. 4 Test Vessel and Laying method (case-2) 

Fig. 5 pile tip shape of model piles 
(X-ray CT Scanning tests) 

DRIVING MODEL PILES 
Next, a model pile drives into the model clay 

layer, using the 4 different type of pile tip shape as 
shown in  Fig.3 for considering the influence of pile 
tip shape. A model pile drives to the bottom of clay 
layer statically at driving speed about 10 mm/min, at 
center of model ground, as shown left side in Fig.1. 

Incidentally, model pile diameter is set to 
φ19mm, to secure three times of the pile diameter 
between pile and vessel inside wall, to not to be 
affected by lateral conditions at test vessel (φ15 
cm) when pile driving. 

SWELLING MATERILALS 
In all of the above experiment cases,  experiment 

case with coating  the swelling material on  the pile 
surface, was also conducted. This material is high 
molecular polymer in solid state in normal 
conditions, however if it absorbs the water, it swells 
then becomes to in gel state. It is expected so that 
the dragging wastes will be reduced by reducing 
friction forces between the pile and wastes. Prior to 
this experiment, coat swelling material  5 cm on the 
tip part of the piles, and let it dry enough. Further, 
after driving a model pile to the bottom of sand layer 
(top of the clay layer), in order to absorb and swell 
enough, standing still for 2 hours, and then driven 
into the bottom of model ground. 

SAMPLING 
After driving the pile, clay was sampled around 

the pile in every 8mm thickness,  as shown in the 
center of the Fig.1. Further, clay and sand were 
separated using 250 μm sieve as shown on the right 
side of the Fig.1. And then measure the sands weight 
that was pulled into model ground per depth. 

X-RAY CT SCANNING TESTS 

This experiment method is almost the same as 
the method of model pile driving tests. It carries out 
with some different conditions, in order to ensure the 

visibility of sand particle, structural restrictions, and 
secure experiment time in X-ray CT scanning tests.  

For this reason, it is difficult to compare this X-
ray CT scanning tests and model pile driving tests in 
directly. However, it can evaluate the mechanism of 
pulled-in qualitatively by confirmation visually of 
the pulled-in behavior of sands and gravels caused 
by pile driving. 

First, to create the model ground, mix the clay 
soil at initial water content of w=53 %. And then 
create by consolidation at pressure p=100 kPa to 
shorten the test time and ensure the thickness of test 
piece using test vessel as shown in the left side of 
Fig.4. 

Next, lay the sands and gravels that is simulated 
to waste layer on top of the model ground by method 
of water falling.  Sands that was used is YAMAICHI 
silica sand No.3 (ρs=2.67 g/cm3, D50=1.276 mm), 
gravels is gravel No.7 as remaining at 4.75 mm sieve. 

Same as LAYING SANDS AND GRAVELS, 
conducted with two case, which is case-1 that laid 
only silica sands at 5 cm thickness, and case-2 that 
laid mixed soils (weight ratio of gravels and silica 
sands is 3:7) at 1cm thickness, and overlay silica 
sands at 4 cm thickness. After that, drive the three 
different model type of piles that have different 
shapes on pile tip (Fig.5) in to the center of model 
ground till the bottom at driving speed 2 mm/min 
statically. At that time, stop driving the pile at each 
certain depth, to scan the test vessel. This is an 
action to irradiates horizontally X-ray to test vessel, 
and visualize the absorption of X-ray that catch at 
sensor through the test vessel. Conduct this action 
certain times while the test vessel rotates 360 
degrees, and reconstruction 3 dimension pictures 
from 2 dimension pictures obtained by analysis. 

With this method, sands and gravels pulled-in 
behavior by pile driving can be visually confirmed. 
And count the number of sands and gravels on 
pictures. Also, in this experiment, coating the 
swelling material on pile surface is conducted, as 
same as PILE DRIVING TESTS. 
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(a)Open tip       (b)outer thin       (c)outer edge 
Fig. 6 Dragging depth profiles (case2) 

(a)Open tip           (b)close tip 

(c)outer thin        (d)outer edge 
Fig. 7 Dragging depth profiles (case1) 

Fig. 8 Effect of Swelling Material 

RESULT OF EXPERIMENTS 

MODEL PILE DRIVING TESTS 

MIXURE OF  SANDS AND GRAVELS 
 The result (case-2) that was conducted with 

silica sand No.5 and gravel No.7. A distribution 
chart of weight of sands and gravels that was pulled 
into clay layer and its depth is shown in the Fig.6. It 
shows the vertical axis is depth(cm) from top surface 
of clay layer, and the horizontal axis is the average 
weight of the sand contains in the sample collected 
from thickness 8 mm of clay, and directly count the 
number of gravels. Incidentally, the thick  line on the 
chart shows average weight within measurement 
range (8 mm), and the polygonal line is connecting 
these values at average depth.  

As the result, pulled-in sands and gravels 
adjacent to surface of clay layer, was confirmed on 
each  piles. Also, about (a) open tip pile and (c) piles 
that has an outer edge on the tip,  pulled-in sands 
and gravels was confirmed from slightly under the 
clay layer, . Particularly, it is remarkable in the case 
with  an outer edge on  the tip. Of these,  pulled-in 
sands and gravels up to 3 cm depth was confirmed 
with  (a) open tip pile. Further, it becomes zero at 
deeper, this fact shows that pulled-in sands and 
gravels are less. 

As shown in the Fig.7(b), in case of close tip pile,  
behavior that is different from a lot of pulled-in 
sands at the tip of the piles was confirmed. In case of 
(c) piles that has an outer edge on the tip, verified  
pulled-in sands at the bottom of clay layer. 
Incidentally, in case of (b) with the piles that has 
thin outside, it was confirmed that pulled-in sands 
and gravels  into the clay layer is almost none. It is 
suggested to sharpening the tip is effective to  reduce 
the dragging. 

DRAGGING REDUCTION EFFECT BY 
SWELLING MATERIALS 

First, the situations of coating and after swelling 
are shown in the Fig.8. After coating the swelling 
materials on piles and dried, it becomes to  harden 
state, and it will not peel off   from the pile surface. 

However, after pile driving, it becomes to gel state 
by swelling the water from the ground, and expands 
suddenly. This expanded gel fills the gap between 
piles surface and surrounding  ground, and reduces 
the friction forces between piles and ground. 

Next, among the experiments(case-1) that carried 
out on the ground made by only sands, by changed 
the tip shape of the piles, the result that compares 
with and without swelling materials are shown in 
Fig.7. As the result, pulled-in behavior adjacent to  
the  surface of clay layer was confirmed at each piles, 
same as Fig.6. Of these, it is difficult to confirm the 
effect of reducing the dragging by swelling materials, 
due to the low volume of dragging by (a) open tip 
pile and (c) outer thin piles. Also, regarding the  (b) 
close tip pile, it is pulled into  the bottom of the clay 
layer, because of the creation of active wedge on tip 
of the piles. However, there are no clearly 
differences because of the existence of swelling 
materials or no, and the dragging reduction effect by 
reducing the friction forces around the pile surface, 
cannot be confirmed . 

On the other hand, about (d) piles that has an 
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Fig. 9 Picture of X-ray CT Scanning tests 

Fig. 10 Dragging in pile tip 

Fig. 11 Behavior of sand particles at pile tip 

Fig. 12 Draging in pile tip 

outer edge,  reduce of the dragging into the internal 
clay layer is confirmed, cause of the swelling 
material fills the gap between piles and ground that 
was created by an outer edge, which it is considered 
that the swelling materials are effected to reduce 
dragging into gap. 

X-RAY CT SCANNING TESTS 

A sample picture obtained by X-ray CT scanning 
test is shown in Fig.9. Dragging behavior into the 
clay layer can be confirmed by this picture. 

DRAGGING BEHAVIOR AT THE TIP OF THE 
PILES 

With all of the experimental conditions, sands or 
gravels adhere to the tip of the piles, and pulled-in 
into clay layer. To find this behavior, count the 
number of the sands and gravels at the tip of the 
piles by horizontal scanning pictures, which is 
shown in Fig.10. 

As the result, in the case of open end pile, it has 
sands pulled in to the bottom of the clay layer. In the 
case of the outer thin piles and outer edge piles, 
pulled-in has remained at the 25 mm depth. Also in 
the case of gravels, confirmed dragging into the 20 
mm depth on the open end piles, though it is up to 
10 mm depth on the outer thin piles and outer edge 
piles. It is considered that particles of sand and 
gravel are easy to leave (not dragging) from tip of 
the piles by sharpen the tip of the piles.  

Next, about the behavior of sand particles that 
are adhered to the open tip piles, the three particles 

were trucked that can be identified before and after 
the pile driving. In Fig.11, horizontal axis shows 
penetration amount of the piles, and vertical axis 
shows the depth which sand particles are pulled-in. 

No.1 particle in figure adhere to tip of the pile, 
and pulled into clay layer while pile driving. It 
shows that particle leaves from the tip of the pile at 
the time the pile was driven to 10 mm. Identically, 
No.2 particle leave from tip of the pile after pulled-
in until 35 mm depth, and No.3 particles until 50 
mm depth. All of the particles remain at the depth 
where it left from the tip of the pile. It is unlikely for 
the particles that was left from tip of the pile, will be 
pulled-in further more due to the friction force of 
pile surface. 

Further, the enlarged picture of  the surrounding 
of gravels that was pulled-in to the outside of piles is 
shown in Fig.12. According to this figure, it is 
confirmed that sand particles adhere to the surface of 
gravels, which creates a concern of possibility that 
dragging the large scale particles can promote the 
small scale particles dragging. 

DRAGGING REDUCTION EFFECT   BY 
SWELLING MATERIALS 

About the pile with an outer edge at the tip, that 
had confirmed the effect of swelling materials, will 
confirm the difference of  pulled-in amount, between 
with or without using the swelling materials. The 
vertical sectional view after pile driving is shown in 
Fig.13, and the number of sand particles that had 
pulled into the gap between piles and surround 
ground at this time, is shown in Fig.14. On the 
vertical sectional view, it is confirmed that many 
sand particles fell in to the gap on an outer edge, 
when the swelling materials was not used. 

Though, this number was confirmed to be reduced gravels 
void 

sand particles 

sand particles 

gravels 

gravels 

adheared sand particles 
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(a)no Swelling Material   (b)Swelling Materials 
Fig. 13 Dragging in pile tip 

Fig. 14 Dragging number in pile tip 
in the case of using swelling materials. This is 
considered because of the swelling materials fell the 
gap that was created by an outer edge,  which means 
the piles that has an outer edge, can expect the 
dragging prevention effect by using swelling 
materials. 

CONCLUSION AND FUTURE ISSUE 

In this research, wastes was simulated with 
sands and gravels, and the behavior of these sands 
being dragging into the clay layer was investigated 
experimentally. As a result, in order to reduce the 
dragging particle wastes into the clay layer, it was 
suggested, to sharpen the tip of the piles, and the 
effectiveness of coating swelling materials on the 
surface of outer edge piles. Also, it was confirmed of 
the possibility that the dragging large scale waste 
promote dragging small scale wastes, and the 
particles that adhere on the tip of the piles, will not 
be dragging further more after it left from the tip of 
the piles. In this research, for the convenience of 
experiment, clay layer was consolidated at pressure 
100 kPa, and so, it was in over-consolidation state 
that is difficult to recover from deformation. 

However, actual barrier clay layer of landfill 
sites is often in the normal-consolidation state, 
therefore, it is necessary to conduct an experiment in 
the same state. Additionally, wastes contains 

various things, so experiments was not conducted 
about string state wastes, like wires or bands, 
because dragging mechanism is different from 
particle wastes. An experiment of such a case is 
necessary. 
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ABSTRACT 

 
These investigations aimed to determine toxicity and bioefficacy of weed essential oils Bitter bush 

(Eupatorium odoratum L.), Finger grass (Limnophila aromatica (Lamk.) Merr.), and Vietnamese mint 
(Polygonum odoratum) derived by hydrodistillation against cowpea weevil, Callosobruchus maculatus 
(Fabricius) on stored mungbean. Experiments was assessed under laboratory conditions (30±2C, 70-80%RH 
and 16L:8D photoperiods). Results showed that weed essential oils from Bitter bush, Finger grass and Vietamese 
mint leaves have contact toxicity on cowpea weevil as shown by the impregnated filter paper test. LC50 values 
were 137.15, 225.17 and 99.12 ppm at 48 h after exposure, respectively. Fumigant toxicity by the fumigation 
method on cowpea weevil showed all weed essential oils had high efficiency against the cowpea bruchids C. 
maculatus )100% of mortality). Repellency toxicity test showed that weed essential oils from Bitter bush, Finger 
grass and Vietnamese mint leaves have repellent toxicity on cowpea weevil as LC50 values were 607.23, 141.93 
and 109.81 ppm at 6 h after exposure, respectively. The potential of weed essential oils on reproduction of the 
cowpea bruchids female adults had strong repellent activity for egg laid on mungbean seeds, were 100% at 48 h. 
Three weed essential oils did not affect the seed germinating. These results suggested that essential oils from 
three weed plants could be used as potential control agents for cowpea bruchids, and the database can be used for 
active ingredient studies to develop commercial products in the future. 
 
Keywords: Lethal Concentration, Toxicity, Mungbean Insect Pests, Oviposition Behavior, Seeds Viability 
 
 
INTRODUCTION 

 
Mungbean, Vigna radiata L. Wilczek is one of 

the most important legume crops in Thailand. 
Mungbean grown as short rotation crops 
interspersed with rice and vegetable crops. It 
provides an inexpensive source of dietary protein to 
the people and use as protein supplement for meat 
and fish in animal feed industries. It contains 
digestible carbohydrate, dietary fiber, calories and 
lysine [1], [2]. Growing mungbean need to keep 
seeds for used as seed and consumption. The 
production of mungbean (V. radiate) was restricted 
by biotic and abiotic factors both in the field and the 
seed in storage. Among the constraining biotic 
factors are insect pest. While crops may be infested 
in the field, infestations are often too low to detect at 
harvest. Bruchids are most often not detected until 
seed has been stored for over long periods (e.g. for 
longer than three months), especially at small scale 
farming levels. Bruchids are a major and growing 
problem in stored mungbean in all regions. Bruchids 
breed rapidly in storage and by the time they are 
detected, the infested grain is usually unmarketable. 
The bruchid responsible for most infestations in 
mungbean is the cowpea bruchids, Callosobruchus 
maculatus (Fabricius). Larvae developing within the 
grain do the largest damage. Their damage caused 

loss of weight, nutritional value and viability of 
stored grains [3]. 

Control of cowpea bruchids in the field and store 
has to be considered in relation to the economic 
importance of the crop, since it is obvious that these 
weevils are capable of attacking cowpea both in the 
field and in storage. In the latter, where feasible, the 
use of synthetic insecticides is one of the methods 
used to control cowpea bruchids [4]. Insecticides 
may be applied as liquid or fumigant formulations. 
However, continuous use of chemical insecticides 
may lead to serious problems such as insecticide 
resistance. Non-chemical methods of bruchid control 
offer an attractive alternative because the neither 
leave chemical residues in the commodity no could 
their use give rise to resistance in the pest. Such 
methods include periodic exposure of the grains to 
the sun, coating seeds with cooking oils, or mixing 
them with ash or sand [5]. Some plant materials 
have insecticidal properties that could help to control 
the invading pests [6]. Alternative options for 
protection cowpea bruchids are using of nature local 
plant extracts. They can be found and annually 
growth, such as using of essential oils extracted from 
the local weeds. Therefore, the most people see 
weeds and no useful. The objective of this study was 
to evaluate the lethal toxicity, fumigant toxicity, 
repellent toxicity and oviposition behavior of weed 
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essential oils on cowpea bruchids, including their 
effect on mungbean seed viability. 

 
MATERIALS AND METHODS 

 
Insect Stock Culture 

 
Cowpea bruchids, Callosobruchus maculatus 

was collected from the previously infested 
mungbean seeds in the grain storage of Department 
of Agriculture Technology, Faculty of Technology, 
Mahasarakham University. Insect rearing was 
carried out inside a glass bottles ( 15 cm and 
height 30 cm) covered with mesh netting and kept 
under laboratory conditions (30±2C, 70-80%RH 
and 16L: 8D photoperiods). Fifty pairs of male and 
female of C. maculatus adults were isolated and 
released in a glass bottle having 500 g of mungbean 
seeds, removed infested seeds and sterile by kept 
under freezing for 2 weeks and left for 24 h under 
ambient conditions [7], covered by mesh netting. 
After 4 weeks, they were separated and used female 
adults (3-5 days old) in the investigation. Toxicity 
and bioefficacy bioassays were performed on the 
adults. 
 
Stored Product 
 

Mungbean obtained from the local market 
healthy and fresh seeds were used to avoid any pre 
storage infestation seeds or egg laying of cowpea 
bruchids and stored followed Ojanwana and Umoru 
[7]. Mungbean was used in experiments as effect of 
weed essential oils on the egg laying behavior and 
mungbean seed germination. 
 
Weed Essential Oils Preparation 
 

Three weed essential oils extracted from Bitter 
bush (Eupatorium odoratum L.), Finger grass 
(Limnophila aromatica (Lamk.) Merr.) and 
Vietnamese mint (Polygonum odoratum), were 
collected around the Mahasarakham local in the 
Northeast of Thailand. Bring fresh leave of each 
weed was washed and air dried in the shade. Using a 
Steam distillation, the extraction of the essential oils 
was performed from 1,000 g of fresh weed leaves 
and 1 liter of distilled water with a rotary evaporator, 
at the Department of Agricultural Technology, 
Faculty of Technology, Mahasarakham University. 
The weed essential oils were desiccated with 
anhydrous sodium and kept into a vial with the lid 
closed in the dark at 4C until use.  

 
Experimental Procedure 

The experiment was conducted at laboratory 
conditions (30±2C, 70-80%RH and 16L:8D 
photoperiod). Experimental design was Completely 

Randomized Design (CRD) with 5 replicates in 5 
laboratory experiment.  
 
Contact toxicity bioassay of weed essential oils 

 
Contact toxicity of three weed essential oils 

against cowpea bruchids were evaluated by 
impregnated filter paper test, a modified method 
after Fournet et al. [8]. Bioassay was conducted at 
30±2C, 70-80%RH and 16L:8D photoperiod. The 
serial solutions of weed essential oils were prepared 
by dissolving in acetone to achieve the desired 
concentrations: 5-6 concentrations. For each 
preparation was dropped and flowed on a disk of 
filter paper ( 9 cm) placed in a Petri dish ( 9 cm 
and height 1.5 cm) using micropipette. The treated 
filter paper was air dried and allowed to evaporate 
the solvent completely before cover petri dish was 
placed on the petri dish. Ten female adults of 
cowpea bruchids taken from insect stock culture 
were released in a petri dish and five replicates were 
set for each concentration. Acetone was used as 
controls. The dead cowpea bruchids, no response to 
blunted needle poking, after 24, 48 and 72 h were 
recorded. The data were analyzed for the Median 
Lethal Concentration (LC50). 
 
Fumigant toxicity bioassay of weed essential oils 

 
Fumigant toxicity of three weed essential oils 

was tested against female adults of the cowpea 
bruchids C. maculatus modified method of Keita et 
al. [9]. Ten female adults taken from the insect stock 
culture were placed in a glass bottle ( 5 cm and 
height 6 cm) and covered with mesh netting and 
rubber band. Using micropipette dropped weed 
essential oil inside the center of filter paper ( 2 cm) 
in another a glass bottle with various concentrations. 
Bring a glass bottle contained cowpea bruchids to 
overlap with a glass bottle dropped of weed essential 
oil into it. Use clear tape wrapped around a joint of 
both glass bottles and carried out under laboratory 
conditions (30±2C, 70-80%RH and 16L:8D 
photoperiods). Cowpea bruchids C. maculatus 
cannot be directly contact oil because it had a mesh 
barrier. Dead of adult cowpea bruchids C. maculatus 
were counted after 12, 24 and 48 h. 
 
Repellent toxicity of weed essential oils  

 
Repellency toxicity bioassay was modified 

method [10] by weighing 10 g of sterile mungbean 
placed in flask and treated with the solvents of three 
weed essential oils. Let until mungbean seeds dried 
to evaporate. Pour the mungbean into plastic cup ( 
5 cm and height 2 cm), had a hole in the bottom so 
that insect can get through but mungbean cannot, 
placed on the top a glass bottle ( 5 cm and height 6 
cm). Ten female adults of cowpea mungbean C. 
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maculatus (3-5 days old) were released the middle of 
plastic cup within contain treated mungbean seeds. It 
closed with mesh net (size 6  12 cm) to prevented 
insect evasion. Each treatment was replicated five 
times and the numbers of cowpea bruchids C. 
maculatus settled on each glass bottle were counted 
and recorded at hourly intervals for 1, 3, 6 and 12 h. 
Treated mungbean with acetone was used as control. 
 
Impact of weed essential oils on the oviposition 
behavior  

 
Weighing 10 g of sterile mungbean placed in 

flask and treated with various the solvents of three 
weed essential oils. Let until mungbean seeds dried 
to evaporate. One pair of adults cowpea bruchids 
placed in a glass bottle within contain treated 
mungbean seeds for 48 h. Adults were separated and 
counted the number of eggs on surface of mungbean 
in each treatment, compared the control with 
acetone. 
 
Effect of weed essential oils on the mungbean seed 
viability  
 

Weighing 10 g of sterile mungbean placed in 
flask and treated with various concentrations (LC20 
and LC40) of three weed essential oils. Let until 
mungbean seeds dried to evaporate. Bring mungbean 
seeds tested seed germination by each treated 
mungbean seed was counted and divided into 5 
replicates (50 seeds per replicate). Germination test 
was conducted in a plastic box (size 22  33 cm and 
height 7 cm) within contain 1,000 g of fine sand, 
was incubated at 150°C for 10 h and separated the 
other contamination with mesh net, and distilled 
water 132 ml. Put 50 seeds in a plastic box by a row 
of five rows along the length of the row of 10 seeds 
off the plastic covered and kept on the shelf under 
laboratory conditions. When seed germination was 
opened the plastic box and keep moisture, add water. 
Until after 7 days of seed germination were counted 
seedling in each treatment for checking percentage 
of seed germination.     
 
Data Analysis 
 

Toxicity bioassay, linear regression analysis was 
performed from the data obtained to estimate adult 
mortality for each concentration of three weed 
essential oils. The mortality was calculated using the 
Abbott formula [11]. The resulting concentration-
mortality data was subjected to probit analysis [12]. 
Data recorded for percentage of mortality in all 
toxicity experiments and percentage of seed viability 
of different treatments were subjected to statistical 
analysis using CRD design by one-way analysis of 
variance (ANOVA). Means were compared by using 
Duncan’s Multiple Range Test (DMRT). 

RESULTS 
 
Contact Toxicity Bioassay of Weed Essential Oils 
 

Weed essential oil of Vietnamese mint (P. 
odoratum) had the most contact toxicity to cowpea 
bruchids within 48 h after treatment with the LC50 of 
99.12 ppm compare with 137.15 ppm of Bitter bush 
(E. odoratum) and 225.17 ppm of Finger grass (L. 
aromatic), respectively (Table 1). Mortality value 
exposed with three weed essential oils to cowpea 
bruchids after treatment at 48 h resulted in adult 
mortality values between 42-66% and it cause 
highest significant different (P<0.01) (Table 2). 
 
Fumigant Toxicity of Weed Essential Oils 
 

It is reported that all weed essential oils had 
efficiency against the cowpea mungbean C. 
maculatus, 100% of adult mortality when 
comparison with distilled water and acetone 
treatments and also was high significant different.  
 
Repellent Toxicity of Weed Essential Oils 

 
Result showed that essential oil of Vietnamese 

mint (P. odoratum) has highest against the cowpea 
bruchids C. maculatus. And then Finger grass (L. 
aromatic) oil and Bitter bush (E. odoratum) oil had 
against the cowpea bruchids C. maculatus. LC50 at 6 
h were 109.81, 141.93 and 607.23 ppm, respectively 
(Table 3). Repellent value exposed with three weed 
essential oils to cowpea bruchids  after treatment at 6 
h resulted in adult mortality values between 34-66% 
and it cause highest significant different (P<0.01) 
(Table 4). 

 
Effect of Weed Essential Oils on the Oviposition 
Behavior  

 
The effect of tested three weeds essential oils on 

the reproduction of the cowpea bruchids C. 
maculatus female adults were studied using no-
choice test. All weed essential oils acted as 
oviposition deterrent. Egg laid by female on treated 
seeds with weed essential oils had strong repellent 
activity (100%) at 48 h (data no representation).  

   
Effect of Weed Essential Oils on the Mungbean 
Seed Viability 
  

The findings of the present study indicated that 
mungbean seeds treated with all weed essential oils 
did not lose their viability and also did not show 
significant effect on the seed germination rate within 
7 days (Table 5). 
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Table 1 Contact toxicity of weed essential oils against the cowpea bruchids C. maculatus at 48 h. 
 

Weed essential oils LC50
a (ppm) 95%CLb (ppm) 2 P-value 

Bitter bush (E. odoratum) 137.15 ± 87.63 42.15 – 446.26 0.0086 0.9263 
Finger grass (L. aromatic) 225.17 ± 99.43 97.24 – 521.38 0.0245 0.8756 
Vietnamese mint (P. odoratum) 99.12 ± 132.90 11.40 – 861.24 0.0003 0.9862 

a LC50 represent the median concentration. 
b 95%CL represent the lower and upper fiducially limits.  
 
Table 2 Mortality of cowpea bruchids C. maculatus with contact toxicity treated weed essential oils at 24, 48 

and 72 h. 
 

Treatments 
 

Conc. 
(ppm) 

Mean (±SE) mortality (%) 
24 h 48 h 72 h 

Distilled water  0.0 ± 0.00 g 0.0 ± 0.00 i 2.0 ± 0.45 g 
Acetone  2.0 ± 0.45  f 2.0 ± 0.40 h 12.0 ± 1.10 f 
Bitter bush  100 28.0 ± 0.84  c 50.0 ± 0.63 f 84.0 ± 0.55 e 
(E. odoratum) 200 30.0 ± 1.22 b 50.0 ± 0.89 f 84.0 ± 1.14 e 

 300 34.0 ± 0.89 a 56.0 ± 1.02 c 86.0 ± 1.14 d 
Finger grass  100 24.0 ± 0.55 e 42.0 ± 0.75 g 84.0 ± 1.14 e 
(L. aromatic) 200 34.0 ± 1.34 a 54.0 ± 1.02 d 86.0 ± 0.55 d 

 300 34.0 ± 1.14 a 62.0 ± 2.04 b 90.0 ± 1.41 c 
Vietnamese mint  100 26.0 ± 0.89 d 52.0 ± 0.40 e 90.0 ± 0.71 c 
(P. odoratum) 200 28.0 ± 1.30 c 52.0 ± 0.98 e 98.0 ± 0.45 b 

 300 34.0 ± 1.14 a 66.0 ± 1.74 a 100.0 ± 0.00 a 
Means within the same column followed by the same letter are not significantly different (DMRT: P>0.05). 
 
Table 3  Repellent toxicity of three weed essential oils against cowpea bruchids C. maculatus at 6 h. 

 
Weed essential oils LC50

a (ppm) 95%CLb (ppm) 2 P-value 
Bitter bush (E. odoratum) 607.23 ± 145.44 319.82 – 894.64 0.0005 0.9815 
Finger grass (L. aromatic) 141.93 ± 42.85 61.61 – 197.77 0.1546 0.6942 
Vietnamese mint (P. odoratum) 109.81 ± 51.64 45.06 – 267.61 0.0525 0.8189 

a LC50 represent the median concentration. 
b 95%CL represent the lower and upper fiducial limits. 
 
Table 4 Repellent Percentage of cowpea bruchids C. maculatus with repellent toxicity treated weed essential 

oils at 1, 3, 6 and 12 h. 
Treatments 
 

Conc. 
(ppm) 

Mean (±SE) Repellent Percentage (%) 
1 h 3 h 6 h 12 h 

Distilled water  0.0 ± 0.00 g 0.0 ± 0.00 j 0.0 ± 0.00 i 0.0 ± 0.00 i 
Acetone  2.0 ± 0.45 f 4.0 ± 0.55 i 6.0 ± 0.55 h 6.0 ± 0.55 h 
Bitter bush  100 10.0 ± 0.71 e 14.0 ± 0.55 h 34.0 ± 0.55 g 68.0 ± 0.84 f 
(E. odoratum) 200 18.0 ± 0.45 c 20.0 ± 0.00g 38.0 ± 0.84 f 74.0 ± 1.14 e 

 300 20.0 ± 0.71 b 30.0 ± 0.71 e 40.0 ± 1.00 e 94.0 ± 0.89 b 
Finger grass  100 14.0 ± 0.55 d 22.0 ± 0.45 f 40.0 ± 1.22 e 64.0 ± 1.14 g 
(L. aromatic) 200 20.0 ± 0.71 b 40.0 ± 1.00 b 62.0 ± 1.30 b 86.0 ± 0.89 c 

 300 24.0 ± 0.89 a 48.0 ± 0.45 a 66.0 ± 1.14 a 94.0 ± 0.89 b 
Vietnamese mint  100 18.0 ± 0.84 c 32.0 ± 1.10 d 46.0 ± 0.89 d 78.0 ± 0.84 d 
(P. odoratum) 200 24.0 ± 1.14 a 38.8 ± 1.82 c 60.0 ± 2.00 c 94.0 ± 0.55 b 

 300 24.0 ± 1.14 a 40.0 ± 1.58 b 62.0 ± 0.84 b 98.0 ± 0.45 a 
Means within the same column followed by the same letter are not significantly different (DMRT: P>0.05). 
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Table 5 Effect of three weed essential oils in various concentrations on mungbean seeds viability. 
 

Treatments Conc. 
(ppm) 

Mean (±SE) Germination Percentage (%) 
5 days 7 days 

Distilled water  92.0 ± 1.00 d 92.0 ± 1.00 d 
Acetone  87.6 ± 3.56 k 87.6 ± 3.56 h 
Bitter bush  100 88.4 ± 0.84 i 89.2 ± 1.52 g 
(E. odoratum) 200 89.2 ± 0.55 h 89.2 ± 0.55 g 

 300 91.2 ± 2.30 e 91.2 ± 2.30 e 
Finger grass 100 90.4 ± 3.77 f 90.4 ± 3.77 f 
(L. aromatic) 200 95.2 ± 1.52 a 95.2 ± 1.52 a 

 300 94.2 ± 1.67 b 94.8 ± 1.67 b 
Vietnamese mint 100 92.0 ± 1.58 c 93.2 ± 2.07 c 
(P. odoratum) 200 88.0 ± 2.55 j 89.2 ± 2.70 g 

 300 89.6 ± 1.92 g 93.2 ± 1.14 c 
Means within the same column followed by the same letter are not significantly different (DMRT: P>0.05). 
 
DISCUSSIONS 

 
Different spice of plant products in the form 

essential oils (EOs, powders, pellets, extracts or 
distillates could be harnessed as potential toxicants, 
deterrents, antifeedants, repellents and fumigants for 
exclusion of stored-product pests from grain, and 
have been used, but low toxicity has obtained much 
attention for alternative control measures of stored-
product pest. Diverse essential oils (EOs) and other 
plant products have been used. Three weed essential 
oils investigated showed sufficient protection of 
cowpea grains from damage by cowpea bruchids, C. 
maculatus and these oils acted oviposition deterrent 
by adult female. Also, we observed not to affect seed 
germination which confirms non-adverse effect on 
grain chemistry. This demonstrated the ability of the 
oils to act as suffocation materials with the 
possibility of preventing respiration [13]. However, 
plant natural products that constitute effective safer 
alternatives to synthetic insecticides without 
producing adverse effects on the ecosystem have 
been tested in the management of stored-product 
pests [14]-[16]. In this study, we evaluated the 
insecticidal and repellent properties of Bitter bush 
(E. odoratum L.), Finger grass (L. aromatica 
(Lamk.) Merr.), Vietnamese mint (P. odoratum) and 
EO against C. maculatus, under laboratory 
conditions.  

 
CONCLUSIONS 
 

Based on the results obtained in the current 
study, it may be conclude that Bitter bush (E. 
odoratum L.), Finger grass (L. aromatica (Lamk.) 
Merr.), and Vietnamese mint (P. odoratum) weed 
plant materials have a broad spectrum of activity 
against cowpea bruchids C. maculatus, and the 
essential oils could have potential as bioinsecticides 
in stored product protection. However, since plant 

products volatilize quickly in the environment and 
do not persist for longer duration unlike synthetic 
pesticides, there could be a need for re-application to 
obtain the desired results. The efficacy of plant-
based pesticides could also be enhanced when 
dissolved or mixed with a slow release fixative 
material or carrier such as starch or liquid paraffin, 
and incorporated as an integral part of integrated 
pest management system especially at a small-scale 
farmer level. The essential oil from these plants 
could become a viable alternative to conventional 
chemical control strategies. However, further studies 
need to be conducted in order to evaluate the safety 
of these oils before practical use in stored-product 
insect control. 
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ABSTRACT 

 
In this paper, a new geophysical tomography method based on sparse modeling, where the least absolute 

shrinkage and selection operator (LASSO) is used as an inverse analysis method, is proposed, and the proposed 
method is applied to numerical examples of cross-hole seismic tomography designed to reconstruct an image of 
the ground between two boreholes. Compared with the conventional ridge regression-based method, the 
proposed method could reconstruct the image with higher accuracy, particularly when the observed data is not 
sufficient. Therefore, this method is a promising methodology for reconstructing the layered structures of 
grounds and geotechnical structures in geotechnical practice. 
 
Keywords: Sparse estimation, Geotomography, Inverse problems 
 
 
INTRODUCTION 

 
Cross-borehole seismic tomography, also called 

geophysical tomography, is a method of inferring 
the properties of the ground between two parallel 
boreholes (Fig. 1). In geotechnical practice, a 
problem in geophysical tomography is that only a 
limited number of transmitters and receivers can be 
used because of the limitations in the construction 
budget. In addition, the ray paths in geophysical 
tomography are restricted, which is in contrast to X-
ray CT scanning wherein transmitters and receivers 
can be placed arbitrarily around the targets. These 
limitations affect the quality of image reconstruction, 
which in geophysical tomography tends to be an ill-
posed problem from the perspective of inverse 
analysis. Ill-posed problems in geophysical 
tomography were particularly studied by Honjo and 
Kashiwagi [1][2], who applied a smoothing filter for 
image reconstruction and numerically simulated the 
optimal design of the smoothing filters on the basis 
of the Akaike Information Criterion [3]. 
 
 

Borehole Borehole

Transmitter Reciever  

Fig. 1 Cross-hole tomography. 
Many methodologies such as smoothing filters 

and regularization methods have been proposed for 
managing ill-posed inverse problems. In particular, 
sparse modeling has received much attention 
recently in image and vision processing as well as in 
machine learning (e.g., [4], [5]). According to the 
general principle of sparsity, a phenomenon should 
be represented with as few variables as possible. 

Similarly, sparse modeling can be useful in 
geotechnical engineering. This paper proposes a 
sparse modeling-based geophysical tomography 
method and reports its effectiveness by applying it to 
a numerical example of cross-hole seismic 
tomography: an image of the spatial distribution of 
the geotechnical parameters of the ground is 
reconstructed using the proposed method, and the 
results are compared with those of a current method. 

The rest of this paper is structured as follows. In 
Chapter 2, the theoretical basics of geophysical 
tomography and inverse analysis are presented. 
Chapter 3 outlines the least absolute shrinkage and 
selection operator (LASSO) and a sparse modeling 
reconstruction algorithm called the Alternating 
Direction Methods of Multiplier (ADMM). The 
numerical application of the proposed method and 
its results are reported in sections “Numerical 
Experiments” and “Results.” The section 
“Conclusion” summarizes the method and key 
findings of the study. 
 
FORMULATION OF GEOTOMOGRAPHY 
 

Reconstruction techniques can be classified into 
two broad categories: transform methods and series 
expansion methods. In the transform method, the 
motion of the target object is described as a 
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continuous function with a continuous set of 
projections, whereas in the series expansion methods, 
the object of interest is comprised of elements, and 
seismic waves are propagated through the elements 
to obtain a projection of the element values. The 
reconstruction of images through the series 
expansion methods can be theoretically discussed in 
terms of linear algebra. 

This paper focuses on the series expansion 
methods as they are the most widely used in 
geotechnical applications [1][2]. In this 
methodology, the reconstruction area is discretized 
into cells (Fig. 2). The wave observations at the 
receivers can be discretely approximated as 
 

εAxy  ,                                (1) 
 
where y is an m-dimensional observation vector, x is 
an n-dimensional parameter vector, A is an m-by-n 
observation matrix, and  is an m-dimensional error 
(noise) vector. These are defined as 
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where the superscript "T" indicates the transpose of 
the vectors and matrices. In this paper, the error i is 
assumed an independently and identically distributed 
random variable that follows normal distribution 
with mean 0 and standard deviation . 

Determining the unknown parameter vector x, 
that is, reconstruction of the image of the ground 
between the two boreholes, can be classified into 
one of three types of problems depending on the 

relationship between the dimension of the 
observation vector m, rank of the observation matrix 
r, and dimension of the unknown parameter vector n. 

When r = m = n, the problems are called even-
determined problems and can be easily solved. 
However, most inverse problems in practice are not 
even-determined. 

When r = m > n, the problems are said to be 
overdetermined. The entire vector x cannot 
completely fit all the observation data; therefore, the 
squared error ED is minimized as follows: 
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Eq. (7) can be analytically solved to obtain the 
estimated vector x̂  as 
 

yAAAx T1T )(ˆ  .                     (8) 
 
Eq. (8) is called the least squares estimator and is 
widely used for solving overdetermined problems. 

When r = m < n, the vector x cannot be obtained 
uniquely as it has many possible solutions. To solve 
the problem, regularization terms are often added 
into Eq. (7). 
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where  is the regularization coefficient that controls 
the relative importance of the data-dependent error 
ED(x) and the regularization term EW(x). One of the 
simplest forms of the regularization term is the sum-
of-squares of the parameter vector x 
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This quadratic regularizer is called ridge regression. 
Substituting Eq. (10) into Eq. (9) yields the 
following error function: 
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By minimizing Eq. (11) for x, the ridge estimator is 
obtained as 
 

yAIAAx T1T )(~  ,                 (12) 
 
where I is the identity matrix. 

Because the ray paths in geophysical tomography 
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Fig. 2 Cross-hole tomography. 



GEOMATE - Mie, Japan, Nov. 21-24, 2017 

560 
 

are restricted, as explained in the introduction, the 
reconstruction problems in geophysical tomography 
tend to be underdetermined problems: the number of 
observations is much less than the number of 
unknown parameters. Solving the underdetermined 
problems is thus a central topic in geotechnical 
practice. 
 
SPARSE ESTIMATION 
 

The regularization term EW(x) can have many 
possible forms. Tibshirani [6] proposed the LASSO 
for solving underdetermined problems, wherein if  
is sufficiently large, some parameters in x tend to 
zero, resulting in a sparse model in which the 
corresponding basis functions play no role. 

In the LASSO, the regularization term in Eq. (9) 
takes the following form: 
 

xxx 
1

)(WE ,                 (13) 
 
where | . | indicates the absolute value. By 
substituting Eq. (13) into Eq. (9), the objective 
function of the LASSO is obtained as 
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The LASSO yields sparse solutions, which 

implies that many of the estimates are exactly zero 
because of the geometry of its regularization term. 
Fig. 3 illustrates the estimation picture for ridge 
regression and LASSO. The residual sum of the 
squares, which is obtained from the first term on the 
right side in Eq. (14), has elliptical contours centered 
at the least-squares estimates. Both regressions find 
the first point where the elliptical contours meet the 
regularization region. Unlike a circle, a diamond has 
corners; if the solutions lie at the corners, then one 
of the x parameters equals zero. In Fig. 3, x1 
becomes zero because of the diamond-shaped 
regularization term. 

The LASSO problem is a convex minimization 
problem, that is, a quadratic program with a convex 
constraint. For simplicity, the following problem is 
used to explain the computational procedure for the 
LASSO solution (e.g., [4]). 
 







  xxy

x

2)(
2
1minimize          (15) 

 
The standard approach to this one-dimensional 
minimization problem is to set the gradient with 
respect to x to zero. However, one of the central 
difficulties in solving Eq. (15) is the presence of a 
non-smooth L1 norm, |x|. In other words, the 
absolute value function |x| does not have a derivative 
at x = 0. Nevertheless, this problem can be solved by 
applying to x a soft-thresholding operator (e.g., [7]), 
which is defined as 
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where S is a soft-thresholding function (Fig. 4). 
This operator translates x toward zero by a certain 
amount and sets it to zero if |x| < . When  = 0, the 
solution of Eq. (15) becomes the solution for the 
ordinary least squares problem. 

The general approach for solving the LASSO 
problem can be summarized as follows: 

 
Step 1: Minimize the first term in the objective 
function 

Step 2: Apply the soft-thresholding operator to x 

Step 3: Repeat steps 1 and 2 
 
OPTIMIZATION METHOD 

 
Of the many reconstruction algorithms proposed 

for solving convex problems, ADMM [8], which 
blends the decomposability of the dual ascent 
method with the superior convergence properties of 
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Fig. 3 Estimation picture for ridge (left) and 

LASSO (right) regression [5]. 
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Fig. 4 Soft-thresholding function. 
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the method of multipliers, is used in this paper to 
solve the LASSO problem. This algorithm solves 
problems in the form 
 

cBzAxzx
zx

  gf  subject to   )()(   minimize
,

,  

  (17) 
 
where f (x) and g(z) are assumed to be convex, A 
and B are known matrices of constraints, and c is a 
constraint vector. To solve this problem, a vector  
of the Lagrange multipliers associated with the 
constraint is introduced to form the augmented 
Lagrangian 
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where  > 0 is called the penalty parameter. The 
ADMM is based on minimizing the augmented 
Lagrangian (Eq. (18)) successively over x and z and 
then applying a dual-variable update to . Thus, it 
consists of iterations of an x-minimization step (Eq. 
19), a z-minimization step (Eq. 20), and a dual-
variable update (Eq. 21). 
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Similar to the method of multipliers, the dual-
variable update uses a step size equal to the 
augmented Lagrangian parameter . 

The ADMM framework has several advantages. 
First, convex problems with non-differentiable 
constraints can be easily solved by the separation of 
parameters x and z. Second, the ADMM can break 
up a large problem into smaller problems. For 
datasets with a large number of observations, the 
data can be broken into blocks, and each block can 
be optimized.  

Next, the ADMM procedure is illustrated by 
applying it to the LASSO. 

The Lagrangian form of the LASSO can be 
expressed in an equivalent form as 
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When applied to this problem, the ADMM updates 
take the form 
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where S is a soft-thresholding operator. IAA T  
is always invertible as  > 0. The algorithm involves 
a ridge regression update for x, a soft-thresholding 
step for z, and a simple linear update for . 
Accordingly, the ADMM can be interpreted as a 
method for solving the LASSO problem through 
iterative ridge regression. 
 
NUMERICAL EXPERIMENTS 
 

The accurate reconstruction of soil profiles using 
existing geophysical tomography methods is 
difficult. Consider the true distribution of the 
geotechnical parameters depicted in Fig. 5. We 
attempted to reconstruct this image using the 
proposed method and ridge regression method, 
which is an existing geophysical tomography 
method, for comparison. 

Each transmitter individually generates seismic 
wave, and the receivers observe travel time of the 
wave between two boreholes. Geophysical 
tomography estimates elastic modulus of cells based 
on the observed travel time. Therefore, in this 
numerical experiment, y and x in Eq. 1 mean the 
travel time and elastic modulus respectively. 

We considered two configurations of transmitters 
and receivers: Case 1 and Case 2 depicted in Fig. 6. 
Case 1 has 21 receivers and transmitters each, which 
yield 21 × 21 = 441 ray paths in total, and Case 2 

 

 
Fig. 5 Schematic view of regularization. 
 

 
Fig. 6 Configurations of transmitters and 

receivers. 
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has 21 receivers and 11 transmitters, which yield 11 
× 21 = 231 ray paths. 

The synthetic observation vector y used for 
inverse analysis is generated as follows: 

1) Assuming that all ray paths are straight, 
compute the observation matrix A (Eq. (1)). 

2) Compute Ax; the parameter vector x is given in 
Fig. 5. We did not add observation noise to y for 
simplicity. 

The LASSO is effective when the vector x has 
many zeroes, that is, when the solution is sparse. 
The LASSO cannot function well in this numerical 
example because most of the parameter vector x are 
non-zero. Therefore, the L1 regularization term in 
Eq. (14) is modified as follows: 
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where B represents the matrix for the spatial 
derivative of parameters in cells called the total 
variation [9]. 

The accuracy of the reconstructed image is 
evaluated in terms of the root mean square error 
(RMSE)  
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where xi

true is the true value of the geotechnical 
parameter for the ith cell shown in Fig. 5 and xi

est is 
the reconstructed (estimated) value for the ith cell as 
obtained through geophysical tomography. 
 
RESULTS 
 

Fig. 7 presents the reconstructed image, that is, 
the estimated parameter distribution, obtained 
through ridge regression and LASSO for Case 1. 
Both the methods can capture the layered structures 
of the ground and an accurate image could be 
reconstructed. However, the LASSO almost 
perfectly reconstructed the values of the 
geotechnical parameters of the cells. 

Fig. 8 depicts the image reconstructed using the 
ridge and LASSO-based methods for Case 2. The 
results prove that reconstruction using the LASSO-
based method is more accurate than that using ridge 
regression, particularly at the left edge where the 
observed data are not sufficient. he reconstructed 
image almost completely coincides with the true 
image shown in Fig. 5. Table 1 summarizes the 
RMSE for each reconstructed image. The RMSE of 
the LASSO-reconstructed images are considerably 
lower than that of the ridge-reconstructed images. 
Remarkably, the RMSE of the LASSO for Case 1 is  

 
(a) Ridge 

 
(b) Lasso 

Fig. 7 Reconstructed images for Case 1. 
 

 
(a) Ridge 

 

 
(b) LASSO 

Fig. 8 Reconstructed images for Case 2 
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much less than that of the ridge regression method. 
This implies that LASSO can reconstruct images 
with high accuracy when the number of observed 
data is not sufficient. 
 
CONCLUSION 
 

This study proposed a geophysical tomography 
method based on LASSO, which is a method for 
sparse modeling. The proposed method was applied 
to the numerical examples of cross-hole seismic 
tomography designed to estimate soil profiles. To 
validate the effectiveness of the proposed method, 
its results were compared with those of ridge 
regression.  

  When the number of observed data is large 
enough, both ridge regression and the proposed 
LASSO-based method could accurately reconstruct 
the image of the ground between the boreholes. 
When the number of observed data is small, ridge 
regression yields poorly reconstructed images. In 
contrast, the proposed method yielded accurate 
images regardless of the insufficient number of 
observed data. Thus, the proposed method is more 
robust than ridge regression and is expected to be a 
useful tool in geotechnical practice. 
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 RMSE 

 Case 1 Case 2 

Ridge 0.04137 0.09600 

Lasso 0.00258 0.02246 
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ABSTRACT 

In the UK, community forest projects have created an increase of new accessible open green spaces in post-
industrial areas.  However, there is a scarcity of sustainable funding for long-term management.  Therefore, 
partnership is recognised to be a key mechanism to maximise the benefits and to share the risks with a range of 
organisation to maintain the quality of green spaces.  This study is to clarify the achievements and the roles of the 
Mersey Forest over the last twenty years in developing partnership approaches in the Northwest of England.  The 
study methods are based on literature reviews regarding on published literature on environmental regeneration and 
the data provided from MF, and interviews with representatives of the Mersey Forest. The first 10 years from 1994 
to 2004 focused on planting trees for creating new and extending woodland.  After that opportunities for large 
scale new planting decreased and there was a need for managing the newly created open green spaces.  Therefore, 
it has entered in the management phase and the role of the Mersey Forest is shifting to strengthen partnership 
working by providing advice to landowners.  It also became clear that community forest approaches have been 
achieved together with landowners and partners through partnership working led by the Mersey Forest for over 
twenty years.  Thus, the Mersey Forest has evolved from a governmental inspired organisation to a community 
empowered organisation.   

Keywords: Green Infrastructure; Environmental Regeneration; Community Forests; Post Industrial Landscapes 

INTRODUCTION 

A Creation of Post-industrial Landscapes 
Through Environmental Regeneration in the UK 

In recent years, newly created accessible green 
spaces have increased by community forest activities 
in post-industrial areas, particularly in the North of 
England, and it is necessary to determine the 
cumulative effects of changes [1], [2].  Through 
environmental regeneration, activities are becoming 
area wide and networking surrounding areas to create 
a landscape with local characters [3].  Newly created 
open green spaces can be a platform for biodiversity 
and culture which have possibilities to empower the 
community in the local area for active participation 
and to create new socio-economy and culture, thus, 
activities of environmental regeneration is reflecting 
the community development [2].  Post-industrial 
landscapes have blue (water) and green (open spaces) 
systems.  However, in some cases, it is difficult to 
access due to a lack of infrastructure for people to use 
and not known by the local community.  Therefore, it 
may be important to manage these newly created 
open green spaces through a process of creating post-
industrial landscapes with a long-term vision, as well 
as to work in partnership with the community in the 
local area. 

Community forest activities are to create and 
manage new and existing open green spaces, 
including derelict under-used and neglected land, in 
England by forming a network of these spaces into a 
part of Green Infrastructure (GI), through working in 
partnership with organisations [3].  In recent years, 
institutional support for public participation is 
becoming important in urban regeneration areas for 
public benefits [4].  Regeneration of post-industrial 
areas in the UK has been undertaken since 1980, 
however, with not much provision for covering costs 
for long-term management [1] which is necessary for 
maintaining open green spaces.  In addition, 
partnership approach is recognised to be a way 
forward to balance risks and costs with partner 
organisations.   

Environmental regeneration and post-industrial 
landscapes with a focus on working in partnership can 
be seen in the research for conserving and reusing 
industrial heritage [3], activities of community forests 
in England since 1994 [4], a way forward to form a 
partnership as a method of environmental 
regeneration in a river basin environment [5], and the 
approach used by environmental regeneration 
organisations such as Groundwork in the UK an 
intermediate sector organisation [6].  However, there 
has been a change for community forests over time 
particularly for financial support from the central 
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government in recent years, and there is a scarcity and 
a need for a further research on recent trends and 
partnership working as a methodology.    

Aims of the study and study methods 

This study aims to clarify the achievements and 
the role of the Mersey Forest (MF) by undertaking 
environmental regeneration to create post-industrial 
landscapes over the last twenty years.  The Mersey 
Forest Partnership was set up in 1991 with 
organisations in Merseyside and North Cheshire in 
the Northwest of England - an area containing much 
brownfield land. The study methods are based on 
literature reviews regarding on published literature on 
environmental regeneration and the data provided 
from MF, and interviews with representatives of MF, 
Clare Olver and Paul Nolan OBE. 

HISTORY AND ROLES OF MF 

MF and Partner Organisations 

MF covers 1370 square kilometers with 1.7 
million inhabitants with a vision to create and manage 
open green spaces in the long term for environmental 
regeneration and community development in the 
Northwest of England (Fig.1)[7].  Since 1991, MF has 
been a leading partnership in Merseyside and North 
Cheshire enabling community forest activities 
focusing on urban, suburban and post-industrial areas 
to provide open green spaces nearby the community 
[7].  Partner organisations include the local 
authorities within the MF area, the government 
organisations within the UK Government’s 
Department for Environment, Food, and Rural 
Affairs (DEFRA), such as Forestry Commission (FC), 
Natural England (NE), and Environment Agency 
(EA), landowners, private companies, and the 
community in the local area [8].  MF do not hold any  

Fig.1  A map of MF[9] with some amendments 

land ownership, while promoting community forest 
activities to create and manage open green spaces on 
publicly and privately owned land by partner 
organisations, such as, local authorities, companies 
and individuals. MF encourages people to become 
more actively involved with their local trees and 
woodlands through support to form ‘Friends’ groups, 
assistance to obtain funding and by providing trees 
for community planting [10].   

Partnership Working with the Community 

MF was established in 1991 as one of 12 
community forests in England by the Countryside 
Commission.  However, in recent years, community 
forest organisations have had to become more 
financially independent, therefore, activities are 
becoming more focused on the local area [11].   Thus, 
networking of a partnership and working with the 
community in the local area is becoming increasingly 
important. 

Fig.2 illustrates a framework showing the levels 
of community engagement in creating the MF.  There 
are seven stages from Stage 7: ‘Not informed but 
using MF’, to Stage 1: ‘Community ownership’.  This 
allows a continuum of levels of participation, 
therefore, ranges of people can participate and to 
support participation in various ways. 

Fig.2   A creating process of MF with the 
community [7] 

ACHIVEMENTS OF MF IN PARTNERSHIP 

Newly Created Open Green Spaces by MF 

Community forest activities led by the MF 
partnership has created three times of the number of 
newly planted trees since 1991 to reach 9 million trees 
in Merseyside and North Cheshire in comparison to 
the number of whole of England on average at the 
same time [7].   According to an awareness survey on 
environmental regeneration with local residents in 
2010 (1121 respondents, response rate 65%) said that 
the environment had improved by MF activities, and 
two thirds of people had visited newly created open 
green spaces [7].  It also became clear that newly 
created open green spaces have been recognised and 
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visited by local community.  In terms of the 
Woodland Access Standard, suggested by the 
Woodland Trust (WT), a charity organisation for 
conserving woodland in the UK, in 2012 23 percent 
of the population in MF lived  within ‘500m of an 
accessible woodland of at least 2ha’, and 77 percent 
of the population lived ‘within 4km of one of at least 
20ha’. This means that access to woodland is higher 
in MF than in England as a whole [7].   Therefore, it 
is evident that community forest activities have 
promoted to create and manage open green spaces 
since 1990 particularly in the Northwest of England 
where MF is located.   

Plans for The Long term and The Short term 

MF reviews The Mersey Forest Plan every ten 
years based on the agreement between partner 
organisations, and minor amendments are updated on 
the MF website [7].  In the plan-making stage, it is 
compiled with partner organisations through 
consultation, therefore, it is a ‘locally developed plan’ 
which is approved by the local government [7].    

The Mersey Forest Plan is a long term and 
strategic guide to the work of The Mersey Forest team 
and partners.  This is accompanied by an annually 
updated Delivery Plan which covers how the long 
term vision of The Mersey Forest Plan will be 
delivered and considers the resources available at the 
time [7].  To achieve policies of The Mersey Forest 
Plan can bring many benefits, and moreover, it is also 
important to be in accordance with legal framework 
and policy contexts [7].  For example, at the national 
level, The Mersey Forest Plan is in accordance with 
the Government’s Forestry and Woodlands Policy 
Statement, 2013 and the National Planning Policy 
Framework, 2012 [7].  In addition, policies of the 
Mersey Forest Plan can be the ‘material consideration 
[12]’ on planning permission through planning 
system to support development control and local area 
planning [7]. 

Partnership of Local Authorities for MF 

To undertake projects beyond local authority 
boundaries, such as community forests activities, 
cooperation of neighbouring local authorities is a 
statutory requirement stated by Localism Act, 2011 
[7].  Local authorities in MF area have a Partnership 
Agreement among them to exchange knowledge and 
information, and to share opportunities for solutions 
[7]. Among local authorities, Cheshire West and 
Chester Council (formerly Cheshire County Council) 
is the lead authority providing employment, finance, 
and treasury for the MF team [7].  In addition, local 
authorities in the MF Partnership commit to investing 
resources: ‘core funding’.   MF is taking a role as a 
leader to work in partnership with various 
organisations, to invest in resources to generate 

incomes by applying for external funding with 
partners and by securing resources from the partners 
to maximise benefits, and to impact on future policy-
making [7]. 

ANALYSIS AND COMPARISON OF TWENTY 
YEARS OF ACTIVITIES BY MF  

Area of New Woodland Planting 

This section tries to examine the selected data 
from MF for the past twenty years of activities.  Fig. 
3 shows area of new woodland planting in MF area 
since 1990/1991 to 2014/2015.  It became clear that 
from 1993/1994 to 2003/2004 was a time of 
significant tree planting increasing new woodland 
cover from 500ha to 2,500ha.  New woodland 
planting took place at most from 2000/2001 to 
2002/2003.  Since 2005, the increasing trend has 
ended and became stable at around 3,000ha.  This 
trend has been seen right across England and the 
reasons for this are complex, including changes to 
new woodland grant aid; EU Single Farm Payments 
acting as a disincentive for woodland planting; 
increasing numbers of non-farmer landowners; 
changes to eligibility for new tree planting grants and 
an increase in commodity prices.   

Fig.3   Areas of new woodland planting in MF 
(cumulative) [13] 

Fig.4   A number of consultations to MF 
(1989/1990-2014/2015) [14] 



GEOMATE - Mie, Japan, Nov. 21-24, 2017 

567 

Numbers of Consultation to MF 

Fig. 4 shows numbers of requests for support by 
landowners to the MF team between 1990/1991 and 
2014/2015.  From 1989/1990 to 1999/2000 were in 
average of 29 cases per year, while 2000/2001 to 
2014/2015 rose three times to 108 requests in average 
per year which may be a result of better monitoring 
and recording.   

Landuses and Landowners Consulted MF 

Types of land use 

Fig.5 shows types of land use of landowners who 
requested support by MF between 2001/2002 to 
2014/2015.  Agricultural land has the highest rate to 
be a half of all land types during 2001/2002 to 
2003/2004.  At that time, funding for new planting by 
WGS was available and many consultations had taken 
place on transforming farmland to woodland.  Since 
2007/2008, requests for support to manage existing 
woodland have increased to 28 percent on average.  
Likewise requests from schools have also increased 
since 2008/2009 to be at 28 percent on average.   

Enquiries for support to improve and manage 
public open green spaces remain at 5 percent on 
average (Fig. 5) [14].  However, there are requests for 
support from many other types of open green spaces, 
such as, privately owned estate/church, golf 
course/sports field, and derelict land after reclamation 
for greening, it comes up to 13 percent in total.  29 
site owners consulted MF during 2001/2002 to 
2014/2015 nearly 40 percent out of 71 sites within 
local authorities in MF area have been selected by 
Green Flag Award which recognises excellent 
management and high quality green spaces [15]. The 
Award is recognised by The UK Government’s 
Department for Communities and Local Government, 
and managed by environmental charity, Keep Britain  

 

 

 

Fig.5 Land use for sites where support requested to 
MF (2001/2002-2014/2015) [14] 

Tidy. It has become a benchmark national standard 
for parks and green spaces. 

Types of landowners 

In the case of local authorities and others, where 
landowners have many parcels of land and woodland, 
these have only been recorded once: ‘Unique 
Landowners’.  These landowners are frequently 
supported with the management and evaluation of 
projects at many occasions by the MF team for many 
separate parcels of land.  There are also some sites 
outside of MF geographical area but participating 
towards the MF vision.  This suggests an extending 
and growing network of community forests activities 
in the Northwest of England.  Cooperation from 
landowners is necessary for MF covering a regional 
area including privately owned land, to work in 
partnership, and to create a network of GI of open 
green spaces. 

Unique landowners 

Fig. 6 shows types of unique landowners from 
2001/2002 to 2014/2015 by land use types who 
contacted MF. Of those 90 percent of the schools 
were state schools (including nursery, primary school, 
junior school and high schools), while the remaining 
10 percent were privately owned.  70 percent of the 
woodland owners who contacted MF were private 
companies, including individual landowners, while 
10 percent were owned by national and local 
government.   The remaining  woodland owners 
included charitable organisations such as National 
Trust and WT, and parish councils.  From enquiries 
around agricultural land, 90 percent were primarily 
owned by private landowners.  Of the 75 percent of 
support requested for public open green spaces these 
were owned mainly by national and local 
government; the remaining 25 percent owned by 
charity organisations. From support requested for 
estate/church managed land, 50 percent of enquiries 
came from church or parish councils, while 20 
percent were from private companies and 
organisations including individual landowners; the 
remainder from other land owners including national 
and local government, and charity organisations. 
Enquiries from managers of golf course/sports fields, 
80 percent were private companies and organisations, 
including individual landowners, the remainder from 
national and local government, and charity 
organisations.  90 percent of support requested for 
derelict land came for land owned by private 
companies and organisations including individual 
landowners, with 10 percent from national and local 
government. 

In terms of land owners who contacted MF, 
schools and public open green spaces are mainly 
owned and managed by the public organisations, 
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while other landuse types are mostly owned by the 
private landowners.  This suggests that MF has 
consulted ranges of partners to provide supports 
requested. 

 
 
 

 
 

 

 
 

Fig.6 Types of unique landowners by landuse types 
(2001/2002-2014/2015) [14] 

Sources of funding for MF 

Core funding from local authorities 

  Core funding and additional funding secured 
from other sources between 2008/2009 and 
2014/2015 is shown in Fig. 7.  This shows 12 percent 
is core funding (resources from the local authority 
partners) while nearly 90 percent is funded by EU, the 
national government, government, charitable and 
private organisations.  By applying for external 
funding with partners the total budget increased to 
exceed a hundred thousand pounds from 2011/2012 
to 2014/2015. 

  
 

 
 
 
 
 
 

Fig.7  Funding sources (2008/2009-2014/2015)[16] 

Funding from other organisations 

Funding sources in percentage in total between 
2008/2009 and 2014/2015 is shown in Fig. 8, and 
yearly based details is shown in Fig. 9.   28 percent of 

funding is coming from FC with the largest share, 
while 12 percent of funding is core funding from the 
local authority, and 11 percent of funding is covered 
from the EU (Figs. 8 and 9).  Funding from the 
national government and government organisations 
in total shares a half, while 40 percent of funding is 
coming from DEFRA and affiliated organisations 
including EA and NE.  About the funding from FC in 
2011/2012 and 2013/2014, EA and NE in 2012/2013 
has a higher rate (Fig.9), and total funding to exceed 
three hundred thousand pounds in 2012/2013 (Fig. 7).  
This is due to special projects to increase funding, 
such as a river improvement project of EA and a 
brownfield regeneration project by FC. 

Between 2008/2009 and 2011/2012 the 
Northwest Development Agency (NWDA) funded 
the creation of new community woodlands on derelict 
land as part of its urban regeneration policy.  
However, NWDA was abolished in 2012 and funding 
for urban regeneration has since decreased.  Since 
2012, through the Sustainable Transport Fund, the 
Department for Transport has provided funding for 
improvements to promote cycling and walking which 
has enabled the delivery of the MF street tree planting 

 

 
 
 
 
 
 
 

Fig.8  Funding sources (Unit: Percentage (%);  
2008/2009-2014/2015)[16] 

Fig.9  Funding sources in percentage per year 
(2008/2009-2014/2015)[16] 
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programme: Green Streets. 
The prospects of EU funding are uncertain 

owing to the Brexit procedure and the need to pay 
attention to future trends.  Other funding from non-
governmental organisations includes Landfill 
Communities Fund [17] by Landfill Tax Regulations, 
1996 for community and environment, and Heritage 
Lottery Fund through profits of the National Lottery 
in the UK for conserving environment, ecosystem, 
and heritage to be around 10 percent in total. 

CONCLUSION 

The data since 1991, when MF was established, 
has clearly highlighted the role of the MF partnership 
of leading a network of local governments, 
government organisations, landowners, private 
companies and the community in delivering 
landscape changes.  It also became clear the progress 
of community forestry in the Northwest of the UK. 

It can be divided into two phases:  the creation 
phase, from 1994 to 2004, when there was large scale 
new woodland planting, and after that when 
opportunities for new planting have decreased.  There 
then became a need to manage the newly created open 
green spaces and woodlands delivering the MF vision 
‘to get more from trees’ [7]. Thus, it has entered in 
the management phase and the role of MF has shifted 
to strengthen partnership working to provide advice 
and supports to landowners and partner organisations. 

The above tendency is also evident from the 
funding particularly since 2008/2009, nearly 90 
percent is funded by the EU, the national government, 
government and private organisations while 12 
percent is funded from resources by the local 
authority partners.  Therefore, MF is applying for a 
range of external funding with partners and to secure 
resources from the partners for various activities to 
invest in resources previously provided by the 
national government partners.   

It also became clear that community forest 
approaches have been achieved together with 
landowners and partners through partnership working 
led by MF for over twenty years.  Thus, MF has 
evolved from a governmental inspired organisation to 
a community empowered organisation. 

Future challenges to work in partnership locally 
for the needs from the community, to continue the 
quality of management of open green spaces and to 
utilise its resources, and to create a further network of 
these open green spaces into the enhancement of 
forming GI in the area. 
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ABSTRACT 

To assess the impact of increase in Sika deer (Cervus Nippon) on infiltration rate on forested hillslope, we 
conducted a sprinkling experiment at Japanese Alps area, where is recognized as high density deer area. We 
conducted sprinkling experiment totally 22 times at three experimental plots as follows: 1) plot with animal trail, 
2) without animal trail and 3) disturbed by treading. Based on the rainfall intensity and overland flow, infiltration
rate was obtained and compared among experimental plots. We compared the gradients of the linear regression 
between rainfall intensity and the final infiltration rate for three plots. As a result, Final infiltration rates of 3) 
disturbed plot and 1) plot with animal trail were respectively 6 % and 13 % less than that of 2) plot. Secondly, to 
assess the Sika deer impact on soil erosion, we monitored soil erosion from late autumn till early winter. We set 
the 16 sediment collection troughs along the contour on October 10, 2016 and observed rainfall, air and surface 
soil temperature, and counted the number of deer using sensor cameras. Soil loss increased with increasing the 
number of deer and with increasing freeze-thaw cycle. At the sprinkling experiment, the maximum value of soil 
loss per unit width was 6.5 g/m. Soil erosion monitoring showed average soil loss per unit width as 665 g/m. 
Therefore, soil erosion due to the freeze-thaw cycle and deer-disturbance seemed dominant than that induced by 
raindrop impact and/or overland flow.  

Keywords: Sika deer (Cervus Nippon), animal trail, disturbed by treading, sprinkling experiment, soil erosion 

INTRODUCTION 

Recently, damage by wildlives to agriculture and 
forestry has been a serious problem especially in 
mountainous area in Japan. The total damaged area of 
forest became 90 km2 in 2013. In Nagano prefecture, 
central Japan, damage to agricultural crops and forest, 
reducing undergrowth in forests, mortality of the trees 
due to rapid increase in Sika deer were reported. At 
Mt. Senjougatake, located in the Akaishi Mountains, 
structural changes in alpine plant communities caused 
by grazing has been reported [6].  

The impact of increase in Sika deer is not limited 
on the plants. Figure 1 shows that the direct and 
indirect impact of Sika deer increase on the forested 
hillslope and the watershed. Decline of the understory 
vegetation that covers the forest floor accelerate the 
soil erosion due to the raindrop impact. Exposed soil 
surface amplify the variation of the earth temperature 
and increase the cycle of freezing and thawing, which 
lead to aggregate destruction at the soil surface.  
These mechanical destruction of aggregate can occur 
due to the treading by animals. Therefore, recent Sika 
increase may influence sediment production and 
transport by fluvial processes. Increase in unstable 
sediment on the riverbed, off-site impact such as 

increase in sedimentation rate in dams, or increase in 
suspended sediment concentration. Therefore, it is 
important to assess the impact of Sika increase on the 
sediment delivery at the hillslope scale and the 
watershed scale. 

Fig.1 Scenario for the impact of Sika increase on the 

Grazing Treading

Decline of the 
understory 
vegetation

disturbance of 
surface soil 
aggregates

Change in the 
raindrop impact

Change in the 
frost heaving

Acceleration of 
sediment production

Sediment transport to 
the channel

Increase in sedimentation 
rate in Dam

Increase in suspended 
sediment

At hillslope scale

At the watershed scale

Change in the 
infiltration rate



GEOMATE - Mie, Japan, Nov. 21-24, 2017 

572 

sediment delivery at the hillslope scale and the 
watershed scale. 

To assess the impact of the Sika treading on 
infiltration and soil erosion at forested hillslope, we 
conducted a sprinkling experiment at Japanese Alps 
area, where is recognized as high density deer area. 
Secondly, to assess the Sika deer impact on soil 
erosion, we monitored soil erosion from late autumn 
till early winter using 16 sediment collection troughs 
along the contour. 

Fig.2 Location of the study site 

SITE DESCRIPTION  

The study site is located in the watershed of 
Yamamuro river, which is the upper reach of Tenryu 
river, at an elevation of about 1,270 m (Fig.2). 
Dominant tree species are Larch (Larix kaempferi) 

and Japanese red pine (Pinus densiflora). In this 
watershed, Sika deer activity has been reported using 
sensor cameras in 2015 by Tenryu River Upper 
Reaches River Office. 

The watershed is located in the east side of 
Median Tectonic Line (MTL). Along the MTL, there 
is the Sambagawa metamorphic belt, which contain 
crystalline schist and serpentinite, and the Chichibu 
belt, which is consisted with sedimentary rock of the 
accretionary wedge in the Jurassic period. 

SPRINKLING EXPERIMENT 

To assess the impact of the Sika deer treading on 
infiltration rate and surface soil erosion at forested 
hillslope, we conducted a sprinkling experiment at 
three experimental plots with different conditions as 
follows: 1) plot with animal trail, 2) without animal 
trail and 3) disturbed by treading, as shown in Fig. 3. 
The plot with animal trail 1) shows poor understory 
vegetation compared to the 2) plot without animal 
trail. The disturbed plot 3) is the location with the 
poor understory vegetation and with disturbed surface 
soil because of frequent use by Sika deer.  

Fig.3 Sprinkling experiment at the plot 1) with animal 
trail. a: Water tank with level gauge, b: Experimental 
plot, c: Tipping-bucket raingauge, d: Windshield 

We conducted sprinkling experiment totally 22 
times: 6 cases of experiment in plot 1, 8 cases in plot 
2 and 8 cases in plot 3. The intensity and duration of 
simulated rainfall were 20 to 110 mm h-1 and 180 
minutes, respectively. The size of the experimental 
plots is 0.5 m width and 0.5 m length. To supply water, 
water tank with level gauge was set upslope of the 

〇: Location of sprinkling 
experiment and soil 
erosion monitoring 

   Location of the 
 study site 
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plots. In experiment, we measured the sprinkling 
intensity (water supply per unit time) and surface 
runoff. Surface runoff was measured with automated 
tipping-bucket raingauge. Then we calculated the 
infiltration rate and compared among plots. 

EFFECT OF SIKA DEER TREADING ON 
SURFACE INFILTRATION RATE 

We compared the gradients of the linear 
regression between rainfall intensity of sprinkling 
experiment and the final infiltration rate: infiltration 
rate at the end of 30 minutes, for three plots. As a 
result, gradients of the linear regression were 0.85 at 
2) plot without animal trail, 0.80 at 3) disturbed by
treading and 0.74 at 1) plot with animal trail, 
respectively. Final infiltration rates of 3) disturbed 
plot and 1) plot with animal trail were respectively 
6 % and 13 % less than that of the 2) undisturbed plot 
as shown in Figure 4.  

Fig.4 Rainfall intensity of sprinkling experiment and 
the final infiltration rate, measured at three 
experimental plots with different conditions of 
treading 

There were no remarkable difference in 
infiltration rate between 2) plot without animal trail 
and 3) plot disturbed by treading. This result indicates 
that the change in infiltration rate, due to surface soil 
disturbance by Sika deer, is not clear. In contrast, 
infiltration rate observed in 1) plot with animal trail 
was less than that of 2) plot without animal trail. 
Therefore, repeated treading and formation of animal 
trail may induce soil surface sealing and following 
decrease in permeability. 

Soil compaction, the process by which the soil 
grains are rearranged to decrease void space, due to 
treading by grazing animals is one of the factors 
responsible for the degradation of the physical quality 
of soils, such as water infiltration [1]. In our study, 
lower infiltration rate was observed on steep hillslope 
in contrast with the relatively plain pastureland. 

SOIL EROSION MEASUREMENT 

To assess the Sika deer impact on soil erosion, we 
monitored soil erosion from late autumn till early 
winter. As shown in figure 5, we set the 16 sediment 
collection troughs along the contour considering the 
spatial variability of soil properties on forested 
hillslope on October 10, 2016. The sediment 
collection troughs No.1, 3, 6, 14 and 16 set bottom of 
animal trails. Rain gutter of 10 cm-width and 50cm 
length was used as sediment collection troughs. We 
collected sediment totally 22 times (2 to 10 days 
interval). Collected sediment was oven dried at 80 °C 
and weighed. 

Nearby sediment collection troughs, we observed 
rainfall (throughfall) using tipping bucket raingauge 
and datalogger (HOBO Pendant, CO-UA-003-64, 
Onset corp.) since September 28, 2016. Air and 
surface soil temperature were observed using 
thermometer (Thermorecorder, TR-71nw, T and D 
corp.) and counted the number of deer using 4 motion 
sensor cameras (Trophycam HD 119736C, Bushnell 
Outdoor Products). 

Fig.5 Static image of Sika deer using a motion sensor 
camera on December 7, 2016. 
White arrows in picture indicate sediment collection 
troughs 

Total sediment yield of all 16 sediment collection 
trough during monitoring period (October 10, 2016 to 
January 13, 2017) was 4,787 grams. As shown in 
Figure 6, soil erosion concentrated in the second half 
of monitoring period. 88.2 % of total sediment yield 
was observed during November 11 to the end of 
period. Especially 56.5 % of total sediment yield 
concentrated in 10 days since December 8. Total soil 
loss of each collection trough ranged from 73 to 704 
grams. Although the greatest soil loss was observed 
at No. 14, located at the end of animal trail, location 
of greater soil loss was not necessarily corresponding 
the location of animal trail. 
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Fig.6 Total soil loss of all 16 sediment collection 
trough during monitoring period (December 10, 2016 
to January 13, 2017) 

Table 1 Presence of animal trail above the trough, 
number of deer and total soil loss during monitoring 
period 

Note: "Animal trail" indicates whether the collection 
trough located at the end of animal trail. N/A in table 
is an abbreviation for "not applicable". “Number of 
deer” indicates that the number of Sika deer that 
passed within 1 meter upslope the sediment collection 
trough. 

RAINFALL AND TEMPERATURE 

Daily rainfall, rainfall intensity and air/ground 
temperature during monitoring period were shown in 
figure 7. Total rainfall during monitoring period was 
341 mm (December 10, 2016 to January 13, 2017). 
Maximum daily rainfall occurred on November 27 
(52.5 mm). Maximum rainfall intensity occurred on 
December 22 (13.5 mm/h). Snowfall started on 
November 24, then accumulated after January 8, 2017. 
Air temperature ranged from -10.2 °C to 15.7 °C. On 
November 10, minimum air temperature fell below 
freezing. During the non-snow-cover period after 
latter half of November, frost heave on surface soil 
was frequently observed. Although the ground 
temperature essentially synchronized to the air 
temperature, it showed smaller amplitude compared 
to the air, especially during snow-cover period.  

Fig. 7 Daily rainfall, rainfall intensity and air/ground 
temperature during monitoring period (December 10, 
2016 to January 13, 2017) 

Relationship between the maximum rainfall 
intensity and the soil loss shows that the soil loss does 
not always increase with the rainfall intensity (Fig.8). 
Soil loss was observed even in case of no rainfall. 
Similarly there was no clear correlation between total 
rainfall and soil loss (Fig.9). These results infer that 
rainfall-induced soil erosion is not dominant process. 

Fig.8 Maximum rainfall intensity and the soil loss 
Maximum rainfall intensity means the highest hourly 
rainfall during each monitoring period of soil loss. 
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Fig.9 Total rainfall and the soil loss 

ESTIMATE OF SIKA DEER IMPACT OF 
TREADING 

Appearance of Sika deer concentrate the latter 
half of monitoring period as shown in figure 10. 
Especially, 60.7 % of total was observed during 10 
days after December 8, 2016. The number of Sika 
deer that passed within 1 meter upslope the 16 
sediment collection troughs was 1,851 during 
monitoring period (October 10, 2016 to January 13, 
2017). This is a cumulative number of individuals in 
an image, not actual population of Sika deer. The 
number of Sika deer ranged 7 to 499 among sediment 
trap. There were most Sika deer at the end of animal 
trail (sediment collection trough No.6 and No.3). 

Fig.10 The number of Sika deer that passed within 1 
meter upslope the 16 sediment collection troughs 
during monitoring period (October 10, 2016 to 
January 13, 2017) 

Previous studies on the effect of Sika deer on soil 
erosion reported that strong negative correlation 
expressed by an exponential function between the soil 
loss per unit rainfall and the percentage of the forest 
floor coverage [2], based on the 5-years monitoring 
of soil loss in Fagus trees with degraded understory 
vegetation during warm period. At the same site, it is 
reported that the surface runoff and rainfall intensity 
strongly affect the amount of soil loss [3]. 

Although during warm period (April to 
November), under the condition of degraded 
understory vegetation due to grazing and treading, 
erosion process induced by the surface runoff and 
rainfall is dominant as previous studies shown, our 
study conducted in cooling season showed different 
trend. 

EFFECT OF FREEZE AND THAWING ON 
SOIL LOSS 

Air and ground temperature (Fig.7) and soil loss 
(Fig.6) show that the increase in soil loss when the 
temperature falls at the latter half period. Furthermore, 
at the timing of minimum temperature was below 
freezing, remarkable increase in soil loss was 
observed. The frequency of freeze-thaw cycles (the 
number of times that the ground temperature go 
below freezing then above freezing) showed positive 
correlation to the soil loss of each monitoring period 
(Fig.11). This result infers that freeze and thawing 
concern the movement of soil particles. 

Fig.11 The frequency of freeze-thaw cycles and soil 
loss 

Periglacial soil movements due to frost heaving 
or freeze–thaw cycle has been measured [4, 5]. 
Moreover it has been reported that physical 
weathering [7] or soil creep can occur due to the 
freeze and thawing under sparse understory, even in 
case of mountainous hillslope below the forest limit. 
Study of soil movement [8] on forested slopes with 
38 to 43 degrees, elevation of 1,350 meters in Akaishi 
Mountains, central Japan, showed that the freeze-
thawing in winter induces active soil movements as 
the dray ravel and soil creep. 

In the present study, soil loss observed at similar 
condition to the previous study [7, 8]. We conducted 
the monitoring at elevation of 1,270 meters, under 
condition of sparse understory vegetation, at relative 
steep hillslope ranges from 25 to 41 degrees. During 
the non-snow-cover period, frost heave on surface 
soil was frequently observed. Therefore, freeze-
thawing and frost heave would partly contribute to the 
disturbance and movement of surface soil. 
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EFFECT OF TREADING OF DEER ON SOIL 
LOSS 

Number of deer and the soil loss shown in Figure 
12 demonstrate that the soil loss increases with 
increasing number of Sika deer. This result indicates 
that the increasing number of deer; more frequent 
treading induce disturbance and movement of surface 
soil. Judging from both relationship between the 
frequency of freeze-thaw cycles and soil loss shown 
in figure 11, and relationship between number of deer 
and soil loss shown in figure 12, it was found that the 
dominant processes of soil loss are both disturbance 
of surface soil induced by freeze-thawing and 
treading by deer. 

Fig.12 The number of Sika deer and soil loss 

CONCUSUSION 

A sprinkling experiment at three experimental 
plots as follows: 1) plot with animal trail, 2) without 
animal trail and 3) disturbed by treading showed that 
the deer-disturbance and/or treading affect the 
overland flow generation; final infiltration rate on 
forested hillslope. Soil erosion observation and 
monitoring of rainfall, air and surface soil 
temperature and the number of deer, from late autumn 
till early winter, demonstrated that combination of the 
frost heaving and disturbance of surface soil by Sika 
treading accelerates the soil erosion. 
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ABSTRACT 

Tsunami risk is defined as a combination of the danger posted by tsunami hazard, the vulnerability of people 

to an event (exposure), and the probability of destructive tsunami or likelihood of the tsunami occurring. 

Tsunami risk is also defined as the mathematical calculation between tsunami vulnerability and tsunami hazard, 

and it can be assessed using a spatial multi-criteria. The study applied the combination of element at risk to 

assess tsunami risk area along coastal area of East Java Indonesia off the Indian Ocean. Remote sensing 

approach followed by geospatial analysis into tsunami risk assessment along with the existing perspective 

evolving the role of Geographical Information System. The existing physical vulnerability parameter was 

analyzed and evaluated. All parameters in both tsunami vulnerability and tsunami risk assessment were analyzed 

through weighted overlay in geospatial analysis, in which the criteria’s weight was calculated through Analytical 

Hierarchy Process. The results were provided as thematic maps of tsunami vulnerability and tsunami risk. 

Tsunami risk map described five classes of risk from very low to very high based on the geospatial analysis. It 

described that coastal area with low elevation identified as highly risk to tsunami. Coastal area with high density 

of vegetation described a low level of tsunami risk. The existence of river and other water canal along coastal 

area were also identified as important parameters in generating tsunami risk map. Risk map highlights the coastal 

areas with a strong need for evacuation capacities, including evacuation route and evacuation building. 

Keywords: Tsunami Risk, Remote Sensing, Geo-spatial Data 

INTRODUCTION 

A tsunami is a series of waves generated in an 

ocean by a disturbance such as an earthquake, 

landslide, volcanic eruption, or meteorite impact. An 

earthquake can generate a tsunami in the overlying 

water. It can be generated when the sea floor 

abruptly deforms and vertically displaces the 

overlying water. When tectonic earthquakes occur 

beneath the sea, the water above the deformed area 

is displaced from its equilibrium position. Waves are 

formed as the displaced water mass, which acts 

under the influence of gravity, attempts to regain its 

equilibrium. When large areas of the sea floor 

elevate or subside, a tsunami can be created [1][2][3] 

South coast of Java Island as a part of Indian 

Ocean is in the confluence of two major plates meet 

each other, Eurasian and Indo-Australian, where the 

movement of tectonic plates will create an 

earthquake and generate tsunami. A potential 

destructive tsunami in the period of 1991 to 2006, 

recorded a tectonic earthquake in the Indian Ocean 

and generated tsunami on the southern coast of East 

Java, namely on June 3, 1994. A magnitude of 7.8 

Mw hit southern coastal areas of East Java and 

causing casualties of 215 people [4]. Due to the 

tsunami is a recurring event, create an appropriate 

disaster mitigation is important. Tsunami risk 

mapping is one of the approaches needed for 

tsunami disaster preparedness. 

Tsunami risk mapping combines the results of 

the tsunami vulnerability and tsunami hazard       

(Fig. 1). Assessing tsunami vulnerability can provide 

important information for tsunami disaster risk 

management plans and mitigation. This also plays an 

important role in preparing and mitigating for the 

future events [5][6]. A risk to a tsunami disaster is 

defined as the mathematical product between 

tsunami vulnerability and tsunami hazard; it refers to 

the expected loss from a given hazard to a given 

element at risk [7]. A disaster is a function of the 

risk process. Risk results from the combination of 

hazards, conditions of vulnerability and insufficient 

capacity to reduce the potential negative 

consequences of risk. Risk assessment combines the 

results of the hazard and vulnerability assessments 

[8][9][10]. 

 Moreover, disaster risk assessment is a 

qualitative or quantitative approach to determine the 

nature and extent of disaster risk by analyzing 

potential hazards and evaluating existing conditions 

of exposure and vulnerability that together could 

harm people, property, services, livelihoods and the 

environment on which they depend. 

https://www.windows2universe.org/earth/tsunami1.html
https://www.windows2universe.org/earth/Water/ocean.html
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This is includes the identification of hazards, a 

review of the technical characteristics of hazards 

(location, intensity, frequency and probability), the 

analysis of exposure and vulnerability (the physical, 

social, health, environmental and economic 

dimensions), and the evaluation of the effectiveness 

of prevailing and alternative coping capacities with 

respect to likely risk scenarios [8]. 

Traditionally risk assessment urges at 

determining the likelihood of specific losses and 

damages, which includes population, economy, 

supporting environment and institutional structures 

[5]. 

Satellite remote sensing approach combined with 

geospatial analysis using Geographical Information 

System (GIS) for disaster mitigation study provides 

an important integrated contribution in conducting a 

tsunami risk assessment. This study assesses tsunami 

risk area through an integrated satellite remote 

sensing data and geospatial analysis in the south 

coastal area of East Java. This is important for 

tsunami early warning and mitigation. General 

concepts of the study as shown in Fig 1. 

Fig. 1 General concepts of the study 

METHODS 

Study Area 

The study was applied at the south coastal area 

of East Java, focusing on the coastal area of Jember 

District, Indonesia (Fig. 1). The coastal area of 

Jember district was known as one of important 

marine fisheries resources spot in East Java. This 

area also affected by 1994 tsunami event along 

coastal area of East Java. The tsunamigenic 

earthquake occurred on June 3, 1994 in the Indian 

Ocean about 200 km south of Java. The earthquake, 

which had a surface-wave magnitude of 7.2 and a 

moment magnitude of 7.8 at 10.51°S and 112.87°E, 

generated a devastating tsunami that took the lives 

of more than 200 East Java coastal residents; with 

maximum runup value of 9.50 m was measured at 

Rajekwesi area, east part of the study area [11][12]. 

Fig. 2 Study area. 

Dataset 

Seismic data of the study area from 1992 to 2014 

collected from The United States Geological Survey 

(USGS), and downloaded from 

http://earthquake.usgs.gov/earthquakes/search/. was 

used as a supporting parameter for tsunami 

vulnerability in which further will generated seismic 

map. In order to map the land cover of study area, 

ALOS satellite imagery with the instrument of the 

Advanced Visible and Near Infrared Radiometer 

type 2 (AVNIR-2) with the spatial resolution of 10 

m was analysed.  

In addition to create tsunami vulnerability map, 

Digital Elevation Model (DEM) from The ASTER 

Global Digital Elevation Model (ASTER GDEM) 

version 2 was applied to generate elevation and 

slope map. The Advanced Space-borne Thermal 

Emission and Reflection Radiometer (ASTER) 

GDEM is a joint product developed and made 

available to the public by the Ministry of Economy, 

Trade, and Industry (METI) of Japan and the United 

States National Aeronautics and Space 

Administration (NASA). Moreover, vector base map 

of East Java Indonesia was applied to prepare vector 

data of coastal morphology, coastal line, and river.  

GEOSPASIAL ANALYSIS FOR TSUNAMI 

VULNERABILITY MAPPING 

Vulnerability mapping has been generated using 

the parameters elevation, slope, coastal proximity, 

river proximity, coastal type, and land use. Together 

https://tools.wmflabs.org/geohack/geohack.php?pagename=1994_Java_earthquake&params=10.51_S_112.87_E_
http://earthquake.usgs.gov/earthquakes/search/
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with hazard or capacity, tsunami vulnerability is one 

of the parameters in assessing tsunami risk. Cell-

based analysis was applied in combining all 

parameters through GIS process. The classes of 

coastal proximity in meter (Fig. 3)was calculated 

based on the measured run-up and water height in 

the surveyed area during the last tsunami event in 

coastal area of East Java, June 3, 1994. It was 

calculated using algorithm [13][14] : 

𝒍𝒐𝒈𝐗𝒎𝒂𝒙 = 𝒍𝒐𝒈𝟏𝟒𝟎𝟎 + 𝟒
𝟑⁄ 𝒍𝒐𝒈 (

𝒀𝟎
𝟏𝟎⁄ )  (1) 

Xmax is the maximum reach of the tsunami over land, 

and Y0 is the height of the tsunami at the coast.  

Fig. 3 Coastal proximity map for tsunami 

vulnerability 

 Moreover, land use map was generated from 

supervised classification process of ALOS/AVNIR-

2 image. Reflectance value of ALOS image applied 

in maximum likelihood classification and generated 

five classes of land use in the study area. Before 

calculating parameters for tsunami vulnerability 

mapping, each parameter should be re-classify based 

on tsunami vulnerability classes, using criteria 

described in Table 1. 

Table 1 Parameter classification based on 

vulnerability classes. [13][14][15][16] 

Raster overlay for tsunami vulnerability mapping 

was done based on the weight of parameters. 

Weights were calculated using Analytical Hierarchy 

Process (AHP). Weighted overlay is a technique for 

applying a common measurement scale of values to 

diverse and dissimilar inputs to create an integrated 

analysis. Weighted overlay also one of the suitability 

analysis based on spatial multi-criteria processing 

[13][17]. Vulnerability map was generating by 

applying a weight value to each parameter in raster 

data format. The calculation applied 

[elevation*0.28]+[slope*0.19]+[coastal_ 

proximity*0.18]+[river proximity*0.12]+[coastal 

type*0.13]+[land use*0.09], as the result as shown 

in Fig. 4.  

Fig. 4 Tsunami vulnerability map 

 The use of AHP analysis in generating weight of 

parameters in which applied in weighted raster 

overlay describes five classes of vulnerability due to 

tsunami in coastal area of study area (Fig. 4). It 

describes that west part of study area, mostly in the 

class of slightly high to high class of tsunami. This 

area was identified as flat area with land use class of 

urban area and agriculture. The associated dataset 

required for the vulnerability assessment including 

number of buildings, typologies of buildings, 

number of floors, or age of building.  

 The coastal area exposed to tsunami inundation, 

the buildings and infrastructure are not uniformly at 

risk within the flood zone [18][19]. The probability 

of damage is related both to vulnerability and to the 

tsunami wave energy. Damage level to buildings 

depends on building type and on inundation depth 

[20] or could be depend on the density of vegetation 

around the coastal that assumed will reduce tsunami 

impact. Assessing tsunami vulnerability in the urban 

area has to considered that individual buildings will 

interact differently with a tsunami depending on a 

number of parameters [18][19]. Various parameters 

that affect the resistance of the building interact to 

generate a real class of building vulnerability 

[20][21]. 

SEISMIC AND RUN UP ANALYSIS 

Seismic data are physical observations or 

measurements, seismic sources, seismic waves, and 

their propagating media. The purpose of processing 
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seismic data is to learn something about the Earth’s 

interior. It needs to figure out some specific relations 

between the intended targets and measurable 

parameters in order understand certain aspects of the 

Earth [22]. 

 All initial tsunami warnings are based on rapid 

detection and characterization of seismic activity. 

Because of the fundamental differences in nature 

between the solid earth in which an earthquake takes 

place and the fluid ocean where tsunami gravity 

waves propagate, the vast majority of earthquakes 

occurring on a daily basis do not trigger appreciable 

or even measurable tsunamis. It takes a large event 

(magnitude >7.0) to generate a damaging tsunami in 

the near-field and a great earthquake (magnitude 

>8.0) to generate a tsunami in the far-field [23].  

 The study area was identified as a high number 

of seismic point with the depth average of 1 to 5 km 

and the range of magnitude 1 until >6. As the result, 

coastal area of East Java can be classified as a high 

vulnerable to tsunami. Based on historical data, it 

was a magnitude of 7.8 Mw in the depth of 18 km 

and latitude of -10.477º/longitude of 112.835º, 

caused big tsunami and affected to the coastal area 

of East Java, including in this study area (Fig. 5).   

Fig. 5 Seismic data in Indian Ocean close to 

coastal area of East Java from 1992 to 2004 

from U.S. Geological Survey 

 Fig. 5 illustrated that based on the U.S. 

Geological Survey data of seismic intensity around 

Indonesia, it was recorded that the range of 

magnitude was 1 to 6.3 Mw. It describes the typical 

effects of earthquakes of various magnitudes near 

the epicenter. Intensity and thus ground effects 

depend not only on the magnitude, but also on the 

distance to the epicenter, the depth of the 

earthquake's focus beneath the epicenter, the 

location of the epicenter and geological conditions.  

 Magnitude of 1 – 6.3 was classified as micro to 

strong effect or I until VII to X in Mercalli intensity. 

It was categorized that the damage to a moderate 

number of well-built structures in populated areas. 

Earthquake-resistant structures survive with slight to 

moderate damage. Poorly designed structures 

receive moderate to severe damage. Felt in wider 

areas; up to hundreds of miles/kilometers from the 

epicenter and strong to violent shaking in epicenter 

area. 

 The historical tsunami event of 1994 was used as 

a basic data for run up analysis. Maximum run up 

was recorded at Tempurejo district (11.2 m), and 

minimum run up was 3.1 m in the area of Puger 

district. Run up analysis described seven points of 

run up point along coastal area of Jember Regency. 

Tsunami run up parameter is one of the important 

parameters in determining tsunami risk due to this 

parameter is the main parameter in hazard criteria. 

 Last survey reported by [11] described that in the 

North West part of study area, Cape Pelindu, a small 

fishermen village where a fishery created a sort of 

barrier to the sea water, separating houses from the 

open sea. The fishery defense wall and three typical 

straw houses were destroyed. According to eye-

witnesses, three big waves followed each other, the 

third one being the biggest. The measured maximum 

water height was 3.20 m and the maximum water 

ingression was about 350 m. The next village was 

Puger where no evidence of a tsunami could be 

observed in the harbor. But, just a few kilometers 

westward, in a place called Tambak Getem, the 

tsunami left visible marks on the beach: the keeper 

of a fishery reported that he weakly felt the shock 

and about 15 minutes later three big waves flooded 

the beach, the last penetrating about 300 m in land. 

The measured maximum water height was 5.85 m 

[11]. 

 Close to the area of Puger, it was a big river. In 

general, rivers were identified in four different areas. 

Rivers can play an important role in expanding the 

impact of the damage during tsunami event. The 

run-up of the tsunami reaches the hinterland not only 

through the low elevation of the area, but also 

through rivers. Rivers also act as flooding strips 

transporting inundation [13][24]. 

TSUNAMI RISK MAPPING 

Vulnerability refers to the potential for casualty, 

destruction, damage, disruption or other form of loss 

in a particular element. Risk combines this with the 

probable level of loss to be expected from a 

predictable magnitude of hazard (which can be 

considered as the manifestation of the agent that 

produces the loss). Risk is thus the product of hazard 

and vulnerability. It is an essentially hypothetical 

quantity, in that it can only materialise in the form of 

disaster impacts [25][26].  

 Risk, vulnerability and hazard are the three 

factors or elements which we are considering here in 

this pseudo equation. Another definition of risk 

given by Factor analysis of information risk which 

may be related to disaster is 'the probable frequency 

and probable magnitude of future losses. [27] 

 The numeric value of risk can be calculated as 

the product between vulnerability and hazard level. 

https://en.wikipedia.org/wiki/Casualty_%28person%29
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Since vulnerability level ranges from 1 to 5 and 

hazard level ranges from 1 to 4, risk level of each 

vulnerable element will be given by: 

𝑹 = 𝑽 ∙
𝑯

𝟒
 (2) 

R is risk, V is vulnerability, and H is hazard. R must 

be an integer number ranging from 1 to 5, where 5 

stands for the maximum risk level. Once risk level 

has been calculated it will be possible to plot it on a 

risk map by the process of GIS. Risk map also 

generated using weighted cell-based overlay. 

Weighted overlay analysis allows the user to 

combine weight and rank several different types of 

information and visualize it, so multiple factors can 

be evaluated at once [10]. 

 All parameters generated tsunami risk map were 

displayed in grid cells. Cells were then classified 

based on its value to five classes of risk; represent 

low, slightly low, medium, slightly high and high 

risk. Grouping cells in this raster data followed zonal 

function operation. Each cell is encoded based on 

the criteria that make up a zone. 

 Tsunami riks map (Fig. 6) in the area of East 

Java, as the result of this study, applied weighted 

linear combination. This approach processed in a 

raster GIS in which factors were combined by 

applying a weight value to each followed by a 

summation of the results using equation of ∑  (𝑊𝑖  ∙
 𝑋𝑖), where Wi is the weight values of the parameter

i, and Xi is the potential rating of the factor [28][29]. 

Fig. 6 Tsunami risk map. 

DISCUSSION 

Tsunami risk map describes that risk level in the 

study area divided into five classes. Moderate until 

high class of tsunami risk were found in the western 

part. This area mostly covered by flat elevation with 

rare density of coastal vegetation and high density of 

urban area. In the previous tsunami event, run up of 

4.85 – 5.85 m was recorded in this area.  

High density of mangrove in coastal areas and 

reefs can be a barrier to reduce the effect of tsunami 

wave, as well as the islands with steep-sided fringing 

is only at moderate risk from tsunamis. Study about 

predicting tsunami inundation area using coastal 

vegetation density was carried out after the 2011 

Japan tsunami and found that coastal vegetation also 

important feature in reducing tsunami wave when hit 

the coastal area [24]. The high density of mangrove 

along coastal area has capacity to minimize the 

negative impact of tsunami wave. Dense mangrove 

forests growing along coastal areas can help reduce 

the devastating impact of tsunamis and coastal 

storms by absorbing some of the waves' energy. 

When the tsunami struck India's southern state of 

Tamil Nadu on 26 December, for example, coastal 

areas in with dense mangroves (area of Pichavaram 

and Muthupet) suffered fewer human casualties and 

less damage to property compared to areas without 

mangroves [30]. 

 Tsunamis waves may undergo extensive 

refraction and create a process that may converges 

their energy to particular areas on the coastal areas 

and increase the heights. High risk of tsunami is 

depending on the water depth, the coastal 

geomorphology, the direction of tsunami wave, and 

the existence of rivers or other water canals.  Fig. 8 

described that the high class of tsunami risk was 

identified in the area of Puger district. Total area of 

tsunami risk in the study area is described in Table 2 

and Table 3. 

Table 2 Tsunami risk area 

No. Risk level Cell 
Area 

(m²) 

Area 

(Ha) 

1 Slightly low 2,981 298,100 29.81 

2 Low 39,643 3,964,300 396.43 

3 Moderate 1,784 178,400 17.84 

4 High 153 15,300 1.53 

5 Slightly high - - - 

Total 44561 4456100 445,61 

Table 3 Percentage of tsunami risk level in different 

district 

 Four district in study area was classified as high 

risk of tsunami; Gumukmas (0.70 Ha), Puger (0.79 

Ha), Wuluhan (0.001 Ha), and Tempurejo (0.001 

Ha). Moreover, moderate tp low level was in the 

district of Ambulu, Wuluhan dan Tempurejo. The 

level of tsunami risk for each district was different 

http://www.scidev.net/en/agriculture-and-environment/tsunami/
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due to the topography or land cover of the area. 

Puger was an area that most affected based on 

tsunami risk mapping. Land use in Puger was mostly 

covered by urban area and the area with low 

elevation, low density of vegetation, and close to big 

river. This area is one of the important marine 

fisheries activities in East Java province. 

 The use of pair-wise comparison matrix helps in 

the analysis of multi criteria data where all of the 

parameters used in this study were calculated based 

on its weight factor to create vulnerability and also 

risk map. The calculation of weight as a result of 

pair-wise comparison matrix was created from 

expert judgment. Tsunami vulnerability research in 

Alexandria was applied all parameter in equal 

weight due to the limitation of knowledge regarding 

to the study area [31]. 

 The high vulnerability areas were mostly found 

in the coastal area with the sloping coast type. 

Elevation and slope play an important role in 

governing the stability of a terrain. Tsunami 

vulnerability research in Bali, Indonesia shows the 

distribution of vulnerability is not uniform and 

physically it is highly influenced by coastal 

proximity, elevation, and slope [32][13]. Tsunami 

risk map that described here based on the integrated 

approach and to be provided to the people in the 

study area in the near future due to less information 

about tsunami risk in the study area.  

CONCLUSIONS 

Tsunami risk can be assess using the application of 

multi criteria analysis followed by weighted cell-

based processing in which DEM data was applied. 

The result perform here can be used for the 

evacuation and reconstruction plan due to tsunami 

disaster. Also this will be important basic 

information in determining the evacuation route and 

evacuation building. Moreover, the final target of 

tsunami risk mapping is to reduce the effect of 

tsunami by generating a good mitigation plan. 

 The combination of raster weighted overlay in 

the geo-spatial data analysis indicated the 

vulnerability and risk area due to tsunami and 

described the possibility area that could be affected 

by tsunami. The weight of each parameter was 

calculated by pair-wise comparison matrix of expert 

judgment, in which every parameter was weighted 

not equally. By applying overlay process for tsunami 

risk map and existing land use will describe which 

area need first to be evacuated when tsunami come. 

 The result of weighted overlay illustrated that 

high class of tsunami vulnerability and tsunami risk 

mostly in the class of urban area, while forest area 

was indicated in the low class.  The more parameters 

that are applied, the more detailed is the assessment 

that can be analysed and displayed.  
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ABSTRACT 
 
In Japan, land readjustment projects have standardized and expanded the design and size of rice paddy fields. 

These projects have simultaneously promoted the conversion of levee slopes into stable inclines by expanding 
the difference in levels between paddy fields, which has expanded levee slopes, i.e. the weeding area. 
Continuous weeding work is required to prevent erosion and the collapse of steep levee slopes, and serious 
accidents sometimes occur in the weeding work using brush cutters on such slopes. Brush cutters have been 
popular for weeding work, but mowing machines are increasingly popular for reasons of safety and work 
efficiency. However, the levee form was designed based on the assumption of using brush cutters, which 
recommends small horizontal standing places both at the middle and the bottom of the slope. Therefore, it is 
necessary to examine whether the form of the levee slope is suitable for mowing machines. We conducted 
weeding work experiments in two types of levee slopes (with and without standing places) using two types of 
weeding equipment (mowing machines and brush cutters), and the flora of the levee slopes and the working 
stress on operators were investigated. Our conclusions are that (1) mowing machines are safer and more efficient 
than brush cutters and (2) the conventional levee form with standing places will also be effective for mowing 
machines. 
 
Keywords: Steep Sloping Areas, Paddy Fields, Levee Slope Form, Weeding Work, Mowing Machines 
 
 
1．INTRODUCTION 
 

Japan is mountainous and not blessed with 
sufficient flat land – 47% of the country has slopes 
of 15° or more. Because of typhoons, paddy fields 
are considered the best available form of cultivation 
and occupy 50% of cultivated land in Japan. All 
paddy fields in steep sloping areas have levee slopes. 
When these paddy fields were developed, they were 
small-sized rice terraces. However, with recent rapid 
development of mechanized farming technology, 
land readjustment of the farmland was required. 
Land readjustment projects not only standardized 
and expanded plot design and size but also provided 
stable inclines for levee slopes, which resulted in 
expansion of the levee weeding area. Levee slopes 
are occupied by various plants. Because growth of 
plants in Japan is excellent due to the climate, if 
weeding is not carried out in a timely manner, plant 
succession will continue unchecked. 

Many farmers use brush cutters to remove weeds 
from the slope of these levees (Fig. 1). Brush cutters 
are useful for irregular slopes, but the incidence of 
machinery accidents is high. The injuries caused by 
brush cutter accidents and are often serious and are 
of several types: those from contact with the edge 
(e.g. cutting off a leg and cuts to a leg); those caused 
by breakage of the edge; injuries to eyes from 
broken pieces of stone; and those occurring while 
removing entangled weeds. Many victims have 

mentioned “poor footing”, such as on steep slope 
surfaces, as the cause of accidents. This problem has 
been previously examined [1]. 

The cause of machine work accidents can be 
categorized into three types: (1) “human factors” 
(e.g. erroneous operation, poor skills, and failure to 
check safety); (2) “mechanical factors” (e.g. defects 
and damage to parts, and abnormal working); and 
(3) “environmental factors” (e.g. steep slopes and 
defective safety facilities) [2]. These factors often 
compound and lead to accidents. For “human 
factors”, every year the Japanese Government 
carries out a campaign and training sessions for 
brush cutters’ work security to prevent accidents. In 
addressing “mechanical factors”, mowing machines 
have recently become more popular for reasons of 
safety and work efficiency. Concerning 
“environmental factors”, the levee form has been 
redesigned to have small horizontal standing places 
(small berms) both at the middle and the bottom of 
the slope (Fig. 2) [3]. This design was developed 
about 20 years ago and was based on the assumption 
of using brush cutters. 

Therefore, it is necessary to examine the form of 
the levee slope that is suitable for mowing machines. 
In this study, we conducted weeding work 
experiments on two types of levee slopes (with and 
without small berms) using two types of weeding 
equipment (mowing machines and brush cutters). 
We investigated the flora of levee slopes and the 
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working stress on operators. 
 

 
 
Fig. 1 Weeding work using a brush cutter 
 

 
 
Fig. 2 Levee slope surfaces with appropriate 

weeding work areas 
 
2．METHODS 
 

In August 2014, we studied vegetation and 
conducted weeding work experiments at Obasute 
District, Chikuma City, Nagano Prefecture, Japan 
[4]. The conditions and the methods follow. 
 
2.1 Working Environment 
 

The four experimental plots had levee slopes 
with small berms both at the middle and the bottom 
(Fig. 3). The angle of inclination was 36.3°, the 
overall slope was 4 m in width by 15 m in length, 
and the small berms were 60 cm in width. 
 
2.2 Working Machines 
 

The brush cutter was a carried-type model 
equipped with a steel rotary edge on the end of its 
rod, with a chip saw attached (230 mm in diameter) 
(STIHL FS23P, engine output 0.75 kW, mass 3.9 kg, 
and 1780mm in total length) (Fig. 4). 

The mowing machine was a self-propelled-type 
(OREC SP850B, engine output 2.43 kW, mass 49 kg, 

1700 mm in total length, overall width 550 mm, 
overall height 1100 mm (Fig. 5). 
 
2.3 The Test Subject 
 

The subject was a healthy man (178 cm tall, 78 
kg in weight, and aged 41 years) who was an expert 
with these kinds of machines. 

 

 
 
Fig. 3 Plot shape and methods of weeding work 

used for the experiment 
 
 

 
 

 
 
Fig. 4 A brush cutter 
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Fig. 5 A mowing machine 
 
2.4 Methods of Weeding Work 
 

Weeding work according to the methods is 
shown in Fig. 3. The direction of the arrow shows 
the walking direction of the subject. The work 
process is 1–6, proceeding from the levee crown, to 
the upper slope and then to the lower part. When 
using the brush cutter, the slope surface was entirely 
cut by the downward weeding method; at the slope 
end, the upward weeding method was used, so that 
no grass fell to the plot below. 
 
2.5 Methods of Measuring Physical Burden 
 

The physical influence of weeding work appears 

congruent to the shape of the levee slope surface (the 
working environment), work method, performance 
of the machine, and the physical condition and skill 
of the worker. We measured a surface electrode on 
both deltoid muscles of the shoulder, between the 
hand and the elbow on the back of the forearm, and 
the muscle between the knee and the hip on the front 
of the leg (femur). In addition, we measured the time 
required for work, and recorded the work using a 
stationary video camera from two viewpoints. 
 
3．RESULTS 
 
3.1 Vegetation Survey 
 

Table 1 shows the representative common plant 
species and coverage at the experimental plots. 

We employed the following six classes of plant 
coverage in each plot for the field survey, with the 
plant species covering: (+) < 1% of the plot area; (1) 
1–9%; (2) 10–24%; (3) 25–49%; (4) 50–74%; and 
(5) 75–100%. 
 
3.2 Work Area and Weeding Time 

Table 2 shows the results for the actual working 
area and time. We calculated the work area per 
working hour based on this result (Fig. 6). The 
results clearly showed that the mowing machine had 
more workload than a brush cutter. 
 
Table 2 Area and work time for each plot 
 
Plot 
no. Small berm Area [m2]  Work time [s] 

1 Yes 105.0  1194
2 Yes 112.5  999
3 No 79.5  794
4 No 82.5  757

 
Fig. 6 Mowing workload 

Table 1 Plant species and coverage. 
 

  No. 1 2 3 4 
small 
berm yes yes no no 

species machine B M B M 
Festuca arundinacea 1 1 1 2 
Trifolium repens 1 1 + 1 
Equisetum arvense 1 1 1 2
Miscanthus sinensis 3 2 3 3 
Erigeron annuus 1 1 1 1 
Trifolium pratense 1 1 1 2

B: brush cutter M: mowing machine 
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3.3 Work Strain Imposed by Machines and 
Slopes 
 

The work strain results are shown in Fig. 7. 
During cutting, the work strain imposed by using the 
mowing machine was 30, 56, and 50% less than the 
brush cutter for the shoulders, forearms, and thighs, 
respectively. Notably, the brush 

 cutter imposed a large strain on the forearms 
compared with other body parts. 

The surface electrode on each muscle does not 
clearly show according to the availability of footing. 

 
Fig. 7 Work strain on three body parts from using 

each machine during cutting 
 
3.4 Density of Litter and Work Strain 
 

Table 3 shows the density of cut material (litter) 
about each plot and work strain on the shoulders and 
forearms. Regardless of the litter density, the work 
strain imposed by the mowing machine was less 
than for the brush cutter. 

 

4．DISCUSSION 
 

The experimental results showed that the 
physical burden from the mowing machine was less 

than from the brush cutter, and the work efficiency 
was superior. It is self-evident that the mowing 
machine is safer than the brush cutter, because the 
cutting edges are not exposed. 

Small berms of levee slopes have been provided 
as a means to secure footing on the slope for safe 
and efficient weeding work and also as safety zones 
(stoppers) in the event of slips by brush cutters [1]. 
On the other hand, from this study, the stability of 
footing was not necessarily shown to be effective in 
the work by the mowing machine either. From the 
walking working conditions in the levee slope, it is 
expected that the burden would be greater on the 
lower than the upper thigh. It was thought that the 
judgment by such a measurement was necessary in 
future. In addition, it was confirmed that the arm 
length of the mowing machine suited the position of 
the small berm according to the current design 
standard. 
 
5． CONCLUSIONS 
 

The results led to the following conclusions: (1) 
mowing machines are safer and more effective than 
brush cutters, since the former had more workload, 
and less physical burden than the latter; (2) the 
conventional levee form with standing places did not 
clearly proved to be effective for mowing machines 
in the viewpoint of workload and physical stress. 
However, the mowing machines were confirmed 
applicable sufficiently to the conventional levee with 
standing places in this study: the existence of 
standing places will enable the operators to move 
safely, with low risk to slide down.  
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Table 3  Work area and weeding hours of each plot 
 

plot no.   1 2 3 4 
small berm   yes yes no no 
machine B M B M 
density of 
litter[kg/m2]    0.27  0.19  0.18  0.14  
work strain S 1.98  0.87  1.67  0.96  
[mV･s/m2] F 5.55  1.53  4.72  1.32  
    B: brush cutter M: mowing machine 
    S: shoulders F: forearms 

 



 

588 
 

Seventh International Conference on Geotechnique, Construction Materials and 
Environment, Mie, Japan, Nov. 21-24, 2017, ISBN: 978-4-9905958-6-9 C3051 

OPTIMAL RESTORATION STRATEGY OF A WATER PIPELINE 
NETWORK IN SURIGAO CITY, PHILIPPINES 

 
 

Agnes Garciano1, Lessandro Estelito Garciano2, Renan Ma. Tanhueco3 and Taze Jared Abubo4 
1Assistant Professor, Ateneo de Manila University, Philippines; 2,3Associate Professor, De la Salle 

University, Philippines, 4undergraduate student, Ateneo de Manila University, Philippines 

 
ABSTRACT 

 
Quick recovery of water services immediately after an earthquake is critical. This is to minimize hazards to 

environmental sanitation and consequent health problems caused by the lack of potable water supply. It is 
necessary therefore that water lifeline operators establish restoration strategies to deal with damage scenarios in 
their respective concession areas specifically during extreme seismic events. The recent 6.7 magnitude 
earthquake in Surigao City due to the movement of the Philippine Fault Zone: Surigao segment underscored this 
need. However due to the complexity of the network a systematic restoration sequence that minimizes 
restoration time and maximizes delivery of water service should be employed. In this research, the authors 
employed Horn’s algorithm to determine the optimal restoration strategy of a pipeline network in Surigao City, 
Philippines. The repair sequence starts with the determination of a minimal spanning tree of the given pipeline 
network. The water source is designated as the root of this tree while the nodes represent the water demand at 
specific areas. The edges of the tree structure representing the pipelines connect the nodes. The assigned numeric 
value or weight of an edge (link) denotes the time to repair that specific pipeline. This value is a function of the 
length of the pipeline. The results show that an optimal job sequence may be carried out by considering maximal 
ratios of expanding family trees within the network.  A least penalty function is a consequence of the optimal 
repair job sequence. 
 
Keywords: water lifeline, seismic event, Horn’s Algorithm, minimal spanning tree, penalty function 
 
 
INTRODUCTION 

 
The Philippines is frequented by extreme wind 

speeds (typhoons), earthquakes, extreme floods and 
thunderstorms due to its geology and geographic 
setting. Strong magnitude earthquakes which are 
considered as the most destructive is a constant 
threat to the country’s built environment. The recent 
earthquakes in the country, e.g,  Bohol Earthquake 
2013, Batangas Earthquake 2017 and the Surigao 
Earthquake 2017, have shown that built structures 
such as schools, hospitals, power supply system 
(Mallari and Cinco, 2017), historical structures 
(Luces,2013) and water lifeline systems (Crismundo, 
2017) can be damaged during strong ground motion 
events. In this regard, quick recovery of vital lifeline 
systems damaged by earthquakes is critical for post-
earthquake activities. However, it should be 
emphasized that pre-disaster programs should be 
established to assess the vulnerability of the system 
and to manage the risk when a hazard strikes. The 
recent earthquake in Surigao del Norte that pulled-
out some of the pipes from the support underscored 
the need to prepare contingency plans when ground 
strains exceed the capacity of buried pipes. 

There have been several studies to manage 
lifelines under earthquake risk (Kameda 2000), 
optimize restoration of electric power, i.e. (Chi et. al. 

2002), utility lifelines (Nojima 2012), redundancy 
index of lifeline systems (Hoshiya and Yamamoto 
2002). In 2004, Ueno et. al. developed fragility 
curves of components of a gas system in Teheran 
due to seismic loads. On damage estimation, Toprak 
and Taksin (2007) estimated the buried pipeline 
damage relationships using eight scenario 
earthquakes. On the other hand, a stochastic 
simulation model of damage and restoration of water 
supply systems was presented and applied to Bay 
Area water supply systems under hypothetical 
earthquake scenarios (Porter 2016). Finally, Khin 
Aye Mon et al. proposed a simplified seismic design 
guidelines for buried pipelines for developing 
countries. In this paper, the authors discuss an 
algorithm first proposed by Horn [10] and then 
apply it to a water network system to determine an 
optimal repair sequencing of the damaged pipeline 
network. 

 
STUDY AREA 
 

Surigao City is the capital city of Surigao del 
Norte located in the southeastern part of the 
Philippines. The city proper is composed of three 
barangays namely: Washington, Taft and San Juan 
as shown in Figure 1. The city has a population of 
about 140,540 with a land area of 245 km2. 
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Fig.1 Study area 
 
Data from the Philippine Institute of 

Volcanology and Seismology (PHIVOLCS) show 
that the main earthquake generator around Surigao 
del Norte is the Philippine Fault Zone: Surigao 
Segment (see Fig. 2). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 Active Faults / Trenches in the study area 

 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 SMWD pipe network system 

The water system operator of Surigao City is the 
Surigao Metropolitan Water District (SMWD). The 
pipeline network of the study area is shown in 
Figure 3. 

 
Table 1. Link / Length of each pipe 

 
Link Node i Node j Length (m) 
448 352 354 1432 
564 354 355 425 
562 348 347 1531 
444 348 349 581 

 
Data of the network provided by SMWD show 

that pipeline network consists of 416 nodes 
(junctions) and 415 links (pipes). Table 1 shows a 
sample data links with connecting nodes i and j and 
their lengths. The weight of each edge is assumed to 
be the length of the edge. 

 
Minimum Weight Spanning Trees 

 
Mathematically, a network consisting of nodes 

and edges linking the nodes may be denoted by a 
graph. A graph is a pair G = (V, E) of non-empty 
sets V and E where E consist of two element subsets 
of V.  The elements of V are the vertices or nodes of 
G and those of E are the edges or links of G. A tree 
is a connected graph with no closed paths called 
cycles.  A rooted tree is a tree with one vertex 
designated as a root. A union of trees is called a 
forest. 

A graph H = (V’, E’) is called a spanning 
subgraph of G = (V, E) if V’ = V and E’ E. If each 
edge e of a graph is assigned a real number w(e) 
called its weight, then G is called a weighted graph.  
In the restoration work of a damaged network, a 
basic step is to find a minimum weight spanning tree 
of the network, that is, a tree which contains all the 
vertices of the network and whose edges have the 
least total weight. Such minimum weight spanning 
tree is obtained using Kruskal’s algorithm which 
consists of intially arranging the edges in order of 
increasing weights.  Edges that keep the graph 
connected and total weight minimum are then 
chosen.  More information on Kruskal’s algorithm 
may be found in [9]. 

 
Horn’s Algorithm 
 

In applying Horn’s algorithm [8] to determine 
the optimal repair sequence of a damaged network, 
there are two assumptions: a rooted forest N is given 
and the vertices follow a precedence relation P.  We 
say that x precedes y or xPy if there is a directed 
path from x to y in N. To each vertex x in the rooted 
forest, two nonnegative values V(x) and T(x) are 
assigned corresponding to the value of the 
restoration job at vertex x and the time to complete 
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the job at node x respectively.  The best ratio at x, 
denoted by r(x), is defined as  
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A maximal family tree of x, denoted by Fx is an 
element of T[x] for which the best ratio is achieved. 

In order to find an optimal repair sequence, 
Horn defines a sequencing σ as a bijection 
σ:V→{1,2,3, . . .,n} assigning to each vertex x V, 
its position number σ(x) in the repair sequence.  An 
allowable sequencing is a sequencing σ with the 
property that if xPy, then σ(x)  σ(y).  Finally a 
linear delay penalty function is defined as 
 

     )()(:)()()( yxyTXx xVf  .  (4) 
 
This function is a measure of the penalty caused by 
delay in completion of the repair job at a node x. 
Thus, the objective is to find an allowable 
sequencing σ which gives the least linear delay 
penalty. 
 
The methodology consists of three components: 
1. Given a network, find a minimal weight spanning 

tree. 
2. For each node x in the network, calculate the best 

ratio r(x) and the maximal family tree Fx. 
3. Generate the optimal repair sequence of the 

network based on the best ratios obtained and 
calculate the linear delay penalty function. 

 
DATA AND RESULTS 

 
In this study, data on the pipeline network of 

Surigao City was used to construct a repair sequence 
scenario in the event of massive earthquake where 
all pipelines are assumed damaged. The network 
consists of 416 nodes (junctions) and 542 links 
(pipes).  The nodes represent the water demand in a 
specific area and the links represent the supply 
pipes.  Each node x has a value V(x) corresponding 
to the base demand in liters per second. Furthermore 
we define T(x) to be the time (proportional to the 
length of the pipe in meters) to supply water to node 
x. A table of sample data is given in Table 2. 

Using Kruskal’s algorithm, a minimal 
spanning tree for the entire network is obtained with 
root at junction 376.   The spanning tree consists of 
416 nodes and 415 links, removing 127 links from a 

total of 542 pipes as shown in Figure 3. Due to the 
huge data, only a portion of the minimum weight 
spanning tree is shown in Figure 4 and Figure 5. 

 
Table 2. Sample nodes with corresponding values of 

V(x) and T(x) 
 
Node 

(x) 
V(x) 

(in lps) 
T(x) 

(proportional to length in m) 
393 0 5691 
360 0.89 313 
358   0.081 95 
357 
310 
306 

0.89 
0.79 

  0.214 

234 
55 
10 

 
 

 
 

Fig.4  Minimal weight spanning tree 
 

This spanning is rooted at node 376 because this is 
the water supply source. 

 
 

` 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.  A portion of the minimum weight 
spanning tree (rooted at node 376) 

 
Applying Horn’s algorithm to the rooted tree 
obtained above yields an optimal repair sequence for 
in the network.  The sequencing of repairs of the 
first 40 nodes of the network is shown in Table 3.  
The table indicates that node 393 must be the first to 
be repaired, followed by node 360, and so on.   The 
value of the least penalty function is f() = 
7773252.522.  
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Table 3. First 40 restoration jobs in an optimal 
sequencing 

 
order (x) node x order (x) node x 

1 393 21 117 
2 360 22 118 
3 358 23 114
4 357 24 110 
5 356 25 119 
6 354 26 115
7 352 27 111 
8 348 28 109 
9 347 29 104
10 126 30 103 
11 127 31 102 
12 269 32 106 
13 268 33 100 
14 129 34 101 
15 122 35 94 
16 123 36 86 
17 124 37 87 
18 108 38 91 
19 107 39 79 
20 105 40 68 

 
Figure 6 below shows the portion of the water 
pipeline network in the areas of Barangay Canlanipa 
with node identification numbers. In Figure 7, the 
same water pipeline network is shown but with the 
corresponding values of (x) indicating the number 
of node x in the cue of the repair work that must be 
executed. 

 
Restoration curve 

 
Figure 8 shows the restoration process of the water 
pipeline of SMWD. This restoration curve is a non-
decreasing function (Nojima and Kameda, 1992) and 
shows the repair on a node-to-node basis until the 
entire network is full operation. 

 
 

 
 

Fig.6 Minimal weight spanning tree of Barangay 
Canlanipa 

 

 
Fig.7:   Sequence of restoring the network portion of 

Barangay Canlanipa 
 

  
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Fig. 8 Restoration Curve 
 
CONCLUSION 
 

A plan for restoring a pipeline network in a 
post-earthquake scenario takes into account the best 
ratio r(x) at each node x of the network.  This value 
is the maximum ratio of the demand of water supply 
associated to the node over the time it takes to repair 
the pipe leading to the node and is taken over all 
family trees rooted in node x. In Surigao City, a 
minimum weight spanning tree is first obtained from 
the network to ensure that all nodes will be supplied 
with water using pipes with minimum total length.  
At each node a best ratio is calculated measuring 
how urgent the repair of the link to a node is over 
the time to repair the link. Finally, the optimal 
sequence of restoring the network is accomplished 
by starting at the root node and choosing the node 
with largest best ratio at each step. For future work, 
it is interesting to calibrate the restoration strategy 
with actual damage during strong seismic events. 
The methodology used study can also be replicated 
to other tree-like systems, e.g. water, electric power, 
in any area. 
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ABSTRACT 

 
To evaluate the effects of narrow forest roads on plant species diversity in the forest understory, we analyzed 

the relationship between distance from the forest road and vegetation structure in young and mature artificial 
forests of Japanese cedar (Cryptomeria japonica). Although exotic species appeared along the side of the forest 
road, their appearance frequencies and coverage were very small, suggesting that a decline in species diversity 
due to exotic species did not occur. Although an obvious decrease in vegetation coverage and species number 
with distance from the forest road was detected in the shrub layer of the young forest, a clear distance-
dependency was not observed in the mature forest. However, even though the effects on local species number (α 
diversity) were unclear, replacement of species was detected with distance from the forest road (β diversity) in 
association with species’ shade tolerance. This replacement of species improved the overall diversity of forest (γ 
diversity). Thus, it was concluded that narrow forest roads can improve species diversity in artificial forests in 
association with a diversified environment and the replacement of plant species.  
 
Keywords: Forest Road, Artificial Forest, β Diversity, Edge Effect, Forest Age 
 
 
INTRODUCTION 

 
Installation of forest roads enables the 

introduction of high-performance forestry machinery 
[1], which reduces costs and enhances forestry 
productivity [2], [3]. Thus, a greater density of forest 
roads is required in Japan [4]. The construction of 
forest roads also result in changes to the forest 
environment, such as temperature, humidity and 
light [5], [6]. Such environmental changes can 
impact the species diversity of the forest [6], [7].  

Several studies have shown that the existence of 
forest roads improves species diversity [8]–[10]. 
However, even if the construction of a forest road 
initially has positive effects, its impact on the 
neighboring forest can change over time [8]. On the 
other hand, the effects of forest road construction are 
not always positive with respect to species diversity. 
Road construction enables the invasion and 
dominance of exotic plant species, which reduce the 
diversity of native species [7]. Furthermore, the 
influence on diversity also depends on the road 
width since the size of the canopy gap is related to 
the width of the forest road. In the case of narrow 
forest roads in Iran, the effects on forest species 
diversity were not obvious [11]. 

 It is generally assumed that Japanese forest 
roads are narrow (4−6 m); therefore, their effects on 
species diversity may be slight. In this study, we 
tested the effects of Japanese forest roads on exotic 
plant invasion and plant species diversity in forests 
of different ages. 

MATERIALS AND METHODS  
 
Study Site 
 

The survey was conducted in an artificial forest 
of Japanese cedar (Cryptomeria japonica) in Neba 
Village, Nagano Prefecture in Central Japan. This 
area is located 35°16′N, 137°35′E. From 2007 to 
2016, the annual temperature was 9.6°C and the 
average annual precipitation was 2,697 mm at the 
closest observation site (Namiai Observation Site, 
Japan Meteorological Agency, 35°22′N, 137°42′E). 
Two forest roads were surveyed in this study, the 
Takahashi-Gumino (TK) line, which passes through 
a young forest, and the Anada (AN) line, which 
passes through a mature forest (Fig. 1, Table 1). 
 

 
 
Fig. 1 Location of the study areas. 
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Table 1 Outline of the surveyed forests. 
 

 
 
Field Surveys and Data Collection 
 

To evaluate the effect of forest roads on species 
diversity in the understory, five and 18 belt plots 
were established along the TK and AN lines, 
respectively. The average road width was 4.8 m. For 
vegetation investigation, belt plots of 10 m wide and 
20 m depth were set from the edge of the road to the 
interior of the forest. Furthermore, each belt plot was 
divided into four sub-plots, each 10 m wide and 5 m 
deep, which were named Psub.1, Psub.2, Psub.3, and 
Psub.4 in order of distance from the forest road. All 
sub-plots had three major layers including the 
canopy layer, shrub layer, and herb layer, but lacked 
a sub-canopy layer. The canopy layer consisted only 
of planted Cryptomeria japonica. The characteristics 
of the survey area are summarized in Table 1.  

We surveyed the vegetation structure of the 
shrub and herb layers in each sub-plot. We recorded 
the total vegetation coverage (%) and species 
coverage (%) along with the names of all vascular 
plants detected. The scientific name refers to 
botanical books [12]–[19]. 
 
Analysis Method 
 

To characterize the change in vegetation 
coverage and species diversity with respect to 
distance from the forest road, we calculated species 
number and Shannon’s diversity index (H’) based on 
the species coverage for each layer of each sub-plot. 
We compared these characteristics among the sub-
plots within each layer of each line using a repeated 
measure analysis of variance and Holm’s multi-
comparison method.  

To detect the plant species present with distance 
from the forest road in each layer of each line, we 
conducted a screening test for all species using the 
Jonckheere-Terpstra test in each sub-plot according 
to the distance from road. Species coverage was 
used for the screening test, and a coverage of 0.1% 
was used when the coverage was less than 1%. We 
referred to the species detected along the road side 
and on the forest interior as “edge species” and 
“interior species”, respectively. 
 
RESULTS 

Vegetation Structure 
 

The vegetation survey represents a larger number 
of plant species in the mature forest compared to the 
young forest. In the young forest of the TK line, 30 
and 114 plant species were recorded in the shrub and 
herb layers, respectively. On the other hand, in the 
mature forest of the AN line, 93 and 224 plant 
species were recorded in the shrub and herb layers, 
respectively. Vegetation coverage, species richness, 
and species evenness were larger in the mature 
forest than the young forest, with the exception of 
species evenness in the shrub layer (Fig. 2). 

Almost all of the plants present were native 
species, except for the following three exotic species 
found in the herb layer: Eragrostis curvula, 
Indigofera bungeana, and Phytolacca americana. 
Exotic species were found only in sub-plots facing 
the forest road. However, only one individual of 
each of the three exotic species was detected and the 
coverage of each was less than 1%. 

 
Changes in Vegetation Coverage, Species 
Number, and H’ with Distance from Forest Road 
 

Changes in the species number, vegetation 
coverage, and H’ with respect to distance from the 
forest road are shown in Fig. 2. In the young forest 
of the TK line, both species number and vegetation 
coverage in the shrub layer were significantly larger 
in sub-plots along the road side, whereas these 
remained unchanged in the herb layer. On the other 
hand, in the mature forest of the AN line, species 
number and vegetation coverage in the shrub layer 
did not show any obvious change along the belt 
depth, whereas both were slightly larger in the herb 
layer of sub-plots along the road side. In the herb 
layer of both the TK and AN lines, vegetation 
coverage and species number show a non-linear 
pattern: they were larger in both edge and interior 
sub-plots, but smaller in sub-plots positioned in the 
middle. There was no significant difference in H’ in 
any line or in any layer, but H’ in the shrub layer of 
the TK line showed a tendency to increase toward 
the road side. 
 
Species Appearance Pattern with Distance from 
Forest Road 
 

The edge and interior species detected along 
each line are shown in Table 2. In the young 
artificial forest of the TK line, 30 species were 
detected in the shrub layer, four of which were edge 
species; 114 species were detected in the herb layer, 
two and four of which were edge and interior species, 
respectively. In the mature artificial forest of the AN 
line, two of the 93 species detected in the shrub layer 
were edge species; 224 species were detected in the 
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herb layer, 11 of which were interior species. 
Interior species were not detected in the shrub layer 
of either line. Along the AN Line, two edge species 

(Rubus palmatus var. coptophyllus and Dioscorea 
japonica) were commonly detected along the AN 
line, whereas any species were commonly detected

 

 
 
Fig. 2 Vegetation coverage and species diversity with distance from forest road. Vegetation coverage (left), 

species richness (middle) and species evenness (right) of the shrub layer (upper) and herb layer (lower) 
of the TK and AN lines are shown. Bars represent standard error. Values with the same characteristics 
were not significantly different within each line. Mean values of each belt are shown above the four 
columns and were larger in the mature forest than the young forest with the exception of species 
evenness in the shrub layer (U-test at 5% level).  

 
Table 2 Edge and interior species detected in the shrub and herb layers of each line. 
 

 
Species were detected using a screening test. Asterisks represent the level of statistical significance (*5% level, 
**1% level, ***0.1% level). NULL means that no species of that type were detected in the layer.  
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along the TK line. In both the TK and AN lines, 
three species were commonly detected: one edge 
species (Rubus palmatus var. coptophyllus) in the 
herb layer, and two interior species (Lycopodium 
serratum and Disporum smilacinum) in the herb 
layer. 
 
DISCUSSION 
 
Influence of Exotic Species on Species Diversity 
 

Three major exotic species were detected in this 
study, as mentioned above. Eragrostis curvula and 
Indigofera bungeana, which appeared in the young 
forest of the TK line, are generally used for artificial 
greening [20], [21]. All exotic species appeared in 
the sub-plots facing the forest road, suggesting that 
these exotic species are likely to invade areas along 
forest roads. It has been pointed out that wide forest 
roads are safe sites for exotic species and enhance 
their dominance, which can negatively impact native 
species growth and reduce the species diversity of 
the area [7]. However, the number of individuals and 
coverage of the three exotic species was very small 
in this study. Therefore, it is thought that species 
diversity was not affected by exotic species along 
the narrow forest roads in this study. 
 
Vegetation Coverage and Species Diversity 
 

Both vegetation coverage and species number 
were larger in the mature forest of the AN line than 
the young forest of the TK line (Fig. 2). It is 
generally reported that thinning has positive effects 
on understory development and species 
diversification by improving the light environment 
[22]–[25]. Repeated thinning over time results in 
low stand density and a small canopy coverage 
(Table 1), which enhances species diversification. 
These findings contradict the results for secondary 
forests of broadleaf species in France [10], but agree 
with findings from artificial forests in Japan [26].  

In the young forest of the TK line, vegetation 
coverage and species richness of the shrub layer 
obviously decreased from the forest edge to the 
interior. This result is similar to that of other studies 
[8]–[10]. On the other hand, vegetation coverage, 
species richness and evenness of the herb layer 
showed no significant change from the forest edge to 
the interior. In the young forest, the canopy gap on 
the forest road was larger. However, the effect of the 
gap on the herb layer was relatively small due to 
light interception by the developed shrub layer.  

In the mature forest of the AN line, species 
richness and evenness did not obviously change with 
distance from the edge in either the shrub or herb 
layer, as was the case with narrow forest roads in 
Iran [11]. However, vegetation coverage at the edge 
of the forest was lowest in the shrub layer and 

highest in the herb layer. In mature forests, because 
the canopy gap along forest roads is reduced, the 
effect of the gap tends to be small [27]. If canopy 
closure is in progress, only light-sensitive species of 
the shrub layer at the forest edge decline, and 
vegetative recovery is underway in the herb layer.  
 
Enrichment of Overall Diversity by Species 
Replacement 
 

In total, 20 edge species and 13 interior species 
were detected by a species screen test. In general, 
Rubus palmatus var. coptophyllus, Clethra 
barbinervis, Boehmeria tricuspis var. unicuspis, and 
Fallopia japonica, which prefer bright conditions, 
are detected as edge species. On the contrary, 
Huperzia serrata, Disporum smilacinum, and 
Chloranthus serratus, which prefer shaded 
conditions, are detected as interior species. These 
differences between edge and interior species 
suggest that the replacement of plant species occurs 
in association with their shade tolerances. 

The existence of only edge species in the shrub 
layer (Table 2) agrees with the decline of species 
number with distance from the forest road (Fig. 2). 
A lower species number in the shrub layer was clear 
in the young forest of the TK line where more edge 
species were detected (Table 2). On the other hand, 
the existence of both edge and interior species in the 
herb layer (Table 2) suggests that edge species are 
replaced by interior species with distance from the 
forest road. It is thought that this replacement creates 
a non-linear distribution pattern in species number in 
the herb layer (Fig. 2). Edge and interior species 
increase in number in the forest edge and forest 
interior, respectively. However, both edge and 
interior species decrease in number in the 
intermediate position, where the number of species 
will be the lowest (Fig. 2). 

Species replacement can also enhance overall 
species diversity. Species diversity is classified into 
α diversity, β diversity, and γ diversity according to 
a spatial scale [28]–[31]. α diversity is the diversity 
of one habitat, β diversity is the difference in species 
composition between habitats, and γ diversity is the 
diversity of all habitats. The overall γ diversity is a 
product of α and β diversities [30], [31]. Although 
the effects of the forest road on the local diversity (α 
diversity) were not always obvious in this study (Fig. 
2), species replacement (β diversity, Table 2) 
enhanced the overall diversity (γ diversity). This 
suggests that forest roads have positive effects on γ 
diversity even if the local species richness does not 
change with distance from the forest road. 
 
CONCLUSION 
 

In conclusion, narrow forest roads in artificial 
forests have the following three characteristics. 
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Firstly, narrow forest roads can inhibit the 
dominance of exotic species and their negative 
effects on species diversity. Secondly, the effects of 
narrow forest roads on local species diversity are 
small in mature forests. Lastly, narrow forest roads 
can enhance the overall species diversity through 
species replacement, even in mature forests. 
Additionally, our study suggests that the effects of 
narrow forest roads will dynamically change over 
time with the forest age. Therefore, a theoretical 
approach to forest road management that enhances 
species diversity can be established through 
quantitative evaluation of age-responsiveness. 
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ABSTRACT 

 
At the time of heavy rains, a flank collapse occurs. A large driftwood flows into a river and blocks a river, 

which lead to increased water levels. In Uji city in August 2012, the detour flood-flow occurred around the bridge 
and the left bank was eroded by high-speed flow. Consequently, the house along Shizugawa River was washed 
away. However, there is almost no detailed information about the log jam formation and the flood damage by 
detour flood-flow in a blocked river. In this study, three kinds of laboratory flume experiments (1. Driftwood 
accumulation experiment, 2. Velocity measurement of Detour flow around a bridge by PIV(Particle Image 
Velocimetory), 3. Bank erosion experiment) were performed in a 10m and 40cm wide glass-made flume. The 
results revealed the blockage ratio of driftwood blocking and the flood damage area by detour flood-flow. 
 
Keywords: Driftwood accumulation, blocked river, detour flood-flow, bank erosion 
 
 
INTRODUCTION 

 
At the time of heavy rains,  a flank collapse 

occurs. A large amount of driftwood flows into a river 
and blocks a river, which lead to increased water 
levels (Fig.1). Detour flow around a bridge causes 
floods and bank erosions. In Uji city in August 2012, 
the detour flood-flow occurred around the bridge and 
the house along Shizugawa River was washed away. 
However, there is almost no detailed information 
about the flood damage area by detour flood-flow in 
a blocked river. Some previous research conducted 
the flume study and investigated a log jam formation. 

Bocchiola et al. (2008) investigated jamming of 
large woody debris in experimental flumes. The 
results revealed that the probability that large woody 
debris is entrained in jams increases with its length 
and decreases with the approaching Froude number. 
Schmocker & Hager (2011) conducted flume 
experiments and evaluated the drift-blocking 
probability at bridge decks depending on (1) 
driftwood dimensions (single logs and single root 
stocks) and (2) bridge characteristics. Prister et al. 
(2013) investigated the interaction between various 
piano key geometries and woody debris sizes. They 
found that the floating debris blocking probability is 
highly influenced by trunk diameter and upstream 
head. Recently, Rusyda et al. (2014) examined the 
relationship between a logjam and an obstruction in a 
channel, and proposed an empirical equation for 
predicting the volume of a logjam at a bridge. 

However, still more works are needed because 
there is almost no detailed information about the log 
jam formation around a bridge and flood damage by 
a detour flood flow in a blocked river. So, in the 

present study, three kinds of flume experiments (1. 
Driftwood accumulation experiment, 2. Velocity 
measurement of Detour flow around a bridge by PIV, 
3. Bank erosion experiment) were performed. The 
results of Experiment 1 revealed the accumulation 
process and backwater rise (blockage ratio of 
driftwood blocking).  After large amount of driftwood 
models accumulated around the model bridge, the 
backwater surface rose and the flood-flow occurred 
around the bridge. The results of Experiment 2 and 3 
revealed the flood damage area by detour flood-flow. 
 

 
EXPERIMENTAL SETUP  

 
Figure 2 shows the experimental set-up and the 

coordinate system. The flume experiments were 
conducted in a 10m long and 40cm wide glass-made 
flume. The x-axis is in the streamwise direction, with 
x=0 at the upstream edge of the model bridge. The y-
axis is in the vertical direction, with y=0 at the 
floodplain bed. The z-axis is in the spanwise direction, 
with z=0 at the channel wall. U, V and W are the time-

 
Figure 1 Log jam formation around the bridge (Sep. 

2014, Fukuchiyama city) 
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averaged velocity components in the streamwise, 
vertical and spanwise velocity components, 
respectively; u, v and w are the corresponding 
turbulent fluctuations.  

Floodplain models (made of hard vinyl chloride) 
were placed on both sides of the channel. The width 
of both floodplains (Bf=10cm) is half the width of 
Main-channel region (Bm=20cm). The bank height is 
constant for both bank (D=10cm). 

Figure 2 shows the driftwood accumulation 
experiment set-up. The model bridge was mounted 
4.0m from the upstream edge of the floodplain and 
9.0cm above the channel bottom. The model bridge 
was composed of deck and two piers (9.0cm height 
and 1.0cm width). The bridge roadway is 20cm long, 
5.0cm wide and 1.0cm thickness. The model bridge 
was fixed to the floodplains. 

Cylinder wood pieces (d=6.0mm diameter and 
l=6.0, 9.0, 12.0cm length) were used to model 
driftwood. The wood density is 0.5g/cm3. The wood 
pieces were soaked in water for 1 hour prior to a test. 
Driftwood models were supplied to the flow at 4.0m 
upstream from the model bridge (x=-4.0m).  

To evaluate the blocking probability at the bridge, 
Experiment D1 was carried out by adding a single 
driftwood model to the approach flow. If the 
driftwood was trapped by the bridge, it was removed 
before the next test. 

To evaluate the effect of the driftwood 
accumulation on the backwater rise, Experiment D2 
was carried out by adding the group of the driftwood 
models continuously to the approach flow over the 
test duration. The number of wood pieces was 270 
pieces/270s. Over the entire test duration, we 
measured the temporal development flow depth H in 
Main-channel at 10cm upstream of the bridge (x 
0.1m) by using a manual point gauge to examine the 
backwater rise due to driftwood accumulation at the 
bridge. 

After large amount of driftwood models 
accumulated around the model bridge, the backwater 
surface rises and the flood water overflows the 
floodplains. Then, we evaluated the blockage ratio 

(porosity) of the driftwood accumulation. The wood 
pieces accumulated at the bridge were removed and a 
porous board (15cm height, 20cm width, 3.0mm 
thickness and 3.0mm hole-diameter) was placed in 
front of the woody model bridge in Main-channel to 
mimic a blocked river due to a woody debris jam at a 
bridge. The blockage ratio of the porous board varied 
between Ab/A=0.2 and 0.91. We measured the flow 
depth in Main-channel H at 10cm upstream of the 
bridge by using a point gauge and compared the 
measured data with that of the driftwood 
accumulation test. 

Flood-flow velocity around a bridge (x/Bm=0.0-
1.0) was measure by PIV (see Okamoto & Nezu 
(2013)). The blockage ratio of the porous board 

AAb / was also changed based on the Driftwood 
accumulation test D2. In order to obtain two velocity-
components, i.e., )~,~( vu on x-y vertical plane (20cm
20cm), a laser-light sheet (LLS) was projected into 
the water column vertically from the water-surface, as 
shown in Fig.3. The position of LLS on the right-bank 
and the left-bank are z/Bm=0.2 and 1.8, respectively. 
The 2.0mm thick LLS was generated by 3.0W YAG 
laser using a cylindrical lens. The illuminated flow 
pictures were taken by a high-speed CCD camera 
(1024  1024pixels) with 500Hz frame-rate and 60s 
sampling time. The fluid tracers were Nylon-12 
particles of 80 diameter and 1.02 specific density. The 
instantaneous velocity components   on x-y vertical 
plane )~,~( vu  were calculated by the PIV algorithm. 

To examine the effect of the detour flood-flow on 
the flood damage, the bank erosion experiment was 
conducted. Figure 4 shows the bank erosion 
experiment set-up. Near the bridge (x=-0.2~1.0m)), 

 
Figure 2 Driftwood accumulation experiment 

(ExperimentD1 and D2) 
 

 
Figure 3 Velocity measurement of Detour flow around a 

bridge by PIV 

 
Figure 4 Bank erosion experiment 
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the floodplain area is mobile. The floodplain models 
were filled with sand (median size of 0.5mm) to a 
depth of 0.1m, as shown in Fig.4. In the remaining 
part, the floodplain area is rigid. Experiment runs 
were performed for 0.5h when a equilibrium state was 
attained. The time variation of the bank height around 
the bridge was measured by the Laser rangefinder 
(Bosch). 

 Table1 shows the hydraulic condition of the 
driftwood accumulation experiment. The driftwood 
model length l (l=6.0, 9.0 and 12.0cm) and the flow 
discharge Q were changed. To evaluate the test 
repeatability, ten times tests were conducted for each 
case. mH  denotes the initial flow depth in Main-

channel.  Fr mm gHU  denotes the approach 
Froude number.  

Table 2 shows the hydraulic condition of the 
velocity measurement and the bank erosion 
experiments. Experiments were conducted on the 
basis of three flow scenarios, in which AAb / was 
changed based on the Driftwood accumulation test 
( AAb / =0.49, 0.65 and 0.91). Before a flood (without 
the porous board), the water in Main-channel does not 
overflow the banks. The bulk mean velocity is 
Um=50.0 (cm/s) and the flow depth in Main-channel 
is Hm=7.0cm. 
 

 
RESULTS 
 

Figure 5 shows the blocking probability of the 
single driftwood Pb. Pb increases with the relative 
driftwood length l/BR. For l/BR=1.5 and Fr=0.6, some 
wood pieces touch a pier, get turned and span 
between two piers, as shown in Figure 6. The 
blocking probability of driftwood is Pb=0.075. For 
l/BR=2.0 and Fr=0.6, Pb=0.225.  

No blocking (Pb=0) was observed for l/BR=1.0. 
Some driftwood models are temporally trapped but 
driftwood models cannot span between two piers. 
Consequently, the trapped driftwood models are 
freed. 

It is also observed that an increase of Fr results in 
a decrease of Pb. This result is good agreement with 

Schmocker & Hager (2011). They revealed that 
driftwood transported by high-speed flow touches a 
bridge but may be freed because of the stream power 
and the vertical flow components.  

To examine the effect of the driftwood 
accumulation on the backwater rise, we conducted the 
driftwood accumulation experiment D2. Figure 7 
shows the photographic examples of the driftwood 
accumulation for l/BR=1.5, Fr=0.6 and l/BR=2.0, 
Fr=0.6. For l/BR=2.0 Fr=0.6, some wood pieces were 
trapped and accumulated at the bridge. The other 
pieces passed through the bridge. Once a single 
driftwood model is trapped by the bridge, the 
blocking probability increases significantly. The 
driftwood accumulation resulted in an increase in 
water level upstream from the model bridge.  After 
large amount of driftwood accumulated at the bridge, 
the water overflowed the banks and the detour flow 
occurs around the bridge.  

Figure 8 shows the development of the flow depth 
in Main-channel H at 10cm upstream of the bridge for 
Test 1 and 2 (l/BR=2.0, Fr=0.6). The flow depth 
values are normalized by the approach flow depth Hm. 
nd is number of driftwood models supplied to water.  

At the start of the driftwood accumulation, the 
flow depth increases rapidly with the number of 
trapped driftwood models. After 70 wood pieces were 
added to the flow, the backwater rises slower. After 
200 wood pieces, the flow depth reaches its final 
value Hmax. For l /BR= 2.0, Fr=0.6, the flow depth is 
1.75 times higher at test end.  

Due to the random accumulation process, the 
difference in the increase rate of the flow depth is 
observed between Test 1 and 2. However, the results 
of Test 1 and 2 show the almost equal final values at 

 
Figure 5 Blocking probability of the single driftwood 

 

 
Figure 6 Trapping process of the single driftwood 

 

Table 1 Hydraulic condition (driftwood experiment) 

 
 

Table 2 Hydraulic condition (Velocity measurement and the 
bank erosion experiments) 
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test end. Therefore, the reproducibility is acceptable. 
Figure 8 shows the relative flow depth in Main-

channel H/Hm at 10cm upstream of the bridge for 
l/BR=1.5, 2.0, Fr=0.6 and l/BR=1.5, 2.0, Fr=0.78. The 
values of the flow depth in ten times tests are 
averaged for each case. 

In Fig.9, the values of the flow depth H for 
Ab/A=0.49, 0.56, 0.65 (blockage ratio of porous 
board) are also indicated for comparison. 

The values of Hmax for l/BR=2.0 are larger than 
those for l/BR=1.5. For l/BR=2.0, Fr=0.6, the value of 
Hmax is in good agreement with the flow depth H for 
Ab/A= 0.65. This indicates that the blockage ratio of 
driftwood accumulation for l/BR=2.0, Fr=0.6 is Ab/A= 
0.65. The blockage ratio of driftwood accumulation 
for l/BR=1.5, Fr=0.6 is Ab/A= 0.56. This implies that 
the increase of the driftwood projected area resulted 
in the increase in the blockage ratio Ab/A of the 
driftwood accumulation. It is also observed that the 
flow depth increases with the approach Froude 
number.  

To investigate the occurrence condition of a detour 
flood-flow around a bridge, we changed the blockage 
ratio of an obstruction AAb /  for Fr=0.6 and 0.78. 
Figure 10 shows the flood-flow depth Hf on the left 

bank upstream of the bridge (x/Bm=-0.5). The flood-
flow depth Hf was measured by a point gauge. 

For Fr=0.6, the flood-flow depth is Hf =0 when 
AAb /  0.49. This indicates that water in Main-

channel does not overflow the banks and the detour 
flow does not occur when AAb /  0.49. When 

AAb / 0.49, the water in Main-channel overflows 
the banks ( DH  ) and the flood-flow depth 
increases linearly.  

The occurrence condition of a detour flood-flow 
depends on the Froude number. For Fr=0.78, the 
detour flood-flow occurs around the bridge when 

AAb /  exceeds 0.3.  
Figure 11 shows the contours of the flood-flow 

depth Hf in x-z plain for CaseR10L8 (Fr=0.6 and 
Ab/A= 0.65).  Upstream of the bridge ( 0/ mBx ), 
the flood-flow depth Hf is almost constant in the 
streamwise direction (Hf =3.0cm) and the difference 
between the left bank and the right bank cannot be 
observed.  

Downstream of the bridge ( 0/ mBx  ), the 
values of flood-flow depth Hf on both banks decrease 
in the streamwise direction. It is also observed that, 

 
Figure 7 Photographic examples of the driftwood 

accumulation at a bridge for l/BR=2.0, Fr=0.6 (a) and 
l/BR=1.5, Fr=0.6 (b) 

Figure 8 Development pf relative flow depth for Test 1 
and 2 (l/BR=2.0, Fr=0.6) 

 

 
Figure 9 Development pf relative flow depth 

(a) Fr=0.6, (b) Fr=0.78 
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the values of the flood-flow depth Hf at z/Bm= 0.5, 1.5 
(floodplain edge) are smaller than those at z/Bm= 
0.125, 1.875 (on the right bank and the left bank). 
These results imply that the floodwater on both banks 
flow into the Main-channel for 0/ mBx . 

The effect of the floodplain shape on the flood 
prone area is clearly observed for  0/ mBx . The 
values of the flood-flow depth Hf on the left bank 
decrease in the streamwise direction and become 
negligibly small for x/Bm=3.0. All of the floodwater 
on the left bank flows into the Main-channel for 
x/Bm>3.0. On the right bank, the flood-flow depth Hf 
is negligibly small for x/Bm>1.5. 

Figure 12 shows the vertical profiles of the 
streamwise velocity on the left bank and right bank. 
The velocity value increases in the streamwise 
direction. This indicates that the detour flow occurs 
around a bridge and the flood-flow runs into the both 

banks. The velocity difference between the left bank 
and the right bank is not significant upstream of the 
bridge. In contrast, downstream of the bridge 
( 0/ mBx ), the detour flow is concentrated on the 
left bank and the velocity value increases 
significantly near the bed. The high-speed flow near 
the bed may lead to the bank erosion. 

Figure 13 shows the photographic examples of the 
bank erosion on the left bank for CaseR10L8. At t=0s, 
the porous board was placed in front of the bridge. At 
t=3.0s, the detour flood flow runs into the floodplain 
and the bank erosion occurs around the bridge. The 
bank erosion area becomes larger with time.  

At t=60s, the detour flow eroded the left bank at 
0.0~0.1/ mBx (upstream of the bridge). 

Downstream of the bridge, the bank erosion is 
observed at 5.1~0.0/ mBx . 
 Figure 14 shows the time variation of the bank height 
DL(t) around the bridge for Ab/A =0.49, 0.65, 0.91. 
The bank height decreases rapidly at t=3.0-100.0s for 
Ab/A =0.65.  An increases of the blockage ratio Ab/A 
results in an increase of the bank erosion rate.  

 
Figure 11 Contour of flood-flow depth on both banks for 

CaseR10L8 (Fr=0.6 and Ab/A= 0.65) 
 

 
Figure 12 Vertical profiles of the streamwise velocity on 
the left bank and right bank for CaseR10L8 (Fr=0.6 and 

Ab/A= 0.65) 
 

 
Figure 13 Photographic examples of the bank erosion on 

the left bank 
 

 
Figure 14 Time variation of the bank height DL(t) 
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CONCLUSION 
 

In the present study, three kinds of flume 
experiments (1. Driftwood accumulation experiment, 
2. Velocity measurement of Detour flow around a 
bridge by PIV (Particle Image Velocimetory), 3. 
Bank erosion experiment) were performed to 
investigate the log jam formation around a bridge and 
flood damage by a detour flood flow in a blocked 
river. Main findings are as follows: 
 
1. At the start of the Driftwood accumulation 

(Experiment D2), the flow depth increases 
rapidly with the number of trapped driftwood 
models. After 70 wood pieces were added to the 
flow, the backwater rises slower. After 200 wood 
pieces, the flow depth reaches its final value 
Hmax. For l/BR=2.0, Fr=0.6, the value of Hmax is 
in good agreement with the flow depth H for 
Ab/A= 0.65. 

 
2. We changed the blockage ratio AAb / of an 

obstruction (porous board) in Main-channel to 
examine the occurrence condition of the detour 
flow around the bridge. For Fr=0.6, when AAb /
0.49, the water in Main-channel overflows the 
banks ( DH  ) and the detour flow occurs. For 
Fr=0.78, the detour flood-flow occurs around the 
bridge when AAb /  exceeds 0.3. 

 
3. The velocity measurement results revealed that 

the flood velocity increases in the streamwise 
direction downstream of the bridge. For 
CaseR10L8, flood-flow is concentrated on the 
left bank and the velocity values of the detour 
flow on the left bank become larger than those on 
the right bank. On the left bank, the detour flow 
velocity the velocity value increases significantly 
near the bed at mBx / 0.15-0.3. All of the 
floodwater on the left bank flows into the Main-
channel for mBx / 3.0. All of the floodwater on 

the right bank flows into the Main-channel for 
mBx / 1.5. 

 
4. The bank erosion experiment revealed that the 

detour flow eroded the left bank at 
0.0~0.1/ mBx  (upstream of the bridge). 

Downstream of the bridge, the bank erosion is 
observed at 5.1~0.0/ mBx .  
 

5. The bank height decreases rapidly at t=3.0-
100.0s for Ab/A =0.65. An increases of the 
blockage ratio Ab/A results in an increase of the 
bank erosion rate. 
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ABSTRACT 

 
Permeability, being the ability of water to flow through a soil, should be considered when designing roads. 

Permeability should be employed when designing roads that will provide good drainage as well. Fly ash and 
bottom ash were utilized as partial substitutes to conventional road base materials in road base construction. The 
study aimed to prove that employing fly ash and bottom ash would increase the permeability characteristics of 
road base while also decreasing the disposal costs of the said coal by-products. Series of experiments were 
conducted to test the horizontal and vertical permeability of pure fly ash, pure bottom ash, pure conventional 
road base materials, and blends comprising of the said soil components. It was also established that horizontal 
and vertical permeability had a significant difference wherein the flow of water at the horizontal-direction is 
greater compared to the vertical-direction. 
 
Keywords:Permeability, Fly Ash, Coal Ash, Waste Utilization 
 
 
INTRODUCTION 

 
 When designing structures, it is very important 
for engineers to understand the soil underneath 
because it will affect the way it is designed [1]. 
Roads, in general, play an important role in the 
drainage capacity when there is an occurrence of 
heavy downpour of water. Most of the time, an 
engineer place focus on the strength characteristics 
of roads when in fact, permeability also plays an 
important role in the drainage capacity of these 
pathways. This study is concentrate on the 
permeability characteristics of fly ash and bottom 
ash as road base materials. Permeability is defined as 
the ability of water to flow through the material. It is 
also referred to as the “hydraulic conductivity” of 
the porous material [2].  
 Permeability can be a fundamental factor in 
determining the strength and capacity of fly and 
bottom ashes as road base materials. Through 
acquiring the size and shape of the ashes’ pores and 
their connectivity, the researchers will be able to 
determine their permeability characteristics. With 
these, they can establish whether fly and bottom 
ashes will meet the standards of suitable 
permeability as road base materials. Road base is a 
blend of gravel and fine materials that will form a 
hard surface with a high level of mechanical strength 
when compacted [3]. Good drainage can increase as 
well as maintain the strength of the subgrade. On the 
other hand bad drainage would have negative effects 
in terms of the strength of the subgrade [4,5]. With 
these, the researches would incorporate fly ash and 
bottom ashes to the road base materials to ensure the 
proper and efficient drainage. 
 Fly and bottom ashes are the two most common 

by-products of coal. Fly ash comprises 80% of the 
total coal by-products left at the boiler, while 20% is 
composed of bottom ash in fuel gas [6].This study 
aim to reduce disposal costs of fly ashes and bottom 
ashes through utilizing these as road base materials. 
Through this, they are thriving for a safe disposal of 
these coal by-products while also providing a new 
input to how these can be properly and successfully 
utilized. This will serve as a study on how to reduce 
disposal of fly and bottom ashes while also putting 
emphasis on effectively hampering harmful 
emissions of solid particles and gases into the 
atmosphere and the improper disposal of hazardous 
elements. 
 The study endeavored to present the 
permeability characteristic of road base materials 
blended with fly ash and bottom ash. Moreover, the 
main objective of this proposal is to evaluate the 
suitability of conventional road subgrade, sub-base, 
and base materials blended with specific proportion 
and gradation of fly ash (as partial substitute for 
fines) and bottom ash (as partial substitute for fine 
aggregates) for highway embankments with respect 
to the standard permeability characteristic of road 
embankments. 
 
METHODOLOGY 

 
The fly ash and bottom ash which were collected 

from a single and specific thermal power plant in the 
Philippines. Shown on Table 1 is the soil mixtures 
that were checked on the effect of specific 
proportions and gradations of fly ash (as partial 
substitute for fines) and bottom ash (as partial 
substitute for fine aggregates) for highway 
embankments with respect to the standard 
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permeability characteristic of road embankments. 
Table 1. Soil Mixtures used in the Study 

Soil Mixtures Other 
Notations 

Bottom 
Ash 

Content 
(B) % 

Blended Samples   
B0 (Pure CRBM) F0B0C100 0 

B20 F10B6.5C83.5 20 
B40 F10B13C77 40 
B60 F10B19.5C70.5 60 
B80 F10B26C64 80 

B100 F10B32.5C57.5 100 
Controlled 

Samples 
  

No Fly Ash  B50F0C0 50 
Pure Fly Ash  B0F100C0 0 
 
A microscopic characterization test was done, 

furthermore, the determination of the index 
properties of fly ash, bottom ash, and conventional 
materials through applicable laboratory tests such as 
Specific Gravity of Soil Solids (ASTM D854) [7], 
Atterberg Limits (ASTM D4318 and ASTM D427) 
[8], Particle Size Analysis (ASTM D422) [9] and 
Maximum and Minimum Index Densities (ASTM 
D4253 and D4254)[10,11] commenced [12]. 

Similar ideas of obtaining the horizontal 
permeability of road base materials had been 
developed by Roads Division Engineering in 
collaboration Hydraulics Research Limited, 
Wallingford and they have also considered 
designing a horizontal permeameter, there are also 
other designs of permeameters that may be used [13]. 
The dimensions used were 1.0m x 0.3m x 0.3m 
respectively for the length, width and height of the 
box apparatus while the standpipe was at a length of 
0.29 m, shown on Figures 1 and 2. This study scaled 
down on the dimensions of the apparatus because 
using similar measures would not only be 
impractical in terms of time and preparation, but also 
because it is an in-situ test. As much as possible, the 
comparison of the the horizontal permeability values 
with that of the vertical, should be conducted in the 
study. 

 

 
Fig. 1. Top View of Horizontal Permeameter 

 
So as to properly compare the horizontal 

permeability with that of the vertical permeability, 
the researchers have thought of incorporating the 
concept vertical permeameter’s design into the 
horizontal. A design of the horizontal apparatus was 

formulated by obtaining the area of the cylindrical 
vertical permeameter and then converting it into a 
rectangular box. As for the length of the rectangular 
box, it was obtained based on the diameter to height 
ratio of the vertical permeameter and the width to 
length ratio of the horizontal apparatus. 

 

 
Fig 2. Side View of Horizontal Permeameter 

 
This method was accomplished by comparing the 

falling-head permeability test results to that of the 
material requirements. If it passed the requirements 
by actually exceeding the acceptable values of k, 
then the results for that certain material blend are 
considered. On the other hand, if resulting 
coefficient of permeability values are lower than the 
basis, the researchers responsible for testing the 
samples repeated the tests to really verify the 
permeability values. The permeability characteristics 
of the blended materials were also related to the 
obtained index properties of coal ashes for it was 
used to further analyze the results gathered. 

 
RESULTS AND DISCUSSIONS 
 
Index Properties 
 
Microscopic Characterization 

The particle shapes, surfaces, and textures were 
analyzed on a microscopic level in order to have 
more appropriate observations and analysis of the 
behavior of fly ash and bottom ash mainly during the 
experimental process, Conventional Road Base 
materials (CRBM) was also subjected to the testing 
for source of comparison in later analysis. SEM tests 
were used to analyze the morphology on all the 
samples. 

At first glance it can be observed that bottom ash 
looks similarly like the sand that can be seen on the 
beach which is small and angular particles with 
coarse complexions, shown on Fig. 3. The core of a 
bottom ash particle is angular in shape and is 
somehow porous making them easy to crush. These 
observations were similar to the findings to some 
studies [14] in where the researchers observed that 
bottom ash particles exhibited angular and irregular 
shapes. 
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Fig 3. SEM of Bottom Ash, Fly Ash and 

Conventional Road Base Materials (CRBM) 
 

On the other hand, it was observed that the 
microscopic characteristics of Fly Ash is quite 
different that from Bottom Ash. By the naked eye, 
Fly Ash is brown in color and powder like in texture. 
They have smaller particles compared to bottom ash. 
The core of a fly ash particle is possess a more 
spherical and round shape, shown on Fig. 3. They 
also possess smoother texture and are more porous. 
On a same microscopic scale it was observed that it 
has more voids compared to bottom ash. 

SEM was also used to observe CRBM to see its 
difference from the two coal ashes. Under the naked 
eye, CRBM are mostly angular and flat in shape. It 
was observed that on a microscopic level, 
agglomerate of CRBM are of rough texture more 
similar but not entirely the same to the Bottom Ash 
particles. It also is composed entirely of indefinite 
shapes which are very close to each other, shown on 
Figure 3. 
 
Grain Size Distribution 

In the Grain Size Distribution Curve of pure fly 
ash, it can be seen that most of the particles are 
ranging from 0.001 to 0.075 mm which passes the 
#200 sieve, as such it falls under the classification of 
the size of silt; thus it can be considered as such. The 
coefficient of uniformity as well as curvature of fly 
ash samples were 1.43 and 1.157, respectively; as 
such it falls under the classification of being poorly 
graded. On the other hand a similar analysis was 
made for the pure bottom ash. As such it can be said 
that Bottom Ash can be considered under the 
classification that of sand. The coefficient of 
Uniformity was computed to be 4, while the 
Coefficient of curvature was 1, therefore it can be 
said that the bottom ash sample was poorly graded.   

 
Specific Gravity  

The specific gravities of the different blends 
have followed an exponential form, which seems to 
have been the best fit line that depended on specific 
bottom ash contents. As the percentage of bottom 
ash increased in a blend, the specific gravity 
decreased, shown on Table 2. The reason for this 
behavior is because of the fact that as the bottom ash 
content increased, the amount of CRBM decreased. 
The existence of these CRBM, namely the sand and 
gravel are denser than that of the bottom ash. The 
specific gravities of the different blends also largely 
depended on its morphology. 
 

Table 2. Specific Gravity of the Soil Blends 

Soil Mixtures Gs 

Blended Samples  
B0 (Pure CRBM) 2.81 

B20 2.78 
B40 2.75 
B60 2.70 
B80 2.52 

B100 2.52 
Controlled Samples  

No Fly Ash B50F0C0 2.76 
Pure Fly Ash B0F100C0 2.33 

 
Atterberg Limits 

Liquid limit of the CRBM of around 15.6 was 
achieved and 13.65 for the plastic limit. Having 
plasticity index of less than 3 of either the theoretical 
formula or the polynomial equations, thus fines 
content of CRBM is considered to be non-plastic. 
Fly ashes are non-plastic that makes it very difficult 
to perform the Atterberg test. From observation, 
experiments and researches, fly ash and bottom ash 
can be considered as non-plastic. 
 
Compaction Behavior 

Proctor test was used to determine the optimum 
moisture content (OMC) and maximum dry unit 
weight. These variables were acquired through using 
the equation of the curve produced when the 
different water contents and dry densities were 
plotted. Differentiation of the equation for the curve 
per blend was done and equated this to zero. 

Conventional road base materials demonstrated 
the highest maximum dry density. However, it also 
presented the least percentage of OMC. This 
indicates that with little amount of water, 
conventional road base materials already reached 
OMC promptly. This justifies that conventional road 
base materials reaches OMC even with little amount 
of water. Also it tends to display the highest 
maximum dry density because of its relatively high 
specific gravity that affects the total dry mass at 
OMC. Pure fly ash and bottom ash exhibited diverse 
results from each other. Pure bottom ash had low 
percentage of OMC. Fly ash had a significantly 
higher percentage of OMC. However, comparing 
their maximum dry densities, fly ash had a lower 
value than that of the bottom ash. These results show 
that fly ash contained more mass of water in the 
voids distributed among its total dry mass in contrast 
to that of bottom ash. Since fly ash is considered to 
exhibit particle size as that of fines, it is 
characterized to be absorbent of water gradually. 
Before it can be considered saturated, more water is 
employed for fly ash than bottom ash. It was 
observed that as the percentage of bottom ash was 
increased while the percentage of conventional road 
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base materials was decreased for a blend, OMC 
increased also in value, shown on Figure 4. This 
explains that more bottom ash content with less 
conventional road base materials made the blend 
require more water to reach OMC. 

 

 
Fig. 4 Dry Unit Weight and Water Content at 

different blends 
 
Maximum and Minimum Index Densities 

The maximum and minimum index densities 
and void ratio of the blended soil samples and 
controlled soil samples, which are the CRBM, pure 
bottom ash, pure fly ash and CRBM blended only 
with bottom ash (F0-B42.5-C57.5) were determined 
using standard testing method of ASTM with 
designations D4253 [10] and D4254 [11]. Pure fly 
ash has significantly larger values of void ratio 
compared to bottom ash and CRBM. The results 
were logical since fly ash is more porous compared 
to bottom ash and to CRBM that is clearly shown to 
the SEM photomicrographs. Thus, it tends to 
increase the volume of voids over the volume of fly 
ash. The same logic occurs when bottom ash is 
compared to CRBM. As for the index densities, fly 
ash obtained the lowest value compared to other 
control samples. This simply justifies that fly ash 
produces higher volume of voids over the mass of 
the ashes. Looking at the controlled blend that has 
no fly ash content, it produced a higher void ratio 
and lower dry density when compared to 100% BA- 
blend. This means that the fines content of bottom 
ash produces more voids as compared to the fines 
content of fly ash. This can be defended through the 
amount of fly ash being mixed to other blends is 
greater in volume than of the bottom ash. The low 
specific gravity of fly ash was able to let more fly 
ash to fill the empty and small spaces of the blended 
soil samples compared to the fines of bottom ash 
that has higher specific gravity. For the blended 
samples, the maximum and minimum void ratios 
decreases as the bottom ash content increases. 
Though the morphology of bottom ash particles are 
more porous compared to CRBM particles, the grain 
size of bottom ash gives better interlocking property 
compared to CRBM. This is because of the physical 

characteristic of CRBM particles, which are more 
angular in shape compared to bottom ash. 
 
Hydraulic Conductivity  
 
Vertical Permeability 

Among the controlled samples (CRBM, 
pure bottom ash and pure fly ash), bottom ash has 
the highest value of coefficient of permeability that 
ranges from 1.00E-03 to 1.00E-02. The said values 
are considered to be a very stable and good to be 
used as road base material. Pure bottom ash had 
even surpassed the permeability characteristic of 
CRBM. 

Moreover, pure fly ash has a very poor 
coefficient permeability that can be considered to 
use as an impervious layer for other embankment 
applications but not as a road base material. By 
looking at Blend F0-B42.5-C57.5, it can be said that 
replacing bottom ash for the fines content of the soil 
samples have an effect to the permeability. 

By blending bottom ash and fly ash at 
conventional road base materials, the value of 
permeability with respect to void ratio, relative 
compaction and relative density varied at different 
percentage of bottom ash content. A graphical 
representation of the coefficient of permeability of 
bottom ash as a function of void ratio was 
accomplished, shown on Figure 5. Different 
proportions of bottom ash, namely 20%, 40%, 60%, 
80%, and 100%, were tested using the Falling Head 
Permeability Test. At these ratios, various 
coefficients of permeability were attained. A graph 
showing the relationship between coefficient of 
permeability and void ratio was then arranged. 
 

 
Fig. 5. Coefficient of permeability of different 

blends at varying void ratio 
It can be observed that there was an increasing 

trend based on the values of coefficient of 
permeability and void ratio. This explains that as the 
void ratio, e, increased, the coefficient of 
permeability, k, also increased. Thus, the soil 
became more permeable when there was higher void 
ratio. A specific function was employed in 
conveying the relationship between k and e. The 
resulting coefficient of permeability, k is in cm/sec. 

The relationship between e and permeability was 
also influenced by the amount of bottom ash 
incorporated in the blend. Furthermore, it produced 
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higher void ratio and permeability when there were 
greater amount of bottom ash in a blend. The bottom 
ash content in a blend signified that as one decrease 
the fraction of bottom ash, void ratio becomes 
smaller and permeability of the soil also becomes 
weaker. 

 
Horizontal Permeability 

The horizontal permeability was also considered 
in this study as have been stated in the objectives. 
An apparatus was devised in such a way that the 
horizontal permeability of corresponding desired 
relative compactions can be measured; involved 
parameters such as the consequent particle sizes’ 
weights for desired relative compaction, void ratios, 
hydraulic gradient, were also taken into 
consideration in relation and similar to the vertical 
set-up. 

From the obtained data it was observed that the 
permeability of all sample tests had a familiar trend 
in where the permeability decreases as the relative 
compaction increases. As explained earlier, this 
trend can be attributed to the reason that due to the 
increased compaction rate, the voids present in the 
sample would be lessened as the sample gets more 
compacted. 
 
Model 
 

Many models may be considered in the study [15, 
16, 17, 18]. The experiments conducted for the 
different blends had been reasonably included within 
its limits which is 10-6< k <10-3 for sand and sandy 
soils. Looking at the results, it can also be supposed 
that the blend/s that qualify both Unified Soil 
Classification System (USCS) recommendations and 
good permeability are the ones that have around 
40% to 60% bottom ash content for a desired 
relative compaction, blends 3 and 4 for this study. 

A multiple regression was also produced so as to 
predict the permeability at different percent bottom 
ash content and void ratio. The equation is shown 
below: 
 

𝑘𝑘 = 𝑒𝑒𝑒𝑒𝑒𝑒−14.2634+0.88735𝐵𝐵+13.361𝑒𝑒 Eq. 1 
 
Where: 
 
B = percent bottom ash content; (%) 
e = desired void ratio; and 
k = predicted vertical permeability (cm/sec). 
 

Equation 1 produced a coefficient of correlation 
of above 95% which indicates that it is highly 
correlated, shown on Figure 6. Further statistical 
analysis was also done to verify the accuracy of the 
derived multiple regression equation. The results 
showed that Equation 1 is acceptable in predicting 
the vertical permeability given the percent bottom 

ash content and void ratio. 
 

 
Fig 6. Validation of the Model 

 
Statistical analysis was performed for specific 

gravity, maximum and minimum index density and 
void ratio, empirical formulas for vertical 
permeability and multiple regression. From the 
analysis, given a level of confidence of 95%, all 
tStat and P-value was satisfied. Given that there 
were no value of t-Stat between 1.96 and -1.96 and a 
P-value greater than 0.005. Thus, all correlation 
done in the mentioned analyses are considered to be 
acceptable. In addition, all the graphs for the 
comparison of the actual and predicted permeability 
produced a slope almost equal to one of an angle of 
45 degrees. From here we could say that using the 
derived empirical formulas for the different blends 
would generate consistent results to the actual 
permeability. 

 
CONCLUSIONS AND RECOMMENDATIONS 

 
This study aimed to present the permeability 
characteristic of road base materials blended with fly 
ash and bottom ash and to evaluate the suitability of 
conventional road subgrade, sub-base, and base 
materials blended with specific proportion and 
gradation of fly ash (as partial substitute for fines) 
and bottom ash (as partial substitute for fine 
aggregates) for highway embankments with respect 
to the standard permeability characteristic of road 
embankments. With thorough researches, analysis 
with the literatures related to this study and actual 
laboratory experiments performed by the researchers, 
the following conclusions are drawn: 
1. From SEM tests, fly ash had the most visible 

voids as compared to bottom ash and CRBM. 
This had greatly affected the index properties of 
the soil samples as well as the permeability 
characteristics of the blended soil samples. 

2. Horizontal and vertical permeability of CRBM 
and pure BA had a significant difference 
wherein the flow of water at the horizontal-
direction is greater compared to the vertical-
direction which means that permeability largely 
depends on the axis of flow and compaction. 

3. Blending bottom ash and fly ash has great effect 
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to the permeability of soils. Among the designed 
blends, the 40% to 60% substitute of bottom ash to 
conventional road base materials incurred the highest 
vertical permeability at different relative compaction 
but not for the higher relative compaction (RC = 
100%) where the amount of bottom ash did not have 
a significant effect to the permeability. 

4. The permeability values obtained for all the blends at 
the required compaction of 95% range from 1.00x10-
06 to 1.00x10-05, which is considered to be a fairly 
stable material as a road embankment according to 
USCS recommendation for road embankments. 

5. Using the derived empirical model for permeability 
produces good projection of the results, which can 
also be proven acceptable through statistical analysis. 

 
For future researches, further experiments on 

different coal ashes of different origins or class may be 
conducted where the resulting coefficients of permeability 
may be compared with the outcomes in this thesis. 
Conducting more researches would not only define the 
permeability characteristics for the variety of coal ash by-
products even more, but also provide engineers with 
information when it comes to designing road 
embankments.  

It is also recommended for future studies that fly ash 
content which is ten percent of all blend compositions may 
be removed and replaced with bottom ash and/or 
conventional road base material and distinguish if it will 
have better permeability results than that of the ones 
conducted in this study. 

Moreover, it would be recommendable for future 
researchers to study the horizontal permeability of the 
conventional road base materials blended with fly ash and 
bottom ash. It will be helpful to verify the ratio of 
horizontal over vertical permeability and confirm if it has 
satisfactory rate of flow at the x-direction as a good 
consideration for road base materials. 
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REVIEWS ON THE APPLICABILITY OF CONSTRUCTION AND 
DEMOLITION WASTE AND ITS RECYCLED MATERIALS AS LOW-
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METALS IN WASTEWATER 
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ABSTRACT 
Heavy metal removal from wastewater is of special concern due to the uncontrollable persistency of heavy met-
als in the environment. The discharge of industries containing heavy metals adversely effects on soil and water 
resources, aquatic organisms and ecosystem integrity. In addition, it reported high concentrations of heavy met-
als detected in solid waste landfill leachate in many developing countries due to non-segregated waste dumping. 
At present, various kinds of adsorbents such as activated carbon, biomass resources, geo materials, and industrial 
waste products have been used to treat heavy metal-contaminated water. However, the use of construction and 
demolition waste (CDW) and its recycled materials to treat heavy metal-contaminated water has not been fully 
examined. Because the generation of CDW is increasing due to the rapid urbanization and high demand of con-
struction works, the wise-use of CDW and its recycled materials can be expected. This paper reviews published 
journal articles from 2004 to 2016 which studying the applicability of low-cost CDW adsorbents to remove 
heavy metals from wastewater. In especial, summarizing results from CDW and recycled materials such as ce-
ment, concrete, and brick, it compared to those from other various adsorbents such as bio sorbents, geo materials 
and their industrial products. The potential effectiveness of the applicability of CDW and its recycled materials 
as heavy metal-adsorbents have been examined based on the comparison table listing material properties, tested 
conditions and measured adsorption properties. 

Keywords: Construction and demolition waste, Recycled materials, Adsorbent, Heavy metals 

INTRODUCTION 

Conventional wastewater treatment methods 
such as coagulation, flocculation, reverse osmosis, 
membrane separation, ion-exchange are long con-
ducted to provide a better water quality and to treat 
it before being released into the water bodies [1]. 
However, those methods are expensive and higher 
cost is needed during the operation [2]. Recently, 
scientists have been studying on using low cost and 
abundant adsorbents to remove heavy metals in the 
wastewater. Natural and industrial geo materials 
and bio sorbents are well known sorbents and re-
searchers done many experiments to identify the 
adsorption capacity of those materials [3].  
Rapid urbanization, industrialization and population 
growth in developing and developed countries pro-
duce million tons of construction and demolition 
wastes (CDW) per year. As an example, Malaysia, 
Thailand and Vietnam produce 1.9, 1.9 and 6.9 
million tons of CDW materials per year respective-
ly and common treatment method is landfilling or 
dumping [4];[5]. About 850 million tons of CDW is 
generated in the European Union (EU) per year, 
representing 31% of the total waste generated in the 
EU [6]. However, the level of recycling and reuse 
of CDW varies greatly between less than 10% to 
over 90% across the EU [3]. In 2014 United State 
produce 534 million tons of CDW materials and out 

of that 70% is waste concrete [7]. Then researchers 
can predict densely populated India and China like 
countries will produce huge amounts of CDW ma-
terials in the future by creating lots of environmen-
tal problems. Therefore, the efficient usage of those 
abundantly available resources for different activi-
ties investigation is timely. Therefore, objective of 
this review is to investigate applicability of CDW 
and recycle materials as an efficient adsorbent to 
remove heavy metals from wastewater with respect 
to geo materials and bio sorbents.   

METHODOLOGY 

A detailed literature search was carried out by 
initially selecting several key words. Those used 
include: heavy metal adsorption, natural and indus-
trial geo materials, bio sorbents, and CDW materi-
als. The search was limited to paper selection crite-
ria given in Figure 1. All papers selected were pub-
lished in Web of ScienceTM (Clarivate Analytics). A 
total of 33 references were selected of which most 
are journal papers from environmental engineering 
and material science research areas. A careful re-
view of those selected papers has been done by 
comparing each category of adsorbents for experi-
mental conditions, maximum adsorption capacity, 
analysis methods, results and suggesting future 
considerations. 
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Figure 1: Procedure of journal paper selection for the review in this study 

 
RESULTS AND DISCUSSION 
 

Adsorption has been proved to be an excellent 
way to treat wastewater, offering significant ad-
vantages like the low-cost, availability, profitability 
and ease of operation. According to Fig. 1, scientist 
and researchers gave highest priority for geo-
materials and bio sorbents (>80%) for adsorption 
heavy metals with compare to CDW and recycle 
materials. Furthermore, adsorption study for con-
crete and cement materials are rare. Hence, investi-
gation, comparison and identification of test condi-
tions, adsorption capacity and analyzing methods of 
various adsorption materials with respect to CDW 
materials is  beneficial for the next generations.  

As shown in the Table 1, all three types of ad-
sorbents, major target metals are Cu, Cd (39.9%), 
Pb (33.3%), Zn (24%) while less consideration 
gave for As (12.1%), Cr, Hg and Mn (6.1%) like 
metals. Used particle size and adsorbent concentra-
tion is diverse for each category and for each metal 
type in reviewed papers. Testing of background 
electrolytes effect on adsorption process also has 

less consideration in each category, and common 
solution were NaCl, NaNO3 or NaClO4 under the 
concentration range of 0.001-0.1 N. It is clear that 
CDW and recycle materials need higher equilibri-
um time than the other two categories of adsorbents. 
Basically equilibrium time depend on the target 
metals, adsorbent and its physical conditions and 
other operation parameters.  Higher equilibrium 
time is one of the main constrain for commercial 
application of those adsorbents. Therefore, further 
studies are needed to find out less equilibrium time 
by changing other testing conditions.  

According to Table 2, in all three categories of 
materials showed lack of data regards to cation ex-
change capacity (CEC) and point of zero charge of 
the materials. But, these two parameters are essen-
tial to understand the potential of adsorption and to 
explain adsorption behavior of metals. It revealed 
that a wide range of initial concentration of metal 
solutions was tested in the adoption studies. Solu-
tion pH is the one of critical parameter in adsorp-
tion experiments and especially if adsorbent  
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Table 1: Summary of followed methodology in each adsorption studies 

 

materials are concrete or cement material, careful 
observation of working pH is essential for maxi- 

 

mum adsorption of heavy metals [8]-[16]. Studies 
regards to temperature effects on adsorption process 

Catego-
ry of 
adsor-
bent 

Adsor-
bent 

Target 
metals 

Particle 
size 
(μm) 

Adsorbent 
concentra-
tion (g/L) 

Back-
ground 
solution 

Ionic 
strength 
(mol/L) 

Equilibrium 
time for 
Isotherm  
(min) 

Ref. 

A 

Brick As5+ ≤ 300 10-40 DIW (-) 60 [8] 

Cu2+ 63-200 5 NaCl 0-0.34 120 [9] 
Zn2+ 45-4760 10 DW (-) 540-1200 [10]

Concrete Cu2+, Zn2+, 
Pb2+ 

≤ 250 25 DW (-) 7200 (Cu2+), 
>7200 
(Zn2+), 
2880(Pb2+) 

[11] 

Grout Pb2+ ,Cd2+ ≤ 80 20 NaCl 0.1 90 [12] 
Wood Cr6+ 1-100 1-5 DW (-) 40 [13] 
Clay tile Zn2+ 45-4760 10 DW (-) 1200 [10] 
Marble Cd2+ 25 –63 2 DDW (-) 300 [14] 

Pb2+ 25 –63 1 DDW (-) 120 [15]
As5+ 50 10-40 DIW (-) 60 [8] 

Cement Cd2+, Zn2+, 
Cu2+ , Pb2+ 

2000 40 NaNO3 0.01 60 [16] 

As5+ 1400-
3000 

10-40 DIW (-) 60 [8] 

B 
 

Benton-
ite 

Cd2+ , Pb2+ ≤ 855 10 DIW (-) 150 (Cd2+), 
250 (Pb2+) 

[17] 

Kaolinite Ni2+ , Mn2+ 100-500 2-10 DDW (-) 180 [18] 
Zeolite Pb2+, Cu2+, 

Zn2+ , Cd2+ 
90-300 5 NaClO4 0.01-0.05 <1440 [19] 

Sepiolite Pb2+ 20-53 2-20 DW (-) 360 [20] 
Montmo-
rillonite 

Co2+ ≤ 200 0.2-1.4 NaClO4 0.001-0.1 120 [21] 

Alluvial 
soil 

Pb2+ , Cd2+ 2000 100 MQW (-) Pb2+ 360, 
Cd2+ 60  

[22] 

C 

Bark Cd2+ ≤ 500 4 Na2SO4 0-0.07 25 [23] 
Sawdust Zn2+, Cu2+, 

Cd2+, Fe2+, 
Ni2+ , Mn2+  

400-1000 2-40 DW (-) 30 [24] 

Coconut 
shell 

Pb2+ , Cd2+ ≤ 75 100 MQW (-) Pb2+ 360, 
Cd2+ 60  

[22] 

Coir pith Cd2+ ≤ 96 0.25-3 NaCl 0.001-0.1 180 [25] 

Peanut 
shell 

Hg2+ , Cd2+ 100-200 8 DIW (-) 120 [26] 

Neem 
leaves 

Cr6+ 850-1500 4-16 DW (-) 4020 [27] 

Bamboo As3+, As5+ 63-125 0.01-0.15 DDW (-) 1800 for 
As3+, 2130 
for As5+ 

[28] 

Oat hulls As5+ 360-430 0.015 DIW (-) 1440 [29] 
Wheat 
straw 

As3+, As5+ * 0.5-3 Fe3O4 0.5 720 [30] 

Note: DW-distilled water,  DIW- deionized water,  DDW- doubly distilled water,  MQW- Milli-Q water, (-)- no 
ionic strength, * No data available 
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Table 2: Summary of followed methodology in each adsorption studies 

Catego-
ry of 
adsor-
bent 

Adsor-
bent 

Target 
metals 

Point of 
zero 
charge 

CEC of ad-
sorbent 
(mmol/100 
g) 

Concentra-
tion range 
(mg/L) 

Initial 
pH 

Tempera-
ture (0C) 

Ref. 

A 

Brick As5+ * * 0.1-1 2-9 25 [8] 
Cu2+ * * 200 1.5-6 25-45 [9] 
Zn2+  40-90 2.5-4.5 25 [10]

Concrete Cu2+, Zn2+, 
Pb2+ 

* * 873(Cu2+), 
837 (Zn2+), 
1041(Pb2+)

5-7 20 [11] 

Grout Pb2+, Cd2+ * 453.2 20 (Cd2+), 
200 (Pb2+) 

5 25 [12] 

Wood Cr6+ * * 10-50 1-11 10-50 [13] 
Clay tile Zn2+   40-90 2.5-4.5 25 [10] 
Marble Cd2+ 8.3 * 20-60 7 25 [14] 

Pb2+ 8.3 * 500-1500 7 25 [15] 
As5+  0.1-1 2-9 25 [8]

Cement Cd2+,Zn2+, 
Cu2+, Pb2+ 

* 52.2 50-1600 3-9 25 [16] 

As5+ * * 0.1-1 2-9 25 [8]

B 

Benton-
ite 

Cd2+, Pb2+ * 61.0 2-500 5.2 
(Pb2+), 
8 
(Cd2+) 

0-60 [17] 

Kaolinite Ni2+, Mn2+ 5.5 11.3 100-500 2-8 27-50 [18] 
Zeolite Pb2+, Cu2+, 

Zn2+, Cd2+ 
* * 5-20 6 25 [19] 

Sepio-
lites 

Pb2+ 6.4 11.8 300 2-9 20-40 [20] 

Montmo-
rillonite 

Co2+ * 86.1 9.8 3-12 30-70 [21] 

Alluvial 
soil 

Pb2+, Cd2+ * * 100-2000 2-8 25 [22] 

C 

Bark Cd2+ 5.32 * 25-300 2-5 20-50 [23] 
Sawdust Zn2+, Cu2+, 

Cd2+, Fe2+, 
Ni2+, Mn2+ 

* * 5-200 5 25 [24] 

Coconut 
shell 

Pb2+, Cd2+ * * 100-2000 2-8 25 [22] 

Coir pith Cd2+ 5.5 181 25-300 2-8 30 [25] 
Peanut 
shell 

Hg2+, Cd2+ * * 1-300 1-7 25 [26] 

Neem 
leaves 

Cr6+ * * 40-700 1-11 30 [27] 

Bamboo As3+, As5+ 5 * 2-38 2-9 25 [28] 
Oat hulls As5+ * * 0.025-0.2 5-9 24 [29] 
Wheat 
straw 

As3+, As5+ * * 1-28 3-11 30 [30] 

Note: *No data available  
 

for CDW and recycle materials is rare and re-
searchers have potential for that. Reported maxi-
mum adsorption capacity (Qmax) illustrates in Figs. 
2 and 3 for selected adsorbent and all adsorbent 
show potential for adsorb heavy metals from waste 

water. It is clear that less consideration for CDW 
and recycle materials and limited for few heavy 
metals such as Pb, Cd and Cu (see, Fig. 1). Fur-
thermore, brick and marble materials show more 
than 100 mg/g Qmax for Cu and Pb respectively 
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[9],[15], implying that CDW and recycle materials 
have a great potential for adsorb heavy metals as 

geo and bio sorbents.  

 

Figure 2: Reported adsorption capacities in selected adsorption studies 

 

 

Figure 3: Reported adsorption capacities in selected 
adsorption studies 

According to the data reported, Langmuir and 
Freundlich models for isotherm studies and pseudo 
first order and pseudo second order models for ki-
netic studies are commonly used models and best fit 
models during the data analyzing process in all 
three categories. Furthermore, Langmuir model is 
more than 90% act as a best fit model for CDW and 
recycle materials by representing mono layer ad-
sorption to adsorbent. There are different types of 
adsorption mechanisms were reported and for CDW 
and recycle materials such as ion exchange, chemi-
sorption and film diffusion. Thermodynamic pa-
rameters are important to explain adsorption pro-
cess when changing the temperature of the medium. 
The Gibbs Free Energy (ΔG) is negative for CDW 
and recycle materials by indicating the spontaneous 
nature of the adsorption process and the negative 

values of entropy (ΔS) suggest the probability of a 
favorable adsorption. 

CONCLUSION 

According to all parameters discussed in this 
paper, it is clear CDW and recycle materials have 
same potential as geo and bio sorbents for adsorb 
heavy metals form wastewater which is marginal-
ized material in current situation. Therefore re-
searchers and scientist have to focus their attention 
to improve and use this abundantly available mate-
rial for wastewater treatment process in future.  
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ABSTRACT 

A large amount of radioactive materials were diffused by the accident at Fukushima Daiichi nuclear power 

station of Tokyo electric power company, and decontamination has been continued for about six years in 

Fukushima. The contaminated soil that is stripped on the ground and is collected should be reduced in volume at 

an intermediate storage facility. However, it takes a long time to operate the facility. The ministry of the 

environment shows the guidelines that it is possible to dispose the radioactive waste below 8000Bq/kg of radiation 

dose in an ordinary process. Therefore, it is more desirable that the radiation dose should be reduced below 

800Bq/kg in flexible containers filled with contaminated soil than the reduction of radiation dose in the 

intermediate storage facility. Thus, in this study, the method in which only radioactive materials are collected from 

the contaminated soil in the flexible containers is proposed. The extraction of radioactive cesium from the soil is 

investigated so as to check the performance and availability of the proposed method. As a result, it is confirmed 

that is possible to collect a certain amount of cesium from cohesive soil like vermiculite in which cesium is strongly 

fixed. 

Keywords: Cesium, Vermiculite, Ammonium acetate, Electrophoresis, Zeolite 

INTRODUCTION 

A serious nuclear accident at the Tokyo electric 

power company’s Fukushima Daiichi nuclear power 

station caused the spread of large amounts of 

radioactive materials. Among released radioactive 

substances, iodine 131, cesium 134, cesium 137 and 

strontium 90 have serious influences on the human 

body and the environment in terms of release amount 

and half-life [1]. In particular, cesium 137 has a large 

release amount of 1.5 × 1016 Bq and its half-life is as 

long as about 30 years. Moreover the detection of 

radiation still continues over a wide range of 

Fukushima. 

Cesium fixed in clay minerals in soil is known to 

be difficult to remove from the soil. The soil in 

Fukushima prefecture is relatively abundant in 

viscous soils. In general, the viscous soils absorb the 

cesium well from the environmental point of view. In 

addition, it has been confirmed that most of 

radioactive cesium is fixed in mineral particles called 

vermiculite (weathered biotite) which is unevenly 

distributed in the soil of Fukushima [2], and it is 

necessary to establish the efficient removal method of 

cesium from vermiculite. 

In Fukushima, the stripping on topsoil has been 

carried out for the decontamination of cesium in soil. 

The Ministry of the Environment estimates that 

the amount of generated contaminated soil is about 16 

million m3 to 22 million m3 after the volume 

reduction of the gathered one when all the soil in 

decontamination area of Fukushima are stripped. It is 

currently considered difficult to secure an 

intermediate storage facility in which these large 

contaminated soils will be managed over a long 

period of time. Therefore, the disaster waste safety 

assessment study meeting organized by the Ministry 

of the Environment proposed that the polluted soil 

whose radiation dose is less than 8000 Bq / kg can be 

reused as construction materials such as embankment 

[3]. This propose indicates that a certain amount of 

cesium from the contaminated soil in the temporary 

storage bag are removed without waiting for the 

construction of intermediate storage facilities. 

As a technology for removing cesium, the method 

in which the volume of contaminated soils can be 

reduced by burning the burnable materials after 

separating soil and organic matter mechanically and 

with high precision is proposed. Other method in 

which contaminated soils are classified into fine 

particles fixed with cesium and regenerated soil by 

washing the soils is proposed [4]. However, in these 

methods, the contaminated soils are decontaminated 

in large-scale facilities such as intermediate storage 

facilities which is difficult to construct in the present 

situation due to securing their construction sites. 

Therefore, it is necessary to reduce the radiation dose 

of contaminated soil in temporary storage space. 

In this study, the artificial soil mixed vermiculite 

and Toyoura standard sand was prepared as the soil 

to which cesium could be easily adhered, and a 

stirring test was conducted using an ammonium 
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acetate aqueous solution as an extraction solution. 

Based on the results obtained in these cesium 

extraction tests, electrophoresis tests were conducted 

at different current values. In the test, it was aimed to 

investigate whether it is possible to transfer cesium 

from vermiculite to the adsorbent and to investigate 

whether it is possible to reduce the radiation dose of 

contaminated soil in the flexible container at the 

temporary houseroom. 

MATERIALS AND METHODS 

Materials 

In this study, the soil mixed with Toyoura 

standard sand (Fig.1) and vermiculite (Fig.2) was 

used as an experimental soil to which cesium was 

added. 

The Toyoura standard sand is composed with the 

soil particle of the uniform grain size. Moreover, it is 

very smooth, and the soil grains hardly stick each 

other. Therefore, the difference between experimental 

samples can be neglected under the same condition, 

and the reproducibility of experiments are secured. 

Fig.1 Toyoura standard sand. 

The vermiculite is the silicate mineral that mainly 

consists of the oxidized silicon, magnesia and 

aluminum oxide. It is also called leech stone in Japan 

since it expands at high temperature. The common 

uses of vermiculite include soil improvement and 

livestock food in agricultural and horticultural fields, 

refractory materials and lightweight concrete in 

construction field, disposable hand warmer and 

friction materials. It has been confirmed that the 

vermiculite is unevenly distributed in the soil of 

Fukushima, which is a major obstacle to the 

decontamination of radioactive cesium [5]. Cesium 

present as a monovalent cation in soil adsorbs to 

negatively charged soil particles in soil. It also has the 

property of selectively adsorbing to clay particles of 

small particle size. Cesium is fixed to the soil by the 

2: 1 type layered silicate (Fig.3) such as vermiculite 

among the minerals constituting the clay mineral. The 

weathering of the soil swells so that the terminal part 

of the layer of clay mineral gets frayed and releases 

potassium ion. As a result, a portion where other 

cations can enter can be formed. This is called a 

frayed edge (Fig.4). The cesium ion fixed to this 

frayed edge becomes difficult to replace by other 

cations [6]. In this study, 0.7 mm, 1.0 mm, 2.0 mm of 

grain size of vermiculate was utilized. 

Fig.2 Vermiculite (particle size 0.7mm, 1.0mm, 

2.0mm from the left). 

Fig.3 2: 1 type layered silicate schematic. 

Fig.4 Schematic diagram of the frayed edge in 2: 

1 type layered silicate. 

The cesium extraction test using decomposed 

granite soil was conducted by Miyazaki (2016), but 

the test result tended to vary on account of the size of 

weathered granite soil. Therefore, in this study, the 

experimental results with high reproducibility can be 

secured by preparing the mixed soils mentioned 

above, because only the Toyoura standard sand and 

the vermiculite are employed as a soil sample. In the 

experiment, it was decided to carry out a cesium 

extraction test on the mixed soil with the Toyoura 

standard sand and the vermiculite. 

Powdered zeolite (Fig.3) was used as adsorbent 

for cesium in the electrophoresis test. The skeleton 

structure of zeolite is silicon and aluminum bonded 



GEOMATE - Mie, Japan, Nov. 21-24, 2017 

619 

via oxygen. In the skeleton structure, the periphery of 

silicon is electrically neutral and the surroundings of 

aluminum are negatively charged since aluminum 

and silicon share oxygen with each other. Therefore, 

the cations are required in the framework to 

compensate for the negative charge. Since the cation 

is easily exchanged with other metal ions, the zeolite 

is known to have ion exchange properties. 

Fig.5 Powdered zeolite. 

An aqueous ammonium acetate solution as an 

extra-ction solution for extracting cesium in the soil 

and as an electrolyte in the electrophoresis test was 

used. It is known that the ammonium ion of 

ammonium acetate shows a high ion exchange 

reaction with cesium ions fixed in the clay mineral. 

Based on this fact, it is suitable for the extraction of 

cesium in the mixed soil. From the study of Yoshida 

(2016), the higher the concentration of the 

ammonium acetate aqueous solution used as the 

extraction solution and electrolyte, the higher the 

extraction ratio of cesium [7]. Since, however, the 

contaminated soil in which the radiation doze is 

decreased below the reference value is reused, the 

ammonium acetate aqueous solution in concentrated 

form cannot be employed. Therefore, 5% 

concentration of ammonium acetate aqueous solution 

(concentration 3.0%) of a saturated aqueous 

ammonium acetate solution (concentration 59.7%) 

having a low concentration and an excellent extract-

ion ratio. 

Cesium extraction test method 

In this study, the experimental sample should be 

put into solution for the quantitative analysis for 

cesium with atomic absorption spectrometry. 

Therefore, it is necessary to separate the cesium in the 

soil into the solution after the electrophoresis test. In 

addition, it is difficult to separate only cesium from 

the adsorbent after the test into a solution. Thus, in 

order to confirm the adsorption effect for cesium on 

the adsorbent by electrophoresis, it is necessary to 

separate cesium into solution and to compare the 

difference of cesium between the tests with and 

without the adsorbent. As a separation method, 100 

mL of the ammonium acetate aqueous solution whose 

concentration is same as that used in the test was 

added to the soil after the test. Then, it is agitated for 

10 minutes at 300 rpm of a rotation speed using a 

stirrer. Moreover, it is sieved with a sieve of 38 μm, 

Stirring is performed for 40 minutes in total by 

repeating the solid-liquid separation step of filtering 

to solution and soil four times. The amount of cesium 

contained in the solution after the test and the soil is 

quantified for the solution separated by filtration with 

each stirring using an atomic absorption spectrometer. 

Electrophoresis test 

As a test soil assuming contaminated soil, 

vermicu-lite mixed sand with cesium is placed in a 

test container and a carbon rod (D 15 mm, L 40 mm) 

to be an anode is installed on the bottom of container. 

It is immersed in an aqueous solution of ammonium 

acetate which is an electrolyte, and an adsorbent is 

placed on an assumed contaminated soil. The 

adsorbent was placed in the simple container which 

consists of a filter paper and a bolding cloth for an 

easy access after testing. Finally, an aluminum plate 

(W 30 mm, L 90 mm) is installed to serve as a cathode 

from the top of the adsorbent (Fig.4). Since cesium 

exists as a cation in solution, it moves to the 

aluminum plate which is the cathode by energization 

and is adsorbed by the adsorbent. 

Fig.6 Schematic drawing of electrophoresis test 

RESULTS AND DISCUSSION 

Cesium adsorption of vermiculite 

In order to confirm the adsorption performance of 

vermiculite to cesium, the results of cesium extraction 

test using aqueous ammonium acetate solution as an 

extraction solution are shown. The purpose of the 

extraction test is to confirm whether cesium can be 

efficiently extracted from vermiculite by using 

aqueous ammonium acetate solution. In addition, the 
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tests are conducted under the conditions where 

cesium is more easily to be fixed, such as the curing 

tests in which the curing period of the assumed 

contaminated soil is varied or the wet state is kept. 

According to the test results, the compounding ratio 

of vermiculite and sand for the mixed sand is 

determined. As a result, 20 g of mass and 0.7, 1.0, and 

2.0 mm of particle size of the vermiculite are 

determined. 

In this test, cesium is extracted by washing with 

stirring. 1 mg of cesium is added to the vermiculite or 

mixed sand in the test container. 0 hour and 168 hours 

of curing period are set, 100 ml of ammonium acetate 

aqueous solution as extraction solution is poured into 

the assumed contaminated soil, and the washing out 

by stirring is carried out. The concentration of the 

ammonium acetate aqueous solution is set to 3.0%, 

and the stirring is carried out for 10 minutes at 300 

rpm of a rotation speed. Four sets of the stirring is 

conducted, that is to say, 40 minutes stirring is totally 

carried out. In some tests, the distilled water is added 

into the assumed contaminated soil before the 

addition of cesium into the soil so as to reproduce the 

real condition in Fukushima. In this study, each test is 

conducted three times under the same condition to 

ensure a reproducibility. 

In the cesium extraction test with 0.7 mm of 

vermiculite particle size, Fig. 7 shows that about 20% 

of cesium can be extracted by washing out with 

distilled water immediately after the addition of 

cesium. However, compared with Fig. 8, the extract-

ion ratio is reduced to 10% or less due to long curing 

period. This is because the cesium is not completely 

absorbed in the flied edge of vermiculite immediately 

after the addition of cesium. However, the cesium is 

sufficiently adsorbed in the flied edge of vermiculite 

due to the long curing period. This face suggests that 

the washing out with the distilled water against the 

curing contaminated soil is ineffective.  

Fig. 7 Extraction ratio of cesium by washing out 

with distilled water (curing period 0 h). 

Figure 9 shows the result of washing out the 

curing vermiculite with an ammonium acetate 

aqueous solution. Comparing Fig. 8 with Fig. 9, it can 

be seen that the extraction ratio of cesium is improved 

by about 20% by washing with ammonium acetate. 

Therefore, it was confirmed that the ammonium 

acetate aqueous solution was effective and efficient 

extraction of cesium for the curing contaminated soil. 

In the cesium extraction test with 1.0 mm of the 

vermiculite particle size, the cesium extraction ratio 

is slightly higher than that of 0.7 mm of the 

vermiculite particle size. The surface area per gram of 

vermiculite is larger when the particle size is smaller. 

The vermiculite having 0.7 mm of the particle size 

contacts cesium more widely than the others, and 

trend high performance of cesium adsorption. 

For the vermiculite having 2.0 mm of the particle 

size, the extraction ratio is higher than the other two. 

As mentioned above, the extraction amount of cesium 

depends on the surface area per gram of vermiculite. 

However, it is found that the extraction rate by the 

extraction with distilled water shows about 20% drop 

due to curing in the case of 2.0 mm particle size. 

From the results of these tests, it is confirmed that 

it is difficult to extract cesium in the case of smaller 

size 

Fig. 8 Extraction ratio of cesium by washing out 

with distilled water (curing period 168 h). 

Fig. 9 Extraction ratio of cesium by washing out 

with ammonium acetate aqueous solution 

(curing period 168 h). 
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is difficult to extract cesium in the case of smaller size 

of vermiculite particle and to extract cesium with 

distilled water from cured contaminated soil. In these 

tests, it is found that the vermiculite having 0.7 mm 

of particle size adsorbs a lot of cesium. Thus, in this 

study, the vermiculite having 0.7 mm of particle size 

is mixed with the Toyoura standard sand and employ 

an ammonium acetate aqueous solution as an 

extraction solution. 

Extraction of cesium from mixed sand 

The vermiculite mixed sand is prepared based on 

the results obtained from the tests in which the cesium 

is extracted from only vermiculite. The vermiculite 

with 0.7 mm particle size is employed in order to 

prepare the mixed soil. The total mass of the mixed 

soil in the cesium extraction test and electrophoresis 

test are set to 50 g and 120 g, respectively. The mixing 

ratios of vermiculite to standard sand are three cases; 

3, 5, 10%. 

As can be seen from Fig. 10, the lower the cesium 

extraction rate is, the higher the mixing ratio of 

vermiculite to standard sand is. Unger the condition 

of constant volume of standard sand, the more the 

cesium is adsorbed, the higher the mixed ratio of 

vermiculite to standard sand is.  

The extraction ratio of cesium in the case of only 

the vermiculite and the mixed sand is considered. 

Comparing Fig. 9 with Fig. 10, there is not much 

difference between only the vermiculite and the 

mixed sand in terms of the extraction of cesium. 

Figure 11 shows the result of cesium extraction of 

assumed contaminated soil in the case of 120 g of the 

mixed sand for electrophoresis test. Comparing Fig. 

10 with Fig. 11, it can be seen that there is not much 

difference between 50 g case and 120 g case in terms 

of the extraction ratio of cesium. This is because the 

volume ratio of vermiculite and standard sand hardly 

changes between them even if their total amount of 

mixed sand are different. Thus, more or less same 

Fig. 10 Extraction ratio of cesium in vermiculite 

mixed sand 50 g (curing period 168 h). 

cesium extraction ratio are obtained in both cases. 

From the above test results, the addition of 5% of 

vermiculite for 120 g of the mixed soil is determined 

in the electrophoresis test. 

Fig. 11 Extraction ratio of cesium in vermiculite 

mixed sand 120 g (curing period 168 h). 

Electrophoresis test 

In the electrophoresis test, the vermiculite having 

0.7 mm particle size, which adsorbs cesium most, is 

employed based on the results of cesium adsorption a 

performance test of vermiculite. In the assumed 

contaminated soil used for the electrophoresis test, 1 

mg of cesium is added after setting the moisture 

content to 30% wet state, and the curing period is  168 

hours. 

In the electrophoresis test, the aqueous solution of 

ammonium acetate is employed as an electrolyte, and 

the test is carried out under the conduction conditions 

of 48 hours of the energization time, 25V or less of 

voltage, and 0.005, 0.010, 0.015, 0.025, 0.050 or 

0.100 A of current. As a result, the most effective 

condition in which the cesium moves from the 

assumed contaminated soil to the adsorbent is 

selected. The adsorption effect is evaluated through 

the comparison of the cesium extraction ratio in the 

case of presence or absence of the adsorbent. In this 

stage, the difference of the cesium extraction ratio 

between two cases of gives us the adsorption 

performance of absorbent for cesium. 

As can be seen from Fig. 12, it is confirmed that a 

certain amount of cesium is adsorbed to the zeolite 

which is employed as an absorbent in this study at 

0.015 A or more of current. The cesium is considered 

to be unmoving because 0.010 A or less of current is 

not enough or the cesium to move. Compared Fig. 11 

to Fig. 12, it is found that extraction ratio of cesium is 

decreased by carrying on the electrophoresis test. 

This is thought that the cesium which is not fixed 

moves to the frayed edge of vermiculite by current 

application. 
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Fig. 12 Cesium extraction ratio (adsorbent: zeolite) in vermiculite mixed sand for 48 hours electricity test.

CONCLUSIONS 

The decomposed granite used in our previous 

studies was heterogeneous in particle size, and there 

was variability in the result of cesium extraction for 

each test. The vermiculite which exists a lot in 

Fukushima soil fixes cesium and causes the removal 

of cesium from the soil difficult. Therefore, in this 

study, the vermiculite is employed as an assumed 

contaminated soil. The aim of this study is to examine 

the possibility of decontamination of contaminated 

soil in a flexible control bag through the extraction of 

cesium test and electrophoresis test with thinking 

much of reproducible conditions. 

First, in order to investigate the cesium adsorption 

ability of vermiculite used in this study as an assumed 

contaminated soil, the extraction test in which some 

size of vermiculite particle are used is conducted 

under various conditions. The distilled water and 

ammonium acetate aqueous solution are utilized as an 

extraction solution to extract cesium from the 

vermiculite. As a result, it is found that the smaller the 

particle size is, the more the cesium is absorbed in the 

vermiculite due to the lager surface area of the 

particle. In the extraction of cesium test with using 0.7 

mm of vermiculite particle size and the distilled 

water, it is found that the extraction ratio is about 20% 

without the curing period and about 10% under the 

curing. Furthermore, it is clarified that extraction of 

cesium with the distilled water is difficult. However, 

using an aqueous solution of ammonium acetate as an 

extraction solution, the extraction ratio of cesium in 

the case of 0.7 mm of the vermiculite particle size is 

about 30% without respect to the curing period of an 

assumed contaminated soil after adding cesium into 

it. Therefore, it is confirmed that more cesium can be 

extracted by using ammonium acetate aqueous 

solution even if the curing period is provided. 

Based on the above test results, the cesium 

extraction test on mixed soil of vermiculite and 

Toyoura standard sand is conducted. In this test, the 

extraction of cesium from the assumed contaminated 

soil with using 0.7 mm of vermiculite particle size is 

examined. From the tests, it is found that the 

extraction ratio of cesium decreases as the mixing 

ratio of vermiculite is higher. 

In the electrophoresis test, it is turned out that a 

certain amount of cesium is adsorbed to the zeolite 

which is employed as an absorbent in this study at 

0.015 A or more of current. In addition, it is also 

confirmed that extraction ratio of cesium declines by 

carrying out energization. However, there is no need 

to remove all the cesium from the contaminated soil, 

so we need to consider how much cesium should be 

adsorbed by an absorbent like zeolite. As for future 

tasks, the containers assuming actual flexible 

container bags will be prepared and the 

electrophoresis test is conducted to investigate the 

amount of adsorption of cesium which is added into 

the soil in the container. 
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ABSTRACT 
 
The origin for the shallow and deep groundwater in the Kinokawa River catchment was studied by measuring 

the depth, water temperature, dissolved ions, and oxygen and hydrogen isotope ratios. δ18O and δD values of 
shallow groundwater are on the meteoric line and thought to derive from precipitation.  

 The deep groundwater can be divided into two types, high δ18O groundwater and low δ18O groundwater. Na+ 
and Cl- for high δ18O groundwater is similar to modern seawater, however its δ18O is between metamorphic fluid 
and precipitation. Therefore high δ18O groundwater is thought to be metamorphic water. Na+/Cl- for low δ18O 
groundwater is between the Kinokawa River water and metamorphic water. Ca2+/Cl- and HCO3

-/Cl- values for 
low δ18O groundwater is also between the Kinokawa River water and metamorphic water. Therefore low δ18O 
groundwater is mixture of precipitation and metamorphic water. High Ca2+ concentration deep groundwater is 
mixture of precipitation and metamorphic water in calcium rich rocks.    
 
Keywords: groundwater, dissolved ions, the stable oxygen and hydrogen isotope ratios, metamorphic water 
 
 
INTRODUCTION 

 
 Groundwater is widely used for agriculture, 

industry or domestic water all over the world and 
then its stable use is necessary to conserve source of 
groundwater and to determine origin of groundwater. 
Precipitation is a main source for groundwater. 
However seawater is also a main source of 
groundwater beside the sea. In recent years the 
origin for saline hot spring water is studied and its 
origin is thought not to be precipitation or modern 
seawater but to be metamorphic dehydrated fluid [1], 
[2]. 

The stable oxygen and hydrogen isotope ratios 
are useful tracers for clarifying the origin for 
groundwater. Generally oxygen and hydrogen 
isotope ratios are expressed δ18O and δD. They are 
presented as per mil (‰) of the standard average 
seawater (SMOW: Standard Mean Ocean Water). 
The formulas are shown in equation (1) and (2). 
δ18O and δD of SMOW are denoted as (D/H)SMOW, 
(18O/16O)SMOW and δD and δ18O of the sample are  
denoted as (D/H)Sample, (18O/16O)Sample. 
Measurement error of δD is ±1.0‰ and 
measurement error of δ18O is ±0.1‰.   

 
δD = [(D/H)Sample/(D/H)SMOW-1]×1000:     

(1) 
 
δ18O = [(18O/16O)Sample/(18O/16O)SMOW-

1]×1000:     (2) 
 

In early period of those studies, one of the 
important characteristics of meteoric water was 
found by Craig (1961). Generally δ18O and δD 
values in rain water are located in the vicinity of the 
meteoric line of equation (3) [3]. 

 
δD = 8 δ18O+10:                                            (3)   

 

Fig.1  Location of study area. 

Fig.2 Location map showing Shallow 
groundwater in the Kinokawa River catchment. 



GEOMATE - Mie, Japan, Nov. 21-24, 2017 

624 
 

 
STUDY AREA 

 
Fig.1 shows the study area. The Kinokawa River, 

approximately 136 km, flows from east to west in 
the area. The river flow rate is estimated to be 37.4 
m3/s on average [4]. The Median Tectonic Line 
(MTL) is at the north end of Wakayama prefecture. 
There are sedimentary rocks and Sambagawa 
metamorphic rocks under the Kinokawa River 
catchment. Sedimentary rocks are from 0 m to 600 
m in depth, Sambagawa metamorphic rocks are 
lower than 600 m in the ground [5].  

 
METHOD 

 
Water samples were taken from the Kinokawa 

River, shallow wells and deep wells (hot spring 
wells). Sampling was performed from April 2012 to 
November 2016. The concentrations of Na+, Ca2+, 
Mg2+, Cl-, NO3

- and SO4
2- for the sampled water 

were measured by ion exchange chromatography. 
The concentration of HCO3

- for the sampled water 
was measured by TOC analyzer. Stable hydrogen 
and oxygen isotopic ratios were measured by mass 
spectrometer (Sercon Geo Wet System) with dual 
inlet and equilibrium with CO2 and H2 gas method.   

 
RESULT 

 
All groundwater samples were taken from wells 

in the Kinokawa River basin. The depth range of 
wells is from 5 m to 1500 m, so groundwater can be 
divided into two types, shallow groundwater from 
5m to 100m in depth shown in Fig.2 and deep 
groundwater from 100 m to 1500 m in depth shown 
in Fig.3. 

 
Isotope 
 

 Isotope values of shallow groundwater and 
Kinokawa River water are on the meteoric line in 
Fig.4. Generally precipitation isotopic values are on 
the meteoric line. Therefore shallow groundwater is 
thought to derive from precipitation. 

 As shown in Fig.5, there are two types of deep 
groundwater, high δ18O (0 ~ 6 ‰) and low δ18O (-10  

~ -4 ‰). Groundwater with low δ18O is close to the 
meteoric line and groundwater with high δ18O is 
between the meteoric line and the metamorphic fluid. 
δ18O value for the metamorphic fluid is from 5 ‰ to 
25 ‰ [6]. 

Fig.4 Relationship between δ18O and δD for 
shallow groundwater. 

Fig.6  Relationship between anion and cation 
concentration. 
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Generally δ18O values of rocks are higher than 
those of precipitation and seawater.  If water reacts 
with rocks for a long term under high temperature 
condition, δ18O values of groundwater increase 
because original silicate mineral contains highδ18O 
values. On the other hand, groundwater with high δ
D values selectively reacts with rocks and clay 
mineral is produced and thenδD values of residual 
water decreases [6]. Metamorphic rocks are 
distributed under the Kinokawa River basin. It is 
thought that seawater in marine sediments goes into 
underground with sediments and water squeezed 
from sea sediments is fossil seawater and 
furthermore under both high temperature and high 
pressure condition it becomes metamorphic fluid.  

 
Chemical 
 

 Fig.6 shows anion concentration (Cl-, NO3
-, 

SO4
2-) and cation concentration (Na+, Ca2+ and 

Mg2+) of shallow groundwater and deep 
groundwater. Cation and anion values for deep 
groundwater are high and its shallow groundwater 
values are low.  

 If groundwater mixes with seawater or reacts 
with rocks for a long term, dissolved substances in 
groundwater increase. However all samples values 
for shallow groundwater are low, moreover as 
shown in Fig.4 these isotope values are on the 
meteoric line, therefore these are thought to derive 
from precipitation. 

  Fig.7 shows relationship between Na+ and Ca2+. 
Na+ concentration of high δ18O groundwater is 
higher than 300 mEq. C1, C2, C3 are high Ca2+ 
concentration groundwater (Ca2+ concentration are 
more than 100 mEq). 

Low δ18O groundwater has two types, high Na+ 
concentration groundwater and high Ca2+ 
concentration groundwater. The origin for high Na⁺ 
concentration groundwater is thought to be two 
things, one is mixture of precipitation and modern 
seawater or high δ18O groundwater, the other one is 
reaction with rocks. 

Fig.8 shows relationship between Na+/Cl- ratio 
and Cl- concentration. Na ⁺ /Cl ⁻ ratio of modern 
seawater is 0.9 and that of the Kinokawa river water 
is 3.2. Na+ / Cl- ratio of high δ18O groundwater is 
similar to its modern seawater. However as shown in 
Fig.5 high δ18O groundwater is different from 
modern seawater. Low δ18O groundwater is between 
the Kinokawa River water and modern seawater or 
high δ18O groundwater. Generally Cl- concentration 
for groundwater doesn’t increase with depth unless 
seawater is mixed or groundwater reacts with rock 
salt. However there is no rock salt in Japan. 
Therefore it is thought that low δ18O groundwater is 
mixture of modern seawater or high δ18O 
groundwater and precipitation. However as shown in 

Fig7 Relationship between Ca2+ concentration 
and Na+ concentration for deep groundwater. 

Fig.8 Relationship between Na+/Ca2+ and Cl- 
concentration for deep groundwater. 

Fig.9 Relationship HCO3
-/Cl- and Ca2+/Cl- for 

deep groundwater. 
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Fig.5, δD values don’t change, so low δ18O 
groundwater is not mixed with modern seawater. 

 Fig.9 shows relationship Ca2+/Cl- ratio and 
HCO3

-/Cl- ratio. In the deep groundwater a 
decomposition of inorganic matter causes to increase 
HCO3

- concentrations and pH of the water is getting 
low, therefore Na⁺or Ca²⁺ in rocks are dissolved 
into groundwater.  

Ca2+/Cl- values and HCO3
-/Cl- values of high 

δ18O groundwater are higher than those of modern 
seawater, namely high δ18O groundwater is thought 
to be in the deep ground. This result indicates that 
high δ18O groundwater is metamorphic water. And 
low δ18O groundwater is between the Kinokawa 
River water and high δ18O groundwater. Therefore 
low δ18O groundwater is thought to be mixture of 
precipitation and metamorphic water. 

C1, C2 and C3 are high Ca2+ concentration 
groundwater. As shown in Fig.5, C1 and C2 are on 
the meteoric line. However they are on the right side 
for Kinokawa River water in Fig.5. Therefore they 
are thought to be mixture of precipitation and 
metamorphic water or modern seawater, and then 
they are influenced by calcium rich rocks. 

  
CONCLUSION 

 
Fig.10 shows groundwater flow under the 

Kinokawa River catchment. There are mainly two 
types of origin for groundwater in the Kinokawa 
River catchment. One is shallow groundwater 
derived from precipitation because these isotope 
values are on the meteoric line and total dissolved 
substances are low. The other one is metamorphic 
water because those isotope values are different 
from seawater and between precipitation and 
metamorphism. Moreover Relationship between 

Ca2+/Cl- and HCO3
-/Cl- shows the difference of 

between modern seawater and metamorphic water. 
Beside sea there is high Ca2+ concentration deep 
groundwater. They are the mixture of precipitation 
and modern seawater or metamorphic water. Also 
they are influenced by calcium rich rocks. 
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ABSTRACT 
 

Various radioactive materials were spread by the accident at Fukushima Daiichi nuclear power station of Tokyo 
electric power company. Though 6 years passed since the accident, the decontamination of difficult-to-return zone 
is not in prospect. The reason why the decontamination has not carried on is the geographic factor around the zone. 
In particular, there is a lot of forestry area around the zone, and radioactive cesium has been accumulated by a 
rainfall and a wind all the time from forestry area since the accident. In this way, re-pollution is a serious concern 
even if the level ground was decontaminated. It is necessary for decontamination of the slope that is the supply 
source of radioactive cesium from the forestry area to a residential area or farmland. Thus, in this study, the simple 
decontamination method using running water was proposed to solve the decontamination of forestry area. This 
method has the characteristics that the vermiculite strongly fixes the radioactive cesium and the decontamination 
site is a slope. In particular, four different experiments; one utilizes only cesium, one does the standard sand, one 
does the vermiculite and the other does their combination, were conducted. As a result, it is confirmed that it's 
possible to reduce by 20% of the volume of contaminated soil because of removal of vermiculites. Since the 
vermiculite is lighter weight than the sand and water, it is easy to remove only vermiculite from the water. Removal 
of vermiculite using this method leads to volume reduction of the contaminated soil. 
 
Keywords: radioactive cesium, contaminated soil, decontamination method, slope, vermiculite 
 
 
INTRODUCTION 

 
The Great East Japan Earthquake which is the 

most powerful earthquake on record occurred in 
Sanriku offshore on March 11, 2011. The Fukushima 
Daiichi nuclear energy plant of the Tokyo Electric 
Power Company (1F) was hit by the great Tsunami 
several times after an hour of the earthquake. The 
power facilities were widely destroyed, and the 
basement room and the shaft were inundated with the 
Tsunami. Major quantity of radioactive materials 
were discharged from the 1F for all of mentioned 
backgrounds. The radioactive materials is spread to 
atmosphere, which is fallen down mountain, river and 
marine by rain breeze. Especially, the radioactive 
cesium is detected in Tokyo Bay far away. Also, the 
radioactive materials that have fallen into the 
mountains are firmly bonded to the cray foods in the 
soil. Especially, the cesium-137 is extensively 
detected in Fukushima prefecture because the 
cesium-137 is vigorously discharged and long half 
period. The influence is strongly shown around the 1F, 
and the 12 of municipalities in Fukushima prefecture 
is designated the evacuation zone still (see Fig. 1). Fig. 
1 is developed based on the data by the 
Reconstruction Agency as in [1].  Okuma town where 
the 1F is located is designated the difficult to return 
zone of all municipalities. In Okuma town, the current 
air dose is lower than the air dose at the time with 
decreasing of cesium-134 (the half period is two 
years). However, the cesium-137 continuously emit 

the radioactivity because the half period of cesium-
137 is about 1hirty years. Therefore, it is considered 
to be difficult to decrease the radiation dose. The 
specific plans in the evacuation zone isn’t currently 
devised regardless of decreasing of radiation dose 
can’t expect. For example, the interim storage 
facilities are built in the Okuma in order to store the 
flexible container bag in which the contaminated soil 
is filled. The amount of contaminated soil estimated 
to 16~20 million cubic meter, and the securement of 
interim storage facilities where the contaminated soil 
is stored is difficult. Therefore, the volume reduction 
of the contaminated soil is urgent business. 
Alternatively, the contaminated area is dominated by 
the mountains and village forest. Even if the 
radioactive cesium of flatland is removed, the cray 
particle including the radioactive cesium continues to 
be carried from the village forest by wind or rain. 
Thus the re-contamination is concerned by the 
radioactive cesium. In this way, the slope of the 
mountainous area is a supply route of the radioactive 
cesium from the forest area to residential areas and 
agricultural lands as in [2]. 

Therefore, it is necessary to remove the 
radioactive cesium in the soil on the slope and reduce 
the collected contaminated soil. Previous study is 
conducted by the faculty of engineering, Ibaraki 
University in order to settle this problem, and it has 
two feature as in [3].  
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1. The bentonite is spread onto the leaf mold in the 
forest so as to control the resorption of the radioactive 
cesium to plants. 
2. The moving of the bentonite including the 
radioactive cesium is controlled by polyion-complex 
(PIC) of excess positive charge and negative charge. 

The radioactive cesium in the air and solution is 
adsorbed into the bentonite. The resorption to the 
plant is controlled by the adsorption performance of 
the bentonite. Alternatively, the forestry ecosystem is 
not destroyed because the elements such as the flow 
of rainwater is used in this method. Furthermore, the 
PIC is a harmless because the raw material of PIC is 
mundanely used as the thickener of ice-cream as in 
[4]. The moving of cesium is controlled, but the 
contaminated soil is not reduced in this method. 
Besides, it takes time to complete the work due to 
using the rainfall. Thus, in this study, the simple 
decontamination method is proposed in order to 
decontaminate the contaminated soil on the slope by 
flowing water. The surface soil including a lot of 
cesium [5] is collected in this method, and the method 
is suitable for the feature of soil in the Fukushima. 
The cesium is easy to be adsorbed into the vermiculite 
which is eccentrically distributed in the soil of 
Fukushima. The specific weight of vermiculite is very 
small, and the vermiculite floats on water. 
Consequently, the vermiculite can be separated from 
the washed soil. Alternatively, both the 
decontamination and volume reduction of 
contaminated soil are conducted because the cesium 
which is not contained in the vermiculite can be 
washed and collected. In this study, the reproducible 
slope test in which the Toyoura standard sand and 
vermiculite are utilized is conducted to examine the 
usability of proposed method. 

CESIUM IN THE SOIL 
 

 The large amount of radioactive materials was 
released by the accident in the 1F. Table 1 is the main 
total amount of the discharged radioactive materials 
in large quantities and its half-life. Table 1 is 
developed based on the date by Ministry of 
Echonomy as in [6]. Especially, the radioactive 
cesium has harmful influences for a long-term 
because its half-life is very long. The volume of 
spreading of strontium-90 is comparatively small, 
though the half-life of strontium-90 is long. The 
cesium exists as the monovalent cation in the soil, and 
it is adsorbed into the soil particle having a negative 
charge. Especially, the cesium is selectively adsorbed 
into the small clay particle. The cesium is adhered to 
the soil due to the 2:1 types of lamellar silicate. When 
the part of silicon or aluminum substitute for another 
element having a few positive charge in the silicon 
tetrahedron sheet or aluminum octahedron sheet, the 
negative charge is expressed with the shortage of 
positive charge in the sheet. Moreover, the cation is 
adsorbed in order to neutralize the intercalation. The 
charge in this intercalation shows a high selectivity 
for the cesium ion. That is because the six-membered 
ring is nearly equal to the ion radius of the cesium ion 
in the basal seat of the silicon tetrahedron sheet. 
Alternatively, the bounding strength with the six-
membered ring becomes larger as the hydration 
energy is smaller, and the bounding strength of 
cesium ion is the highest. Generally, the six-
membered ring is occupied by the potassium ion 
because the abundance of potassium ion 
predominantly is major in the soil (see Fig. 2). The 
terminal of layer in 
the cray mineral is 
swelled by the 
disintegration, and 
the potassium ion 
is discharged. 
Thus, the empty 
space that another 
cation gains entry 
is formed. This 
space is called the 
frayed edge (see 
Fig. 3), and the 
extraction of 
cesium ion 
from the 
frayed edge is 
very difficult. 
It is almost 
impossible to 
extract the 
cesium in the 
frayed edge 
only by 
flowing water. 

 
 
Fig. 1  Conceptual diagram in areas under 
evacuation orders as in [1] 

 
 
Fig. 3 Frayed edge 

 
 
Fig. 2 2:1 types of lamellar 
silicate 
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Thus, in this study, it is considered that the 
contaminated surface soil can be collected with the 
flowing water by utilizing the strong fixation. 

 
Table 1 Compendium of the discharged radioactive 
materials 
 

Nuclide Half-life (day) Total discharge (Bq) 
Xe-133 5.2 1.1×1019 
Cs-134 766.5 1.8×1015 
Cs-137 10950.0 1.5×1016 
Sr-90 10621.5 1.4×1014 

Ba-140 12.7 3.2×1015 
Te-132 3.3 8.8×1016 
I-131 8.0 1.6×1017 

Sb-127 3.9 6.4×1015 
 

MOCK CONTAMINATED SOIL 
 

In this study, the Toyoura standard sand, 
vermiculite or their mixed sand is used as the mock 
contaminated soil that the cesium is added. The 
Toyoura standard sand consists of uniform size of soil 
grain (see Fig. 4). Moreover, it is very smooth, and 
the soil grains hardly stick each other. Therefore, the 
difference between experimental samples can be 
neglected under the same condition, and the 
reproducibility of experiments are secured. The 
vermiculite is the silicate mineral that mainly consists 
of the oxidized silicon, magnesia and aluminum oxide. 
The vermiculite expands with high-temperature 
heating. The vermiculite has a high adsorption 
performance for cesium, and the mechanism of 
adsorption has been clarified as in [7]. The 
vermiculite is widely distributed to Fukushima soil, 
and the vermiculite constitutes barriers to the 
decontamination of cesium from a soil. In this study, 
the vermiculites of three grain size are used so as to 
examine the influence of different size of the grain on 
the adsorption of vermiculites. The actual soil 
consists of not only vermiculite but also the various 
minerals whose characterizations are different each 
other. The actual soil environment is different from 
the artificial one when the mock contaminated soil 
consists of only 
the vermiculite. 
Therefore, the 
Toyoura 
standard sand 
and the 
vermiculate are 
mixed as the 
mock 
contaminated 
soil and the 
mixed soil is 
used in the 
experiments. 

TEST AND ANALYSIS METHOD 
 
In order to imitate the real behavior of cesium in 

the soil of slope, the slope device is produced (see Fig. 
5). The slope device is consisted with two equipment: 
one is the slope section and another is the flowing 
water section. A 3D printer is used to produce the 
slope section (20.0 cm x 20.0 cm x 6.5 cm). 8.0 mm 
in diameter of drain is set at the bottom of slope 
section in order to collect the water and soil which 
contains cesium. The flowing water section is made 
by connecting the porous rubber hose to the water 
pump with a tube.  

The experiment and analysis methods are 
explained below in detail. First, the cesium chloride 
is added to the assumed soil, and the assumed soil is 
set on the slope of the device. Secondly, the pure 
water is disembogued from the porous hose set on top 
of slope until the assumed soil is completely done 
away from the slope. Finally, both pure water and soil 
are collected, and the cesium concentration is 
analyzed by an AAS (Atomic Absorption 
Spectrometer). The sample must be in a liquid state 
when the sample is analyzed by the AAS. Therefore, 
it is necessary to wash out the cesium in the soil after 
the test. As the washing out method, 200.0 mL of pure 
water is soured for the collected soil, and the sample 
is screwed with 300 rpm for the 10 minutes by the 
stirrer. After that, the solid-liquid separation is 
conducted four times with 38 μm of sieve size. The 
extracted volume of cesium contained in both the 
solution and the soil after the test is quantitated for 
each filtrate by the AAS. Alternatively, in this study, 
all of the tests are conducted three times under the 
same conditions to ensure repeatability. 

 
PRELIMINARY TEST 

 
The three preliminary tests are conducted as the 

previous step of slope test. One is the test in which 
only cesium is flushed out, another is the test in which 
only standard sand is flushed out, and the other is the 
test in which only vermiculite is flushed out. As 

 
 
Fig. 4 Toyoura standard sand 
(upper left), vermiculite of 
0.7mm (upper right), 1.0mm 
(lower left), 2.0mm (lower right) 

 
 
Fig. 5 Slope device 
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discussed later, the methods and results of each test 
are explained in detail.  
 
Cesium flush test 
 

It is necessary to confirm whether added cesium 
remains or not on the slope after flushing and all 
cesium can be recovered or not in order to verify the 
accurate extraction amount of cesium. To begin with, 
0.1 mL of cesium chloride solution is added onto the 
slope and flushed out with pouring 100.0 mL of pure 
water over the slope. The amount of cesium in the 
recovered solution is analyzed by the AAS after the 
cesium is flushed out. The addition amount of cesium 
is 100.0 μg (1 mg/mL). The extraction amount of 
cesium in the test is shown in Fig. 6. From the figure, 
an average102.3 μg of cesium is detected. It can be 
said that all cesium is flushed out from the addition 
amount of cesium. Consequently, it is confirmed that 
all cesium can be flushed out the slope in this method. 
 
Standard sand flush test 
 

The assumed contaminated soil that mixes with 
the standard sand and the vermiculite are employed in 
the slope test discussed in the next section. In this 
subsection, the flush tests for the standard sand and 
the vermiculite are conducted in order to ascertain 
their adsorption properties of cesium. As for the 
standard sand, 5.0 g and 15.0 g of specimens are 
prepared. The pure water is poured over the slope 
until the standard sand in which 0.1 mL of cesium 
chloride solution is added is completely flushed out. 
The extraction amount of cesium in the solution is 
analyzed after collection and stirring by stirrer. 

 First, the extraction amount of cesium from 5.0 g 
of standard sand is shown in Fig. 7. The extraction 
amount of cesium after flushing is an average 21.32 
μg, and about twenty percent of cesium is extracted 
against the addition amount. In addition, an average 
35.6 μg of cesium is detected from the solution after 
stirring, and more than fifty percent is extracted from 
5.0 g of standard sand. Secondly, the extraction 
amount of cesium from 15.0 g of standard sand is 

shown in Fig. 8. An average 25.8 μg of cesium is 
detected from the solution after flushing. This result 
is more or less same as that of the test using 5.0 g of 
standard sand. On the other hand, an average 46.9 μg 
of cesium is detected from the solution after stirring 
of the recovered sand and the extraction amount is 
higher than that of the test using 5.0 g of standard sand. 
It is confirmed that more than seventy percent of 
cesium can be extracted from the recovered solution 
and sand in the test using 15.0 g of standard sand, and 
the extraction mount in the test using 15.0 g of 
standard sand is slightly larger than that in the test 
using 5.0 g of standard sand. When an amount of 
sample is too small, the sample may accumulate on 
the bottom of the container and stirring may not be 
performed well. Therefore, the wash away of 
recovered sand is not enough in the case of a small 
amount of the sand. In the future, additional 
provisions such as the increase of rotation speed of 
stirring are required.  

 

 
Vermiculite flush test 
 

 1.0 g of the vermiculite whose particle size is 0.7 
mm, 1.0 mm or 2.0 mm is set on the slope and 0.1 mL 
of cesium chloride solution is added into the 
vermiculite. Since it is conceivable that the 

 
 
Fig. 6 Extraction amount of cesium in cesium flush 
test 

 
 
Fig. 7 Extraction amount of cesium in standard 
sand flush test (5.00g) 

 
 
Fig. 8  Extraction amount of cesium in standard 
sand flush test (15.00g) 
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vermiculite may consist of various particle sizes in 
the actual one, three particle size of the mixed 
vermiculite (hereinafter referred to as Mix) that three 
particle sizes of vermiculite is prepared. Besides the 
mass of each vermiculite is set to be more or less same 
in the test. 

The extraction amount of cesium from each 
particle size of vermiculite is shown in Fig. 9. The 
extraction amount of cesium is an average 11.0 μg 
from 0.7 mm of vermiculite, 13.2 μg from 1.0 mm, 
14.8 μg from 2.0 mm and 13.2 μg from the Mix. The 
extraction amount of cesium from the different 
particle size of vermiculite is more or less same, 
though it increases in proportion as the increase of the 
particle size. In addition, it is reconfirmed to be 
extremely difficult for the vermiculite to extract the 
cesium compared with the standard sand.  

 

 
 
Fig. 9 Extraction amount of cesium in vermiculite 
flush test 

 
ASSUMED CONTAMINATED SOIL FLUSH 
TEST 

 
The test which an assumed contaminated soil is 

flushed out on the slope is conducted in order to make 
the assumption that the contaminated soil including 
the cesium on the slope is decontaminated. The 
assumed contaminated soil is prepared by mixing the 
standard sand with 1.0 g of the Mix. Besides, three 
specimens of 10.0 g, 15.0 g and 30.0 g are prepared 
regard to the standard sand, and each test result is 
compared.  

First, the extraction amount of cesium from the 
assumed soil using 30.0 g of standard sand is shown 
in Fig. 10. No more than an average 15.3 μg of cesium 
is extracted by flushing the soil. By contrast, the total 
extracted amount of cesium is 46.6 μg on average 
which is added on the extracted amount from the 
solution after stirring. There is a same tendency 
between the test using the MIX and the test using only 
standard sand.  

Secondly, the extraction amount of cesium from 
the assumed soil using 15.0 g of standard sand is 
shown in Fig. 11. An average 14.8 μg of cesium is 
detected from the solution after flushing, and an 
average 32.1 μg is detected from the solution after 

stirring the soil. The total extracted amount is 46.9 μg 
on average, which is almost same as the extracted 
amount of the test using 30.0 g of standard sand.  

 Finally, the extraction amount of cesium from the 
assumed soil using 10.0 g of standard sand is shown 
in Fig. 12. The extracted amount of cesium from the 
solution after flushing and stirring is 55.0 μg on 
average. In addition, it is confirmed that about fifty 
percent of cesium is extracted from the assumed soil 
against 1.0 g of additive cesium regardless of the 
amount of standard sand. The cesium is extracted 
from the standard sand, but it is not extracted from the 
vermiculite. From these results, it is considered that 
the vermiculite including cesium can be recovered by 
flushing the contaminated soil out the slope with 
flowing water and the other cesium can be extracted 
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Fig. 11 Extraction amount of cesium from assumed 
soil using 15.0 g of standard sand 

 
 
Fig. 10 Extraction amount of cesium from assumed 
soil using 30.0 g of standard sand 

 
 
Fig. 12 Extraction amount of cesium from assumed 
soil using 10.0 g of standard sand 
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by just flowing the water into the contaminated soil. 
 
CONCLUSIONS 
 

In this study, the simple decontamination method 
is proposed in order to decontaminate the 
contaminated soil including cesium on the slope of 
forest or mountain area, and the flush test on the slope 
is conducted to examine the performance and 
availability of the proposed method by which the 
cesium is recovered from the slope. Specifically, the 
cesium is added into the assumed contaminated soil 
in which standard sand and vermiculite are mixed, 
and the assumed contaminated soil is flushed out the 
slope by flowing water. Besides, the three preliminary 
tests are conducted as the previous step of the flushing 
test of the Mix on the slope. One is the test in which 
only cesium is flushed out, another is the test in which 
only standard sand is flushed out, and the other is the 
test in which only vermiculite is flushed out. In this 
stage, it is confirmed whether added cesium remains 
or not on the slope after flushing and all cesium can 
be recovered or not in order to verify the accurate 
extraction amount of cesium. From the test results, 
almost 100.0 % of added cesium is collected by 
flushing water. In addition, the flushing tests for the 
standard sand and the vermiculite are conducted in 
order to examine their adsorption property of cesium. 
In consequence, approximately 70.0 % of the cesium 
that added into the standard sand is extracted by 
flowing water and stirring. Alternatively, three 
different types of vermiculite which has 0.7 mm, 1.0 
mm or 2.0 mm of particle size are used so as to 
examine the influence of different particle size on the 
adsorption of cesium. As a result of the test, about 
13.0 % of cesium against the added one into the 
vermiculite is extracted regardless of the particle size 
of vermiculite. It is confirmed that the extraction of 
cesium from vermiculite is far hard than that from 
standard sand.  

The flushing test using the assumed contaminated 
soil is conducted with consideration for the 
preliminary tests. In the flushing test, the amounts of 
standard sand are changed and their results are 
compared. As results, it is confirmed that about fifty 
percent of cesium against 1.0 g of the additive cesium 
is extracted from the assumed soil regardless of the 
amount of standard sand. The cesium can be extracted 
from the standard sand, but it is not extracted from the 
vermiculite. From these results, it is considered that 
the vermiculite including cesium can be recovered by 
flushing the contaminated soil out the slope with 
flowing water and the other cesium can be extracted 
by just flowing the water into the contaminated soil. 
Furthermore, the vermiculite is easily separated and 
collected after flushing because the density of 
vermiculite is lighter than that of water and the 
vermiculite floats on the water (see Fig. 13). On the 
other hand, in this study, it is easy to separate the 

vermiculite 
because there are 
only two 
constituent 
substances in the 
assumed 
contaminated 
soil. In near 
future, it is 
necessary to 
verify whether the 
decontamination 
by the proposed 
method is 
possible or not for the contaminated soil which 
consists of various minerals such as the decomposed 
granite soil. 
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ABSTRACT 

Water temperature near the surface of a lake increases with increasing air temperature, which results in 
stratification. The strength of stratification substantially influences the transport of dissolved oxygen from the 
surface to the bottom water of a lake. In recent years, the decrease in dissolved oxygen at the bottom of the northern 
part of the Lake Biwa, the largest freshwater lake in Japan, has been observed. The main cause of this is considered 
to be the change in stratification, which depends on weather and climate conditions. In the present study, numerical 
simulations were carried out to investigate the effect of strong wind on the structure of stratification in Lake Biwa. 
The baseline simulation was conducted using actual meteorological data, and experimental simulations were 
conducted using meteorological data with modified wind speed and direction. The numerical experiments showed 
that if the magnitude of the wind is strong enough, the stratification collapses and the wind can enhance the vertical 
mixing in the bottom layer even in summer season with strong thermal stratification. In a stratified season, when 
the strong wind blows predominantly in one direction, the rate of the vertical mixing changes by the wind direction. 
Moreover, as the duration of the strong wind extends, vertical mixing easily occurs.  

Keywords: Strong Wind, Structure of Stratification, Vertical Mixing, Hydrodynamic Model, Lake Biwa 

INTRODUCTION 

In warm season, water temperature near the 
surface of a lake increases with increasing air 
temperature, which results in lake stratification. The 
thermocline disrupts the transport of substances such 
as dissolved oxygen between the surface layer and the 
layer under the thermocline. 

In some lakes, a lack of oxygen occurred in the 
deep layer during a stratified period because of the 
thermocline [1]. In recent years, the decrease in 
dissolved oxygen at the bottom of the northern part of 
Lake Biwa, the largest freshwater lake in Japan, has 
also been observed. The strength of stratification 
plays an important role in the varying amounts of 
dissolved oxygen in the lake. The main cause of the 
change in the stratification is weather and climate 
conditions such as air temperature, wind strength, and 
the precipitation. 

Climate change leads to prolonged periods of 
stratification in lakes [2]. In Lake Zurich, in 
Switzerland, a continual long term increase in thermal 
stability resulted in an increase of about 2-3 weeks in 
the duration of the summer stratification from the 
1960s to the 1990s [3]. This impact directly affected 
the stratification characteristics and mixing processes. 

On the other hand, strong typhoons will occur 
more frequently due to climate change [4], [5]. When 
strong wind blows, wind stress on the surface layer 
provokes significant mixing, leading to the 
weakening of the stratification. Vertical mixing 

occurs by strong wind according to the observation. 
When wind blows predominantly in one direction, 

wind driven currents develop in the surface layer and 
the water in the lower layer proceeds to the opposite 
direction. Upwelling or downwelling of the water 
occurs depending on the wind direction toward the 
coast. In a stratified season, the thermocline oscillates 
by this movement. This generates internal waves in a 
stratified lake. Wind driven currents and internal 
waves were observed by measuring the vertical water 
temperature and the velocity continuously with using 
a thermistor chain and an acoustic current profiler [6], 
[7]. Wind forcing carries the major source of 
momentum and energy and affects the general 
circulation in lakes at various scales. However, the 
processes and the effects of the strong wind on the 
deep layer remains unclear. Therefore, it is important 
to understand the effect of the strong wind on the 
bottom layer in the lake.  

In the present study, we investigated the effect of 
strong wind on stratification in Lake Biwa by using a 
three dimensional hydrodynamic model. Numerical 
simulations were carried out for a baseline case using 
actual meteorological data and experimental cases 
using meteorological data with modified wind speed 
and direction. 
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Hydrodynamic Model in Lake Biwa 

Calculation domain 

(a)                                                    (b) 

(c) 

Fig. 1 Calculation domain with topography of 
Lake Biwa: (a) horizontal domain, (b) south-north 
and (c) west-east vertical cross sections through 
Imazu-oki. 

This study focused on Lake Biwa, which is the 
largest freshwater lake in Japan. Fig. 1 shows the 
calculation domain and water depth in the 
hydrodynamic model of Lake Biwa. The horizontal 
domain is 36 km × 65.5 km with a horizontal 
resolution of 500 m. The vertical domain consists of 
86 layers from the lake surface to the depth of 107.5 
m. The vertical grid size is 0.5 m from the surface to
the depth of 20 m and gradually increases up to 2.5 m. 

Governing equations 

The governing equations consist of the 
momentum equation with Boussinesq approximation, 
the hydrostatic equation, continuity equation and the 
conservation equation for temperature. The 
governing equations are described in the Cartesian 
coordinate system as follows. The origin of the 
coordinate axes is in the southwestern edge of the 
domain on the horizontal plane. The x and y axes are 
set to west-east and south-north directions, 
respectively, and the z axis directs upward. 
Momentum equations (x, y direction) are written by 
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hydrostatic equation is given by 

0 = － 
1
ρ0

∂p
∂z－ 

ρ
ρ0

g,  (3) 

continuity Equation is written by 

∂u
∂x +

∂v
∂y +

∂w
∂z  = 0,  (4) 

conservation equation for temperature is written by 

∂T
∂t  + u

∂T
∂x + v

∂T
∂y +w

∂T
∂z = κh

∂2T
∂x2 +κh

∂2T
∂y2 +κz

∂2T
∂z2 , (5)

where u  , v  , and w  are the x  , y  , and z

components of current velocity (m s-1) , T   is the 
water temperature (K), p is the pressure (N m-2),   

is the density of water (kg m-3), 0  is the reference 

density of water (= 103 kg m-3), g  is the acceleration

due to gravity (= 9.8 m s-2), f   is the Coriolis 

parameter (= 8.34 × 10-5 s-1 corresponding to 35 ° N), 

h is the horizontal eddy viscosity for momentum

equations (= 1.0 m2 s-1 [8]), h  is the horizontal eddy 

diffusivity (= 1.0 m2 s-1 [8]), z is the vertical eddy

viscosity (m2 s-1) for momentum equations, z  is the 

vertical eddy diffusivity (m2 s-1). 
In summer, a thermocline is typically formed at 

the depth from 10 m to 30 m. This thermocline 
suppresses the vertical transport of momentum and 
heat. To take this effect into account, the parameter 
values of vertical eddy viscosity and diffusivity are 
estimated by using Richardson number. Richardson 
number is a dimensionless number that expresses the 
ratio of the buoyancy term to the flow gradient term 
[9] and written by 

 20

g
 =

z

U

z

w
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 ,  (6) 

where 22
w vuU    is the horizontal current 

velocity (m s-1). Vertical eddy viscosity and 
diffusivity are respectively given by 

Ri)2.50.1(

0001.0


 =z

,  (7) 
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Initial conditions 

As for the initial condition, the current velocity 
was set to be 0 m s-1. The initial water temperature on 
April 1st, 2006 was derived from linear interpolation 
of observed data on March 20th and April 10th, 2006. 
The observations were conducted by the Lake Biwa 
Environmental Research Institute twice a month at 
the monitoring point Imazu-oki (35°23’41” N., 
136°07’57” E.), the depth of which was 0.5 m, 5 m, 
10 m, 15 m, 20 m, 30 m, 40 m, 60 m, 80 m, and about 
90 m.  

Boundary Conditions 

The boundary conditions for the current velocity 
at the surface of the lake are given by the following 
formula, taking the wind stress into account.  

0

y
z

0

x
z

z

v

z

u



















 (9) 

where x  and y  are the surface wind frictional 

stresses calculated by 

aayfay

aaxfax

UUCρ
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,  (10) 

  3
af 10U07001C  .. ,  (11) 

where a  is the density of air (kg m-3), fC  is the

wind frictional constant ， axU  and ayU  are

respectively the x  and y  components of wind 

velocity (m s-1), aU  is the wind speed from a height

of 10 m above the surface (m s-1). 
The heat flux through the water surface consists 

of short-wave solar radiation ( S ), latent heat flux
(Ql), sensible heat flux (Qs) and net long-wave 
radiation (Lnet). The heat balance equation on the 
water surface is given by   

netslzp L+Q++QS=
z

T
 ρC 


  (12) 

No-slip condition is imposed at the bottom and 
the side walls. The normal gradients of water 
temperature are also zero so that there is thermal 
insulation. 

Air temperature, atmospheric pressure, wind 
direction and speed, and relative humidity over Lake 
Biwa were derived from the Grid Point Value derived 
from Meso-Scale Model of Japan Meteorological 

Agency  (GPV MSM). GPV MSM data have a spatial 
resolution of 0.0625° (longitude) × 0.05° (latitude) 
(approximately 5 km) and a temporal resolution of an 
hour. The data were horizontally interpolated into 
each surface mesh of the hydrodynamic model.  

Solar radiation was derived from hourly 
observation data at Hikone local meteorological 
observatory (35°16’30” N., 136°14’36” E.). Solar 
radiation was assumed to be horizontally uniform 
over the lake. 

The boundary conditions for the water volume and 
temperature associated with inflow from each river 
and outflow from the lake were calculated by the 
hydrological model [10]. 

Simulation cases 

The baseline simulation was conducted using 
actual meteorological data for a period from April 1st, 
2006 to March 31st, 2008 including a spin-up period 
from April 1st, 2006 to March 31st, 2007. In addition, 
experimental simulations were conducted for the 
same period using meteorological data with modified 
wind speed and direction on and after July 15th, 2007 
in order to investigate the effect of the strong wind on 
the change of the stratification. The date was chosen 
due to strongly developed stratification, and in 
addition, strong wind associated with a typhoon as 
shown in Fig. 2. In the numerical experiments, the 
wind speed was fixed to 10 m s-1 or 20 m s-1. The wind 
direction was fixed to four different directions: 
northward, southward, eastward and westward. The 
duration of strong wind ranged from 1 day to 7 days. 
Another simulation, in which the wind speed was 
twice as strong as the baseline case and the wind 
direction was the same as the baseline case, was 
carried out to analyze the more realistic situation. As 
shown in Table1, each case was named for speed, 
direction and duration of strong wind.  

Table 1 Wind conditions in numerical experiments 

Case 
name 

Wind 
speed 
(m s-1) 

Wind 
direction 

Strong 
wind 

duration 
 (day) 

s10dS_day 10 Southerly 1,3,5,7 
s10dN_day 10 Northerly 1,3,5,7 
s10dW_day 10 Westerly 1,3,5,7 
s10dE_day 10 Easterly 1,3,5,7 
s20dS_day 20 Southerly 1 
s20dN_day 20 Northerly 1 
sX2dO_day twice Original 1,3,5,7 
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(a) Wind speed 

(b) Wind direction 

Fig. 2 Hourly wind speed and direction used in the 
baseline simulation at Hikone local meteorological 
observatory from July 1st to July 31st, 2007. 

RESULTS AND DISCUSSIONS 

At first, simulated water temperatures were 
compared with those of field observations at the 
monitoring point Imazu-oki as shown in Fig. 3. 
Although the simulated water temperature of the 
surface layer was a little lower than the observed one 
in summer, the simulated water temperature from the 
surface to the bottom layer agreed well with the 
observed one. In addition, the stratification was also 
reproduced well in the simulation. 

Next, we examined the effect of the strong wind 
on the bottom water in the lake. Fig. 4 shows time 
series of vertical water distribution in Baseline case 
and some cases at the monitoring point, Imazu-oki 
from 7th of July to 8th of August. Fig. 5 shows time 
series of water temperature at a depth of 87.5m in 
each case. 

In s10dS_1, s10dN_1, s10dW_1, and s10dE_1, 
comparing the change of the vertical water 
temperature, the wind could not influence the water 
temperature of the bottom layer in each case right 
after the wind blew as shown in Fig. 4b and Fig. 5a. 
Although the difference between Baseline case and 
s10dS_1 was small in August and September, it 
suddenly got larger in October. After the overturning 
in the middle of winter, however, the water 
temperature in all conditions became similar.  

On the other hand, in s20dS_1, the stratification 
collapsed right after the wind blew, and the vertical 
mixing occurred, as shown in Fig. 4c.  In addition, in 
sX2dO_1, the stratification also collapsed and the 
water was mixed between the bottom layer and the 

layer above the bottom one (Fig. 4d). Once the 
stratification collapsed, water temperature at the 
bottom rose and didn’t return to the original water 
temperature. The destratification depends on the 
strength of the wind. 

The period of the strong wind influencing the 
water in the bottom layer was investigated. As the 
period extended from 1 day to 7 days, the duration of 
the change in water temperature was longer. Fig. 5 
shows that the period of strong wind could affect the 
movement of the water parcel in the bottom layer. 
And, we could also find the difference in each 
direction. From Fig. 5b-d, the strong westerly wind 
would affect the water temperature more than other 
wind directions. It was because of the position of the 
monitoring point and the topography. The monitoring 
point was located at the bottom of the eastern coast 
(Fig. 1c), thus the water proceeded down along the 
coast and reached that point. In each direction, water 
temperature of the bottom layer increased after the 
strong wind blew. Even if after the overturning 
occurred, the water temperatures were warmer than 
the original one, therefore, the bottom water was 
completely mixed with the water in the upper layer. 

(a) Observed water temperature 

(b) Simulated water temperature 

Fig. 3 Time-vertical cross sections of water 
temperature at Imazu-oki from April 1st, 2007 to 
March 31st, 2008. 

(a) Baseline case 
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(b) s10dS_1 

(c) s20dS_1 

(d) sX2dO_1 

Fig. 4 Time-vertical cross sections of water 
temperature at Imazu-oki from July 9th to August 8th, 
2007. 

(a) s10dS,N,W,E_1 

(b) s10dS,N,W,E_3 

(c) s10dS,N,W,E_5 

(d) s10dS,N,W,E_7 

Fig. 5 Time series of water temperature at a depth 
of 87.5m from July 2007 to March 2008.  

Fig. 6 shows the vertical distribution of simulated 
water temperature and vertical flow speed when the 
strong westerly winds blew from 15th to 17th of July 
for 3 days. When strong westerly winds started to 
blow (eastward), the surface water was driven to the 
coast. Then, the water in the lower layer moved 
against the wind, and the thermocline tilted (Fig. 6a). 
As shown in Fig. 6b, when the thermocline tilted 
toward the coast, the water flew downward in the 
coast. After winds ceased, the thermocline returned to 
the original position and tilted toward the opposite 
position on the 19th of July as shown in Fig. 6a. With 
the amplitude of the internal wave being larger, the 
effect of the wave reached the bottom, and the 
stratification collapsed. Finally, vertical mixing was 
enhanced in the bottom layer on July 23th-25th. This 
similar phenomenon was shown in the observation. 
When severe winds associated with the passage of 
three typhoons blew in 1993, the depth of the 
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thermocline rose deeply. After the wind ceased, it 
declined suddenly. This movement generated waves 
that affected the deep layer. The observation showed 
that the passage of this wave (It is called internal 
surge) lead to the vertical mixing [7]. The internal 
wave whose amplitude was larger than usual 
generated by strong wind became larger during 
moving, and as the gratitude of the wave suddenly 
became steep and nonlinear, the amplitude of the 
wave was such a large one. The internal waves broke 
at the boundaries, and enhanced the turbulence in the 
bottom layer, which resulted in mixing events. 

(a) Water temperature 

(b) Vertical flow speed 

Fig. 6 West-east vertical cross sections through 
Imazu-oki for (a) water temperature and (b) vertical 
flow speed from July 15th to 25th in 2007 in the 
s10dE_3 case. 

CONCLUSION 

In the present study, we examined the effect of 
strong wind on the bottom layer by using a three 
dimensional hydrodynamics model in Lake Biwa.  

If the magnitude of the wind is strong enough, the 
stratification collapses and the wind can enhance the 
vertical mixing in the bottom layer even in summer 
season with strong thermal stratification. In a 
stratified season, when the strong wind blows 

predominantly in one direction, the rate of the vertical 
mixing changes by the wind direction. The rate of the 
vertical mixing possibly depends on the topography 
of the bottom of the lake. Once the stratification 
collapses, the water temperature at the bottom layer 
increases more than the original temperature even 
after the overturning. It implies that strong winds can 
change the water environment surrounding the 
bottom next year.  

In this way, strong winds such as typhoons are 
energetic enough to tilt the thermocline from its 
original position. After the wind ceases blowing, the 
thermocline oscillates at a certain period of time. 
Internal waves redistribute this energy over different 
time and length scales. Wind driven currents and 
waves play an important role in the weakening of 
stratification and vertical mixing in the lake. These 
phenomena can influence the transport of substances 
such as dissolved oxygen and the resuspension of 
bottom sediments.  
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ABSTRACT 
 
Coastal aquifers are hydraulically connected to the sea and therefore susceptible to saltwater intrusion problems. 
This study proposes the utilization of a new surrogate model within coupled simulation-optimization (S/O) model 
for the management of groundwater use strategies in coastal aquifers subjected to density dependent saltwater 
intrusion processes.  The simulation of the transient 3-dimensional density dependent flow and transport model is 
based on the solution of an implemented numerical simulation model.  The simulation model is coupled with multi-
objective genetic algorithm (MOGA) based optimization technique with specified objective functions and 
constraints. Direct coupling of the numerical simulation model with MOGA is computationally expensive. Hence, 
the solution of the numerical simulation model with random input variables are used for training and testing the 
support vector machine regression (SVMR) surrogate models for approximately simulating the flow and transport 
processes. The performances of the new surrogate models are evaluated using various performance evaluation 
criteria’s. The resulting validated SVMR surrogate models are coupled to the MOGA and implemented for an 
illustrative coastal aquifer with an aim to develop efficient coastal aquifer management strategies. Based on the 
objective functions, execution of S/O model presented a set of optimal groundwater withdrawal rates from the 
simulated aquifer. It also ensured salinity levels at the designated monitoring wells are constrained within specified 
limits. The efficiency of the new SVMR surrogate models is also demonstrated. Evaluation results suggested that 
the projected S/O model is an effective way to develop feasible and reliable coastal aquifer management strategies. 
It also enhances the possibility of solving more realistic large scale problems and developing regional-scale coastal 
aquifer management methodologies.  

 
Keywords: Coastal aquifers, Density dependent flow and transport model, Multi-objective, Surrogate models 
 
INTRODUCTION 
Saltwater intrusion (SWI) is imposing long-term 
threat to the beneficial use of life sustaining 
groundwater resources in coastal areas. Sustainable 
planning and management of coastal aquifers are 
decisive to ensure future sustainability of these fragile 
resources. Simulation-optimization (S-O) models are 
one of the widely used methods for developing 
management methodologies for coastal aquifers 
subjected to SWI. The present study demonstrates an 
integration of a new yet efficient surrogate model into 
a coupled S-O framework for developing improved, 
and efficient optimal strategies for groundwater 
utilization from coastal aquifers.  

The S-O approach has been used to develop different 
coastal aquifer management models [1-6]. In many 
cases, due to enormous computational requirements 
and time constraints, numerical simulation models in 
an S-O model are substituted by surrogate models. 
Some of the common surrogate models used in 
developing aquifer management strategies via a S/O 
model includes Radial Basis Function [7], Artificial 
Neural Network [8, 9], Modular Neural Network 
[10], and Genetic Programming [5, 11]. However, the 

reliability and accuracy of surrogate model 
incorporated S/O models are always questionable. 
The present study focuses on developing and 
implementing robust support vector machine 
regression (SVMR) surrogate model assisted S/O 
model for optimal coastal aquifer management.  

In numerous surrogate model performance 
comparison studies, SVMR has been ranked as an 
accurate and most efficient predictive modeler [12-
14]. Despite several successful applications and 
numerous benefits, SVMR surrogate model has never 
been used for predicting SWI into aquifers. It is for 
the first time, SVMR surrogate models are trained for 
emulating a numerical costal aquifer flow and 
transport simulation model FEMWATER [15] used 
for predicting impact of  variable groundwater 
pumping patterns. The surrogate model is then 
integrated into a multi-objective genetic algorithm 
(MOGA) optimization algorithm within the R2016a 
MATLAB environment, to develop a multi-objective 
coastal aquifer management strategy.  
 
METHODS 
Coastal Aquifer Management Model for Optimal 
Groundwater Utilization 
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The proposed coastal aquifer management model was 
designed to sustainably pump groundwater from 
installed production wells (PWs) and barrier wells 
(BWs) in the simulated aquifer system. PWs were 
installed for withdrawing fresh groundwater for 
domestic utilization whereas BWs were installed near 
the shoreline for controlling SWI into the aquifer. 
Pumping from BWs induces a steeper hydraulic 
gradient towards the sea, averting encroachment of 
seawater into the aquifer [6]. Thus, two conflicting 
objectives i.e. maximizing total pumping from PWs 
and minimizing total pumping from BWs were 
considered. Monitoring wells (MWs) were also 
installed for salinity level monitoring purposes. 
Limiting salinity levels at respective MWs within 
specified limits were incorporated as constraints in 
the SVMR-MOGA optimization framework. The 
mathematical expressions of the conflicting objective 
functions, constraints and bounds [16] are given by;  
 
Maximize, 	

ሻࡼሺࡲ														 ൌ ࢚ࡼ 																																				ሺሻ

ࢀ

ୀ࢚

ࡺ

ୀ

 

Minimize, 	

ሻࡼሺࡲ											 ൌ  ࢚ 																																					ሺሻ

ࢀ

ୀ࢚

ࡹ

ୀ

 

 
Constraints   ࢉ ൌ ,ࡼሺࣈ	  ሺሻ																																										ሻ
ࢉ																								  ,∀	࢞ࢇ	ࢉ  ሺሻ																																								࢚
Bounds 									ࡼ  ࢚ࡼ

   ሺሻ																																	࢞ࢇࡼ
																							  ࢚

                                                                                                        ሺሻ																																	࢞ࢇ
 
࢚ࡼ  denotes pumping from nth PW at tth time and ࢚  
denotes pumping from the mth BW at tth time. ࢉ 
represents the saline concentration at the ith 
monitoring well at the end of management time 
period. ࣈሺ, ሻ  symbolizes the surrogate model 
replacing the numerical FEMWATER model and 
constraint (3) denotes coupling of the surrogate model 
within the S-O framework. M, N and T are the total 
number of PW, BW and total number of time steps in 
the management model. Inequality (4) represents the 
constraints imposed to keep salinity concentrations 
within specified limits at the respective MWs. 
Inequality (5) and (6) represents the upper and lower 
bounds of pumping from PWs and BWs respectively. 
Pumping bounds for both the PW and BW was set 
between 0 – 1300 m3/day. The constraints imposed as 
permissible limits on concentrations (assumed to be a 
conservative pollutant) were ࢉ  	,࢞ࢇ	ࢉ  of 425 
mg/L at MW1, ࢉ    of 510 mg/L at MW2 and ,࢞ࢇ	ࢉ
ࢉ    .of 625 mg/L at MW3 ,࢞ࢇ	ࢉ
 
The Numerical Coastal Aquifer Simulation Model 
The 3D numerical simulation FEMWATER model 
was used for simulating pumping induced SI 
processes into an illustrative costal aquifer system. 
FEMWATER model (FM) allowed simulation of 

density dependent coupled groundwater flow and 
transport processes in an aquifer system. An 
illustrative study area containing of a portion of a 
multi-layered coastal aquifer was modelled using 
FEMWATER. The length of the coastline (sea side 
boundary) was 2.13 km and the other two boundaries 
were of 2.04 km (Boundary A) and 2.79 km 
(Boundary B) respectively. The 2.53 km2 study area 
incorporated 5 BWs, 8 PWs and 3 MWs. The study 
area with specific well locations are presented in Fig. 
1.  

 
Figure 1: Illustrative study area with specific PW, 
BW and MW locations after [16]. 
 
The sea side boundary was assumed to be a constant 
head and constant concentration boundary having a 
concentration of 35000 mg/L. The other two 
boundaries of the study area were taken as no-flow 
boundaries. The modelled aquifer was discretized 
into triangular finite elements having an average 
element size of 150 m. The element size near the 
wells were set to 75 m. The total aquifer depth was 60 
m, divided equally into 3 layers.   A constant vertical 
groundwater recharge of 0.00054 m/d was specified 
over the entire study area. The screening interval of 
all the wells were taken from the second and third 
layers of the aquifer. The compressibility and velocity 
of water was taken as 6.69796 X 10-20 md2/kg and 
131.328 kg.md respectively.  Other key parameters 
used for aquifer simulation are listed in Table 1.  
 
The 3D transient simulation was instigated from an 
initially steady state condition of the aquifer, 
achieved via constant pumping of 300 m3/day from 3 
of the PWs for a period of 20 years only. The resulting 
heads and salinity concentrations after 20 years were 
used as initial conditions for the specified period of 4 
years (4th time step) where pumping from all 
production and barrier wells were instigated. 
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Table 1: Key parameter values for model 
development 

 
Development of Support Vector Machine 
Regression Surrogate Models 
SVMR methodology is a statistical tool employed for 
numeric data prediction utilizing support vector 
machines (SVM). SVMs have been applied in various 
engineering fields because of its attractive 

features and encouraging empirical 

performance [17].  A comprehensive discussion 
on SVM is presented in [18-20] and only a brief 
theoretical background is given below. For a given 
training dataset ሺ࢞, ሻ࢟  where ࢞  is the ith input 
pattern and ࢟ is the parallel target output and	࢟	Є	ࡾ. 
The aim of the SVMR is to find a function ࢌሺ࢞ሻ that 
has most ɛ deviation from the targets ࢟	 for all 
training data, and also is at flat as possible [21]. A SVM 
takes advantage of the kernel function to 

map the input data onto a high-dimensional 

feature space. Later, linear regression is 

performed in the high-dimensional feature 

space. As a result, non-linear problems are 

addressed in a linear space through non-

linear feature mapping. The final 

prediction function used by an SVM is: 

ሻ࢞ሺࢌ ൌ࢟ࢻ		ࡷሺ



ୀ

,࢞ ሻ࢞  									࢈ ൏ࢻ ൏  ሺૠሻ											

where ࢻ is Lagrange multiplier, and ࢞is a 
feature vector corresponding to a training 

object. The components of vector ࢻ and the 
constant b are optimized during training.  
is penalty factor, which regulates the trade-off 
between the flatness of ࢌ and the extent up to which 
deviations greater than ɛ can be accepted. The 

kernel function is one of the most important 

parts in the SVMR model. Commonly used 

kernels are linear, Gaussian, polynomial 

and sigmoid. The Gaussian function kernel 

is the most commonly used kernel because of 

its effectiveness and speed [17]. 

Mathematical expression of the Gaussian 

function is given by: 

 
,࢞൫ࡷ												   ሺૡሻ																																							ሻ	|࢞		.	࢞|ሺɣ	࢞ࢋ	൯࢞

 

where ɣ  is the parameter of the kernel 

function with ࢞  and ࢞  representing 
independent variables. Key parameters that 
control SVMR problems are the cost function	, the 
radius of the insensitive tube ɛ  and the kernel 
parameter. These parameters are dependent on each 
other so altering the value of one parameter leads to a 
change in another parameter. For the present study, 
Gaussian kernel was used, with	ɛ,  and ɣ having a 
value of 0.60, 6.49 and 0.001 respectively. Evaluating 
other values of these fundamental parameters were 
beyond the scope of this study, although, other 
parameter values may have provided more accurate 
results. 
 
500 data sets were generated out which 400 was used 
for training and 100 were used for testing the trained 
SVMR models. The training set was used to construct 
the SVMR models while the testing set assessed the 
prediction capabilities of the trained model. 500 
transient pumping (inputs) were obtained from 
uniform sampling distribution using Latin Hypercube 
Sampling (LHS) having an upper bound of 1300 
m3/day and lower bound of 0 m3/day. The resulting 
salt concentration at each monitoring well were 
obtained from FEMWATER simulation after each set 
of pumping from all production and barrier wells are 
fed to the model as inputs. Each FEMWATER 
simulation took approximately about 4-5 minutes to 
converge. 500 sets of pumping and resulting output 
concertation were assembled by running the 
simulation model 500 times. These input-output 
patterns were used for surrogate model training and 
testing purpose. The SVMR models were constructed 
to learn from the training data presented to them with 
the intent of capturing the functional relation between 
the pumping-concentration data sets. 3 SVMR 
surrogate models namely M1, M2 and M3 were 
constructed for predicting salinity concentrations at 
MW1, MW2 and MW3 respectively.  
 
Performance Analysis of Surrogate Models 
The prediction capabilities of the developed SVMR 
surrogate models were measured using performance 
evaluation indices (PEI’s). Mathematical expressions 
of these error estimates are presented from Eq. (9) to 
(12).  
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		ሺሻ 

 

Properties Values 

Hydraulic 
Conductivity 

x direction 15 m/d 
y direction 7.5 m/d 
z direction 1.5 m/d 

Bulk density 1600 kg/m3

Longitudinal dispersivity 50 m/d 
Lateral dispersivity 25 m/d 
Molecular dispersion coefficient 0.69 m2/d 
Density reference ratio 7.14x10-7

Soil porosity 0.46 
Compressibility 8.5x10-15 md2/kg 
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where   and 

  are observed (from FM) and 
predicted values of saltwater concentrations 
respectively, ࢉ  and ࢉ  are observed and predicted  
saltwater concentration mean values respectively, and 
 .represents total data points ࡷ
Linked simulation-optimisation approach 
The trained and tested SVMR models were used in 
the S/O model as a set of binding constraints for 
salinity concentration prediction purpose. Multi-
objective Genetic algorithm (MOGA) was used as an 
optimization tool.  MOGA has been used efficiently 
in solving multi-objective optimization problems [5, 
16]. When using MOGA optimization tool, 
population size was set to 1500, with 5200 
generations, crossover fraction of 0.8 and mutation 
probability of 0.02.  A flowchart for the linked 
surrogate assisted S/O framework in given in Fig. 2.   

Figure 2: Flowchart for the linked S/O model with 
optimal solution validation stage. 
 
RESULTS AND DISCUSSIONS 
Coastal Aquifer Simulation Model 

Fig. 3 presents the simulated coastal aquifer utilizing 
1 set of PW and BW pumping.  

Figure 3: Salinity concentration contours after a 
period of 4 years (1460 days) using a set of transient 
pumping pattern. 
The numerical coastal aquifer flow and transport 
model was executed 500 times with each run having 
different transient pumping values. The obtained 
pumping-concentration datasets were used to train 
and test the SVMR surrogate models. 
 
SVMR Model Prediction Capabilities 
The error estimates during the training and testing 
phases are given in Table 2.  
 
Table 2: Performance evaluation results 

Phase PEI’s M1 M2 M3

Training 

MSE 0.164 0.057 0.184 
RMSE 0.405 0.238 0.428 

R2 0.997 0.997 0.989
NSE 0.99 0.99 1.00 

Testing 

MSE 0.202 0.105 0.187 
RMSE 0.449 0.323 0.432 

R2 0.994 0.993 0.989
NSE 0.99 1.00 1.00 

 
The performances of the SVMR models at the 
training and testing phases for M1, M2 and M3  in 
terms of the 4 evaluation criteria showed similar 
trends. RMSE, and MSE values for concentrations at 
M1, M2 and M3 at both the stages were substantially 
smaller. During the training stage, SVMR model has 
a smallest RMSE value of 0.238 accomplished for M2 
and highest RMSE of 0.428 attained for M3. 
Comparing RMSE values of SVMR models at the 
testing stage, the lowest 0.323 is obtained for M2

 and 
highest value of 0.449 is achieved for M1. 
Accordingly, MSE values of the SVMR models are 
comparatively smaller. R2 and NES values do not 
significantly differ for the three models and have 
values close to 1. NSE value of 1 presents a perfect 
estimate with no errors [22]. A model can be 
considered accurate if the calculated NSE value is 
greater than 0.8 [23]. The NSE values for M1, M2 and 
M3 were greater than 0.8 indicating that it can reliably 
be used for SI prediction. A model’s good 
performance in the testing phase is  an indication of 
its accuracy in prediction and hence its practical 
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utility [24]. Hence, the observed good performance of 
SVMR models at the testing stage establishes its 
credibility, suggesting accurate results when used for 
prediction purposes. 
 
Optimal Groundwater Pumping Solution Set 
After evaluating the prediction performances, the M1, 
M2 and M3 replaced the original FEMWATER model 
in the S-O framework instituted for obtaining optimal 
groundwater pumping rates from the PWs and BWs 
installed in the simulated coastal aquifer. The 
execution of the SVMR-MOGA coastal aquifer 
management model presented a set of optimal 
pumping solution. The resulting Pareto-front from the 
executed S-O model is given in Fig. 4. 

Figure 4: Optimal Pareto-front from the executed 
SVMR-MOGA model 
 
Depending on the relative importance each of the two 
objective functions in the management model, a set of 
pumping solutions can be chosen and implemented 
for optimal and sustainable utilization of groundwater 
from the simulated aquifer. The selected optimal 
pumping solutions from the Pareto-front will ensure 
optimal pumping and maintaining salinity levels at 
the MWs within specified limits which was the major 
aim of the proposed management model.  The Pareto 
optimal solutions also show the conflicting nature of 
the two objectives. For example, if the pumping for 
beneficial use increases beyond 30500 m3/day, the 
marginal increase in barrier well pumping increases 
exponentially.  
 
Validation of Optimal Pumping Solutions 
To establish the validity of the resulting optimal 
solution, the salinity concentration obtained from the 
SVMR surrogate models were compared with the 
salinity concentration obtained from the original FM. 
Five random solutions from the optimal Pareto-front 
were chosen and the salinity comparison results are 
presented in Table 3.  
 

Table 3: Optimal pumping solution validation results 
Sol. ܿ ௫,  at 

MW1 ≤ 425 
mg/L 

ܿ ௫, at 
MW2 ≤ 510 

mg/L 

ܿ	௫, at 
MW3 ≤ 625 

mg/L 
 SVMR FM SVMR FM SVMR FM 

1 423.8 422.9 509.2 507.9 624.2 623.9 
2 424.5 423.5 509.4 508.3 623.6 622.1 
3 423.2 422.2 508.9 506.5 624.6 623.5 
4 425.0 425.3 508.4 508.9 623.1 622.6 
5 424.7 423.6 509.4 508.3 624.7 622.0 

 
It was observed that the salinity concentration values 
from both the modelling tools were very close to each 
other. It was also observed that the optimal pumping 
values satisfied the specified concentration 
constraints at monitoring locations. Also, the optimal 
solutions converged to the specified upper bound of 
the concentrations constraint. The validation results 
established that the SVMR surrogate models 
predicted the salinity concentrations at MWs 
accurately and can be utilized for developing coastal 
aquifer management strategies.  
 
Conclusion 
This paper presents an efficient and feasible SVMR 
model assisted coupled S/O model for the optimal 
sustainable management of coastal aquifers subjected 
to SWI. The S/O model maximizes pumping from 
PWs, and minimizes pumping from BWs while 
maintaining salinity concentrations at respective 
MWs within specified limits. Utilized SVMR 
surrogate models have effectively approximated 
density-dependent SWI processes in the simulated 
aquifer. Hence, SVMR models efficiently predicted 
salinity concentrations at monitoring wells in 
response to variable transient pumping patterns.  The 
execution of the developed management model 
presented a set of optimal pumping patterns for both 
the PWs and BWs. An optimal pumping solution set 
can be chosen and implemented for the sustainable 
utilization of the modelled coastal aquifer. The 
implementation of the developed management model 
has the potential to aid in developing regional-scale 
coastal aquifer management strategies while ensuring 
computational efficiency, thus making it feasible to 
address much larger study areas. In future, it would 
be beneficial to compare the prediction performances 
of SVMR with other available surrogate modelling 
methods and also apply the established management 
model on a real case study area. 
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ABSTRACT 
 

Kamatani-River is a small river which flows down from the Suzuka mountain chain to Ise Bay though the 
western part of Yokkaichi-Shi. In the catchment area of this river, tea plant fields spread widely, and some waste 
disposal sites and a cow farm have been constructed. In order to find the influence of this land use on the river 
water, our investigation was carried out. Some polluted water from these disposal sources was found which 
contains high values of COD, phosphorus, D-Fe, D-Mn and nitrogen compounds. Especially significant nitrogen 
pollution has been widely found. The main sources of the nitrogen compounds is considered to be related to the 
tea plant fields which are widely spread in this area.  

 
Key word: Nutrients, Nitrogen compound, Land-Use, Kamatani-river 
 
INTRODUCTION 
 

Yokkaichi-Shi is well know as one of the 
industrial city, and also has very wide diluvial hill in 
the west part, there are cultivated many tea plant 
fields from the old times because of its warm climate, 
which is good for them. Recently, a waste disposal 
site and stock farm were made in advantage of the 
geometrical condition, and their influence on the 
environment around them is considered serious 
matter. 

Kamatani-River (extension: 20km) is one of the 
small branch rivers of Suzuka-River which flows 
down to Ise-bay through this area. Kamatani-River 
unites the Utsube-River (other branch rivers of the 

Suzuka-River), later, flows down to the Suzuka-River. 
The catchment area of the Kamatani-River distributes 
long and narrow from the source till the downstream 
of the river, therefore, the influences of the waste 
water from these disposal sites is considered 
significant compared to other rivers. Therefore, 
environmental counter measure are very important 
matter [1], and became an important concern in the 
community of the drainage basin. In order to help 
them, we investigated the water pollution in 
Kamatani-River and around the catchment area [2]. 
 
METHODS 
  
Investigation Site and Date 

  The investigation was carried out at 14 sites 
shown in Fig.1 from the year 2014 till 2016 (three 
times in year). The investigation sites from St11 to 
St16 and St3, St8 are situated at the main stream of 
the Kamatani-River (St11 is situated at the upper 
stream, and St16 is situated at the most down-stream 
of the river). St5 and St6 are leaching water from the 
tea plant fields. St2 is situated at the waste disposal 
site (damping finished about 10 years ago), St4 is 
situated at the drainage of the cow farm. St7 and St9 
are the leaching water near of the dumping site of the 
construction waste soil.  
 
 
 
 
 
 
 
 
 

Parameter and Analytical Method 
 
  Parameter and analytical method is listed below. 

pH: glass electrode, EC: Platinum electrode, COD: 
acidic manganese method, NO3-N: ultra purple light 
absorbance method,  PO4-P: Molybdenum blue 
method.  

As a simple method, D-Fe, D-Mn, NH4-N, 
NO2-N, Cl ion were tested using Simplified 
chemical analysis product for water quality 
(Kyoritsu Chemical-Check Lab., Corp.).   
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Fig. 1  Investigation site (Using Yahoo Map) 

 
RESULT and DISCUSSION 
 
Pollutants 
 
 High values of NH4-ion, Cl-ion and D-Fe were 

found at St2, however, these pollutants were not 
detected in the down-stream of the river, and the 
influence from the disposal site is considered to be 
small. High concentration of PO4-P was found at St4, 
and was considered to be come from cow farm. These 
pollutants were not found at the downstream nearby, 
therefore, this influence was considered to be small. 
High values of COD were also found at St2, St4 and 
St9, however, COD values of the main stream are low 
compared by other rivers in Yokkaichi [3]. COD 

tends slightly to be increased toward downstream (St 
8 to St15, shown in Fig 2). The concentrations of the 
NO3-N were low at upstream of the river, and 
increased toward the down-stream till St8, later, the 
concentrations tend to decrease toward St16. At St5 
or St6, where water is flown out from the tea plant 
fields, high concentrations of NO3-N were found, and 
at St2, St4, high concentrations of NO3-N were also 
found. These values are higher than the main stream 
of the river (Fig 3). The concentrations of PO4-P were 
low (under 0.1mg/L) at most of all monitoring 
stations except for St4 (as mentioned before), 
however, the concentrations were slightly increased 
toward St 8 to St15 and St16 (Fig 4).  
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Fig.2  COD at the monitoring stations 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3  NO3-N concentration at the monitoring stations 
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 Fig.4  PO4-P concentration at the monitoring stations 

 

Land Use 
 
   In this investigation, high concentrations of the 
NO3-N were found, and in order to find a nitrogen 
flow, land use was investigated using aerial 
photography [4]. The land use was analyzed in about 
4 areas (Fig. 5) with 7 categories as a forest, tea 
plantation, rice field, farm land, residential area, lake 
and others (Fig.6). 
Area 1: The upstream of St11, where most of the area 
is covered by forest (Space: 1.45km2). Area 2: The 
catchment area of St12 to St13, in where the area is 
mainly covered by tea plant fields and forest (Space: 
2.43km2). Area 3: The catchment area from St13 to 
St14, The half of the area is covered by tea plants and 
forest, and others are occupied by others (Space: 
4.76km2). Area 4: The catchment area from St14 to 
St16, where, the area is mainly covered by rice fields 
(Space: 2.35km2). From the result, concentrations of 
the NO3-N increased in Area 2 and Area 3 where tea 
fields spread widely, and NO3-N pollution is 

considered to be related to the tea plant field. In order 
to clarify the mechanism, further investigation about 
the flow of nitrogen compounds is needed. It was 
usual that the outstanding pollution of COD and 
PO4-P was not found in main stream of the river. 
Usually, pollution of nitrogen and phosphorus is 
related to each other, therefore, further investigation 
on the source of the nutrients will be needed.    
 
CONCLUSION  
 

In this investigation, high concentrations of 
NO3-N were found in the Kamatani-River basin, 
suggesting the possibility of being a source of the 
nitrate pollution of the Suzuka-River [5-6]. The main 
source of the NO3-N is reconsidered to be related to 
the tea plant fields by the analysis of land use. 
Contrarily, COD and PO4-P were only slightly found 
in the main stream, and the mechanism of the nutrient 
flow from these sources should be much more 
investigated.  
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Fig. 5  Situation of the investigated area  

 

 

Fig. 6  Land use of the research area 
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ABSTRACT 
 

 Vegetation mapping provides important information for understanding ecological condition through 
calculation of vegetation density. It based on vegetation indices developed through algorithms of mathematical 
model within the visible and near-infrared reflectance bands. The indices is an estimate of either leaf density per 
species, or vegetation types, respectively. This study aimed to evaluate those indices and find best algorithm 
using Sentinel-2 satellite image. Twenty four algorithms of vegetation indices were analyzed for mangrove 
density mapping, i.e., BR, GNDVI BR, GR, SAVI, MSAVI, NDRE, NDVI, NDVI2, NDWI, NNIP, PSRI, RR, 
RVI, VIRE, SVI, VIRRE, MTV1, MTVI2, RDVI, VARI, VI green, MSR, and TVI. During pre-processing 
stage, digital number of Sentinel-2 image was converted into radiance and reflectance value. The analysis 
resulted in three algorithms that provide highest accuracy, i.e., MSR (Modified Simple Ratio), NDVI 
(Normalized Difference Vegetation Index) and RVI (Ratio Vegetation Index). All the three methods provided 
comparable R2 (0.860, 0.859, and 0.850, respectively). Sentinel-2 satellite image may best using one of those 
three algorithms, especially applied for mangrove vegetation. 

 
Keywords: Vegetation Indices, Sentinel-2 Imagery, Mangrove Biomass  
 
 
1. INTRODUCTION 

 
 Global warming becomes a global issue. It leads 
to climate change, due to an increase in atmospheric 
gas or so-called greenhouse gases. Greenhouse gases 
occur due to accumulation of carbon in atmosphere 
accumulation due to burning of fossil fuels (the 
activity of vehicle and industry) [1].  

Mangrove has a function as a carbon sink, 
although the information and data are still relatively 
minimal [2]. Mangroves are also called mangroves 
for tree or shrub communities that grow on the 
coastal area, or are applied to one type of vegetation 
species [3]. Mangrove is an intertidal plant found 
along tropical and non-tropical coastlines [4]. This 
plant is inundated by tides in the brackish area and 
has physiological adaptations to salinity [5]. 
Mangrove ecosystem stored the highest carbon, 
compared to tropical forests, subtropical forests and 
boreal forests. Much of the carbon stored in the rich 
organic underground [5],[6]. Mangroves store 
carbon four to five times faster than tropical forests  
[5]. Climate change is closely related to the 
existence of forest biomass. Biomass plays a role in 
the carbon cycle. Forest carbon is stored in forest 

vegetation. The increase of carbon in the atmosphere 
caused by the damage or forest fire. More than 50% 
of the world's mangroves have been destroyed, in the 
past two decades 35% of damage caused by coastal 
cultivation and development [7]. Mangrove damage 
has resulted in the contribution of carbon 
sequestration in the atmosphere [8]. Mangrove area 
is only 0.7% of the area of tropical forest, but 
mangrove destruction will supply 10% of CO2 from 
the mangrove deforestation [9]. 
 Remote Sensing, flowed by the application of 
GIS provide quantitative information to investigate 
the spatial distribution of vegetation, including 
mangrove forests in coastal area [10]. The 
application of satellite image analysis has been 
applied in various ways to illustrate mangrove 
ecosystems. Some of the published study includes 
mapping the distribution of mangrove in coastal 
area, observing mangrove species by ground survey 
combination, and estimates it structure such as leaf 
area, canopy height, and biomass [11].  
 Satellite imagery data is one of the basic 
information that could describe the location of 
deforested or degraded area, also healthy vegetation. 
Satellite remote sensing approach, due to its 
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synoptic, multi-temporal, and multi-spectral ability 
can effectively act as one of methods in providing 
reliable information on mangrove extent and status 
of its growth along the coastal areas. The reflectance 
pattern of the vegetation in red-visible & near infra-
red spectral region illustrated the density of all 
vegetation coverage in coastal area. 
 Moreover, earth observation satellite like Landsat 
satellite was commonly apply to define the 
distribution and density of the mangrove forest [12]. 
In addition to some satellite applied in vegetation 
density mapping, Sentinel-2 satellite is a relatively 
new satellite that is assumed can be use in mapping 
the spatial distribution of vegetation. Sentinel-2 is a 
European wide-swath, high-resolution, multi-
spectral imaging mission. The full mission 
specification of the twin satellites flying in the same 
orbit but phased at 180°, is designed to give a high 
revisit frequency of 5 days (temporal resolution) at 
the Equator [13]. In this study, we analyze Sentinel-
2 satellite imagery to investigate and evaluate the 
density of mangrove forest by calculation of several 
vegetation indexes.   

Vegetation mapping provides valuable 
information for understanding the natural and man-
made environment. It is important to obtain 
vegetation cover in the framework of vegetation 
protection and restoration programs [14]. Mangrove 
ecosystems have tremendous relevance to the 
ecological and economic conditions for conservation 
and restoration measures. The latest information 
concerning the extent and condition of mangrove 
ecosystems is essential for management, policy 
process and decision making. This can be solved 
using remote sensing technology [15]. The 
vegetation index approach in remote sensing is 
commonly used for vegetation mapping [16]. The 
vegetation index has calculated the vegetation 
density of green leaf and specifically for vegetation 
species. The purpose of this study was to evaluate 
the different vegetation indexes that collected from 
the Sentinel-2 satellite image analysis. 
 
2. MATERIALS AND METHODS  
 
2.1. Satellite Remote Sensing Data 
 

Sentinel-2 satellite images (Copernicus 
Sentinel data (2017)) were used in this study in the 
calculation and mapping of mangrove distribution. 
The Sentinel-2 satellite has 13 spectral bands from 
near-infrared to shortwave infrared. Spatial 
resolution varies from 10m - 60m depending on 
spectral band [17]. Sentinel 2 image used in this 
research was December 6, 2016. The bands used in 
this study were band 2, 3, 4, 5, 6, 8, 8a, with 
specifications as in Table 1. Moreover, the 
illustration of Sentinel- 2 spectral bands for 10m and 
20m spatial resolution as described on Figure 1 and 

Figure 2. 
 

Table 1. Sentinel-2 band spesification [4] 
 

No Band 
Wave 
length 
(µm) 

Spatial 
resolution 

1 Band 2 – Blue 0.490 10m
2 Band 3 – Green 0.560 10m 
3 Band 4 – Red 0.665 10m 
4 Band 5 – Vegetation 

Red Edge 
0.704 20m 

5 Band 6 – Vegetation 
Red Edge

0.740 20m 

6 Band  8 – NIR 0.835 10m 
7 Band 8a – Vegetation 

Red Edge
0.865 20m 

 

 
Figure 1. Sentinel-2 10 m spatial resolution bands: 
B2 (490 nm), B3 (560 nm), B4 (665 nm) and B8 
(842 nm) [4] 
 

 
 
Figure 2. Sentinel-2 20 m spatial resolution bands: 
B5 (705 nm), B6 (740 nm), B7 (783 nm), B8a (865 
nm), B11 (1610 nm) and B12 (2190 nm) [4] 
 
2.2. Rodiometry Corrections  

 
The radiometric correction uses the at-sensor 

reflectance method by changing the pixel value to 
the radiance-sensor. Then converted to at-sensor 
reflectance, with the following formula [18]: 

 
௫ܮ ൌ ௫ݐ݁ݏ݂݂  ௫݊݅ܽܩ ൈ ሺܸܤሻ௫                          (1) 
 
௫݊݅ܽܩ ൌ ሺܮ௦ െ ܤ/ሻܮ ܸ௦                        (2) 
 

Where, Lᵪ is the radiance value; BV is 
Brightness Value; And Offset, Gain from the 
mathematical calculation of maximum-minimum 
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spectral radiance value in image metadata. The 
radiance value is changed to the at-sensor 
reflectance value based on the equation: 

 
ܲ ൌ ∗ೣ∗ௗమ

ாௌேೣ∗௦ௌ
                                        (3) 

 
d = 1 – 0,01674 cos (0,9856(JD – 4))                (4) 
 

Where: ρP = the value of at-sensor reflectance; 
Lᵪ = radiance value (Wm-2sr-1μm-1); Π = 
3,142857142857143; D = distance of earth-sun 
(astronomical unit); ESUNᵪ = spectral irradiance sun 
value (Wm-2μm-1); Ɵs = angle sun zenith (degree); 
JD = Julian Day. 

 
2.3. Transformation of Vegetation Index  

 
The vegetation index method that used is 

structure vegetation index. The vegetation index 
method was also adapted to the images band spectral 
of Sentinel-2 images used in this study. The 
vegetation index used in mapping of mangrove 
distribution in this study is described  in table 2. 

 
Table 2. An appropriate vegetation index for 
Sentinel image 2 
 

No Indeks Vegetasi 

1 BR (Blue Ratio)[19] 
 ቀ

܀

۰
ቁ ൈ ቀ

۵

۰
ቁ ൈ ቀ

۳܀

۰
ቁ ൈ ቀ

܀۷ۼ

۰
ቁ                  (5) 

2 GNDVI (Green normalized difference 
Vegetation index) [20]  

ି۵܀۷ۼ 

ା۵܀۷ۼ
                                                     (6) 

3 GR (Green Ratio) [21] 
 ۵

܀
                                                              (7) 

4 SAVI (Soil-Adjusted Vegetation Index)  
[22], [23]   

 ሺା.ሻ∗ሺ܀۷ۼି܀۷ۼሻ

ሺ܀۷ۼା܀۷ۼሻା.
                                   (8) 

5 MSAVI(modified SAVI) [24] 
 


ቂ ∗ ܀۷ۼ   െ

ඥሺ ∗ ܀۷ۼ  ሻ െ ૡ ∗ ሺ܀۷ۼ െ           ሻቃ܀
(9) 

6 NDRE (Normalized difference Red-Edge 
index) [25].  

۳܀ି܀۷ۼ 

۳܀ା܀۷ۼ
                                                 (10) 

7 NDVI (normalized difference vegetation 
index)[26],[27],[20]    

܀ି܀۷ۼ 

܀ା܀۷ۼ
                                                          (11) 

8 NDVI2 (normalized difference vegetation 
index) [26] 

܀ି܀۷ۼ 

܀ା܀۷ۼ
                                                          (12) 

9 NDWI (Normalized Difference Water 
Index) [28] 

܀۷ۼ۵ି 

۵ା܀۷ۼ
                                                           (13) 

10 NNIP (Normalized Near Infrared) [19]  
܀۷ۼ 

ሺ܀۷ۼା܀ା۵ሻ
                                             (14) 

11 PSRI (Plant Senescence Reflectance 
Index)[29] 

۰ି܀ 

۳܀
                                                        (15) 

12 RR (Red Ratio) [21] 
 ቀ܀۷ۼ

܀
ቁ ൈ ቀ۵

܀
ቁ ൈ ቀ܀۷ۼ

۳۷܀
ቁ                          (16) 

13 RVI (Ratio Vegetation index) [30] 
܀۷ۼ 

܀
                                                       (17) 

14 SVI (Sentinel Improved Vegetation Index) 
[19] 

܀ି܀۷ۼ 

܀ା܀۷ۼ
                                                   (18) 

15 VIRE (Vegetation Index based on 
RedEdge) [19] 

 .ି܀۷ۼ

۳۷܀
                                            (19) 

16 VIRRE (Vegetation Index Ratio based on 
RedEdge) [19] 

܀۷ۼ 

۳۷܀
                                                      (20) 

17 WVVI (WorldView Improved Vegetative 
Index) [31] 

۳۷܀ି܀۷ۼ 

۳۷܀ା܀۷ۼ
                                                (21) 

18 MTV (Modified Triangular Vegetation 
Index1) [32] 

 ,  ∗ ሾ,  ∗ ሺ܀۷ۼ െ ۵ሻ െ ,  ∗ ሺ܀ െ ۵ሻሿ   
(22) 

19 MTV 2 (Modified Triangular Vegetation 
Index2)[32]  

 .∗ሺ,∗ሺ۵ି܀۷ۼሻି.∗ሺ۵ି܀ሻሻ

ටሺ∗܀۷ۼାሻି൫∗ି܀۷ۼ∗√܀൯ି,
                       (23) 

20 RDVI (renormalized difference vegetation 
index) [23] 

 ሾሺ܀۷ۼ െ ܀۷ۼሻ/ሺ܀                               ሻሿ܀
(24)

21 VARI (vegetation atmospherically 
resistant index)[33]   

 ሺ۵ି܀ሻ

ሺ۵ା۰ି܀ሻ
                                                  (25) 

22 VI green [33]  
 ሺ۵ି܀ሻ

ሺ۵ା܀ሻ
                                                      (26) 

23 MSR (Modified Simple Ratio) [32]   
 ൬ቀ

܀۷ۼ
܀ ቁି൰

൬ቀ
܀۷ۼ
܀ ቁା൰

.                                             (27) 

24 TVI (triangular vegetation index) [30] 
 .  ∗ ൫ ∗ ሺ܀۷ۼ െ ۵ሻ൯ െ  ∗ ሺ܀ െ

۵ሻ                                                                          
                                                                    (28)

Description: Blue (B), Green (G), Red (R), Near-
infrared 1 (NIR1), Near-infrared 2 (NIR2), Red 
Edge 1 (RE1), Red Edge 2 (RE2). 
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2.4 Estimation of Mangrove Biomass 
 

Estimation of mangrove tree biomass in this 
study was conducted using allometric equations. 
Allometric equations for above ground biomass 
[34]; [35] are: 
  
W=0.168**(DBH)2.471                                       (29) 
 
Meanwhile, biomass measurements below ground 
level  [5]; [35] are: 
 
 ൌ . ૢૢ ∗ .ૡૢૢ ∗ ሺࡴࡰሻ,                          
(30) 
 
Description:  
W = above ground level biomass, B = below ground 
biomass (kg),  = Wood density (g / cm3), DNH = 
diameter at breast height (cm). 

Finding the best vegetation index was done by 
non-linear regression statistical analysis between 
biomass and vegetation index values. The result of 
non-linear regression analysis is the coefficient of 
determination (R2) to determine the best vegetation 
index in estimate of mangrove biomass. The best 
regression equation is used to estimate mangrove 
biomass. 

 
2.5. Study Area 

 
This research was conducted in Majungan 

Village, Pademawu Sub-district, Pamekasan 
Regency. This location is located at the Madura 
Island which is part of East Java Province. The 
boundary of the study area is the coordinates of 
113029’48”-113031’24” E, 7013’48”-7015’12” S.  

 

 
 
Figure 3. Map of Research Location 
 
3.  RESULTS AND DISCUSSION 
 

In this study, the mangrove area was separated 
by other land cover. The process of mangrove 
masking was done due to the vegetation index was 
applied to detect canopy density variation, rather 

than differentiate the type of vegetation. The initial 
stages of the study began with radiometric correction 
of sentinel-2 images. Radiometric correction was 
done by converting radian value to at-sensor 
reflectance. Corrected image then analyzed the 
vegetation index through the calculation of 24 types 
of vegetation index (see Table 2). The result of 
vegetation index analysis is presented in Table 3. 

 
Table 3. Analysis Results 24 Types of Vegetation 
Index.  
No Index 

vegetasi
Min Max Mean Stdev 

1 BR -8.79 5.13 -4.56 1.10
2 GNDVI -0.09 0.52 0.35 0.07 
3 GR 0.80 1.32 1.16 0.08 
4 SAVI -5943. 

31 
30299. 
00 

-2.02 230.23 

5 MSAVI -0.23 0.66 0.49 0.08 
6 NDRE -13367. 

00 
10940. 
00 

-4.40 201.74 

7 NDVI -0.07 0.59 0.41 0.09 
8 NDVI2 -2442. 

56 
2449. 
00 

1.56 24.39 

9 NDWI -0.52 0.09 -0.35 0.07 
10 NNIP 0.30 0.63 0.53 0.04 
11 PSRI -107.94 10.88 0.05 0.91 
12 RR -1138. 

47 
144.26 -2.19 12.31 

13 RVI 0.87 3.86 2.48 0.44 
14 SVI -2442. 

56 
2449. 
00 

1.56 24.39 

15 VIRE -15.23 0.0005 0.0017 0.14 
16 VIRRE -829. 

78 
75.02 -0.82 9.25 

17 WVVI -4546. 
20 

25214. 
00 

5.21 310.65 

18 MTV -6573 
4.08 

-13520. 
64 

24856. 
80 

5439.4
0 

19 MTV2 -4.59 -0.48 -1.22 0.41 
20 RDVI -0.0000 

5 
0.0000
2 

0.0000
2 

0.0000
5 

21 VARI -0.19 0.33 0.17 0.08 
22 VI 

green 
-0.11 0.14 0.07 0.03 

23 MSR -0.001 0.02 0.01 0.003 
24 TVI -1369 

40.00 
101924
0.00 

572097
.59 

160378
.89 

 
Field measurements were carried out to obtain 

biomass values of mangrove trees, i.e. above ground 
biomass values and below ground biomass values. 
Sampling point field measurement as on the map 
Figure 4. 

Based on the results of field measurements, 
biomass mangrove for above ground biomass of 382 
kg/100m2, below ground biomass was 352,7 
kg/100m2 and total biomass was 735 kg/100m2. In 
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this study for soil biomass is not taken into account. 
Table 4 describes the minimum and maximum 
values of mangrove biomass measured in the field. 

 
 
Figure 4. Map of the field measurement sample 
points 
  
Table 4. Mangrove biomass from field data 
calculation  
 

 Above 
ground 
biomass 

(kg/100m2) 

Below 
ground 
biomass 

(kg/100m2) 

Total 
biomass 

(kg/100m2) 

Min 86.9 84.2 171 
Max  817.3 754.4 1572 
Mean 382.0 352.7 735 

 
 The mangrove species found in the sample 
location plots are Rhizophora stylosa, Rhizophora 
mucronata, Rhizophora apiculata, Avicennia 
marina, Aegiceras corniculatum, Sonneratia alba, 
Ceriops decandra, Xylocarpus moluccensis. 
Composition of dominant mangrove species in the 
study area Aegiceras corniculatum (32%), Ceriops 
decandra (21.2%), Rhizophora apiculata (18.9%), 
Sonneratia alba (12.2%) and Rhizophora stylosa 
(10.7 %). 

The next step is analyzed the relationship 
between image vegetation index values that have 
been produced with field measurement data, using 
logarithmic, quadratic, and exponential regression 
Field measurement was the measurement of 
mangrove biomass at the sampling point. The model 
constructed for biomass estimation is based on 
statistical analysis between vegetation index results 
of image transformation of Sentinel-2 with the result 
of biomass calculation value in the field. The 
regression analysis model used was non-linear 
regression. Non-linear regression statistical analysis 
was based on determination coefficient  (R2). The 
value of R2 shows the decreasing proportion of 
variation in the variation of free variables due to the 
utilization of the dependent variable information. 
The range of R2 is between 0 and 1. It depicting how 

much dispersion is explained by the prediction. The 
value of zero means there is no correlation at all, 
while the value of 1 means the dispersion of the 
prediction equals the observation. A good R2 value 
approaches 1.0 [36]. 

The Kolmogorov-Smirnov normality test was 
performed before the independent variable used was 
normally distributed against the dependent variable 
or not. Normality test results will show normal 
distributed data when the value of significance on 
skewness ratio, and the kurtosis ratio is in the range -
2 to 2. Based on statistical analysis of skewness ratio  
and the kurtosis ratio value, 24 vegetation index is 
spanned between -2 to 2, only 3 Vegetation indexes 
greater than 2, i.e. SAVI, NDVI2 and SVI. 

 
Table 5. Regression results of 24 vegetation indexes 
with R2 >0.8 value.  
 
Veget
ation 
Index 

Regression 
Model 

Regression 
Equation R2 

NDVI Eksponential y = 0.0316e22.26x 0.859 
Polynomial y = 86773x2 - 

62664x + 11397 
0.814 

NNIP Eksponential y = 0.0000001e41.24x 0.832 
RVI  Eksponential y = 0.09e3.40x 0.850 

Logarithmic y = 5534.6ln(x) - 
4538.8 

0.809 

Polynomial y = 903.25x2 - 
2542.1x + 1215.4 

0.815 

MTV1 Eksponential y = 
1,485,906.18e0.00x 

0.813 

MTV2 Eksponential y = 180217e5.32x 0.829 
MSR Eksponential y = 1.7209e504.63x 0.860 

Polynomial  

y = 48,915,274.97x2 
- 812,817.55x + 
3,499.67 

0.815 

TVI  Eksponential y = 0.362e0.000012x 0.821 
 
 The best combination of vegetation index 
results can be seen in Table 5. Consistently, the non-
linear regression approach through exponential 
equation shows higher R2 value than logarithmic or 
polynomial equation. The best result of 24 
vegetation index is MSR (Modified Simple Ratio), 
with exponential approach value R2 = 0.860. While 
the next appropriate vegetation index was NDVI 
(normalized difference vegetation index) with 
exponential approach value R2 = 0.859, and then 
vegetation index RVI (Ratio Vegetation index) with 
exponential approach value R2 = 0.850. RVI 
vegetation index has good consistency with 
exponential, logarithmic or polynomial approach 
with value R2> 0.8. 
 Spatial modeling of mangrove distribution 
based on vegetation index was done using MSR 
vegetation index. Mapping of spatial distribution of 
mangrove biomass in Pademawu Subdistrict of 
Pamekasan Regency of East Java Province was 
based on exponential non-linear regression equation 
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of MSR vegetation index. The results of this 
mapping as illustrated on the map Figure 3.. 
  

 
 
Figure 3. Spatial distribution of biomass in 
Pademawu Sub-district of Pamekasan Regency of 
East Java Province based on exponential non-linear 
regression equation of MSR vegetation index. 
 

The result of spatial modeling of mangrove 
biomass shows that the average of mangrove 
biomass at each pixel (10x10m) was 0,9 ton/100m2. 
Total mangrove biomass for above ground and 
below ground vegetation in the research area was 
24,879.6 tons 

 
4. CONCLUSION 

 
The best results of 24 vegetation indices 

analyzed by exponential regression were MSR 
(Modified Simple Ratio), NDVI (normalized 
difference vegetation index) and RVI (Ratio 
Vegetation index). Spatial modeling of mangrove 
biomass with MSR approach shows an average of 
each pixel (10x10m) of 0,9 ton/100m2. Total 
mangrove biomass for above ground and below 
ground vegetation in the research area was 24,879.6 
tons. This research shows that Sentinel-2 image is 
quite capable of being used in estimation of 
mangrove distribution through vegetation index 
calculation and can also be used in analyzing 
mangrove biomass. 
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ABSTRACT 

Metro Manila is the most populated region in the country and the largest contributor to the economy of the 

country at around 40%.  Situated in this metropolis is the Epifanio Delos Santos Avenue (EDSA) which 

currently serves approximately 330,000 vehicles daily, on the average.  This number has greatly increased since 

the early 2000’s.  Because of EDSA’s significance, many transportation related studies have focused on it. 

Among the largest studies is the Metro Manila Urban Transportation Integration Study (MMUTIS) which was 

completed in 1999 and has recently been updated through the MMUTIS Update and Capacity Enhancement 

Project (MUCEP).  There is also another ongoing project entitled Integrated and Optimal Scheduling of a Public 

Transport System in Metro Manila (PUBFix) which is funded by the government (DOST-PCIEERD).  The 

project intends to improve the public transportation system in the metropolis, specifically the operations of the 

buses along EDSA.  In this research, the aim is to formulate SP logit choice models in order to predict the mode 

choices of commuters along EDSA.  Such results are important in order to determine the changes in travel 

behavior of commuters when certain policies and measures are introduced.  An EMME model is also prepared 

for this study in order to quantify the differences between the baseline and hypothetical scenarios.  Aside from 

quantifying the difference of these scenarios in terms of environmental effects, other traffic parameters were also 

calculated in order for transport policy makers to be guided in considering more appropriate measures. 

Keywords: Logit Choice Models, Urban Public Transport, Stated Preference, Mode Choice 

INTRODUCTION 

The road network of Metro Manila is defined by 

ten radial and six circumferential roads which links 

the region, as seen in Fig.1.  Among the region’s 

major thoroughfares, Epifanio Delos Santos Avenue 

(EDSA), located at the heart of Metro Manila, is one 

of the busiest roads in the Philippines.  It is 24 

kilometers long and passes through six of the 

seventeen cities comprising the metropolis.   

Fig.1  Circumferential and Radials Roads in Metro 

Manila. 

EDSA caters to both private and public 

transportation for the region and links the North 

Luzon Expressway at Balintawak in the north to the 

South Luzon Expressway at the Magallanes 

Interchange in the south.  EDSA serves an average 

daily traffic of approximately 330,000 vehicles, 

growing from an approximate number of 195,000 in 

2007 [1], [2].  Currently, over 3,700 public utility 

bus units run along EDSA, while over 60,000 

jeepneys and 3,184 AUVs are currently in operation 

all over the metropolis [3].  Note that all public 

vehicles are operated by private entities.   

 Most of the public transportation routes in Metro 

Manila are concentrated along EDSA because much 

of the areas of economic activities are adjacent to it. 

Despite the number of buses and other travel 

alternatives traversing EDSA, many commuters are 

inclined to use their own private vehicles which add 

more volume to the already congested roads of the 

metropolis brought about by various reasons. 

Because of the importance of EDSA to the 

commuters of Metro Manila and the complexity of 

the problems related to each of the transport 

alternatives serving the corridor, the road demands 

much more attention in order to improve its current 

state.  The unorganized public transport system in 

Metro Manila is one of the reasons that cause 

commuters to be more inclined to use private modes 
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of transportation.  The inefficiencies caused by a 

disorderly system are enormous that costs the 

Filipino people and the economy a huge amount in 

monetary terms annually.  Added to this is the stress 

and anxiety it brings the commuters on a daily basis. 

The Department of Transportation (DOTr) and the 

Metro Manila Development Authority (MMDA) 

have tried improving the current situation through 

various means.  However, the effects of the 

measures employed to curb the problem of traffic 

congestion remains to be felt. 

Source: Facebook shared photo at North Ave. 

Station 

Fig. 5 Long queue in one of the MRT stations. 

This research is part of the project entitled An 

Integrated and Optimal Scheduling of Public 

Transport Operations in Metro Manila (PUBFix) 

funded by the Department of Science and 

Technology, Philippine Council for Industry, Energy, 

and Emerging Technology Research and 

Development (DOST-PCIEERD).  PUBFix is 

undertaken in order to assess the actual and potential 

demand of public transport service along EDSA.  It 

also aims to provide a more integrated transportation 

plan by considering both the existing supply as well 

as those being planned into the future.  In lieu of this, 

logit choice models are developed in order to aid in 

planning for the improvement of the transportation 

network models.  Through these logit choice models, 

the changes in travel behavior of commuters may be 

estimated when changes in the transportation system 

are introduced in the transportation network models.  

Therefore, the effects of certain policies, 

infrastructure improvements in the network, addition 

of new transport alternatives, may be estimated and 

quantified.  One of the objectives of PUBFix is to 

propose, test, evaluate, and recommend, using 

scenario modeling, possible new high-capacity 

public transport systems (i.e. LRT, MRT, BRT, 

and/or city buses) in Metro Manila under 10-year 

and 20-year planning horizons.  Logit choice models, 

indeed, are very useful in such procedures. 

There is an increasing concern for the alarming 

traffic condition in Metro Manila [4], [5].  It is 

imperative that measures are devised in order to 

alleviate the worsening situation.  Several strategies 

may be implemented in order to achieve the desired 

result and one of these measures may include 

reducing the number of private cars from the roads. 

When introducing strategies, the decision makers 

should be guided accordingly as to which plan to 

operationalize in order to save resources.  This paper 

focuses on estimating stated preference (SP) logit 

choice models for private car users.  Various choice 

situations were presented to the private car users, 

and they were made to choose between their 

currently used mode and shifting to a hypothetical 

public transportation where improvements in the 

transportation system are introduced.  The various 

significant factors affecting their choice were 

determined using logit choice models.  The models 

enable transport planners to estimate the sensitivity 

of private mode users in shifting to public transport 

modes.  The estimated SP logit choice models will 

then be used to assess the effects of the introduction 

of hypothetical transport modes in the urban 

transportation network of Metro Manila.  Results 

from such analyses may aid in devising plans on 

how to induce the private car users to shift to the 

public transport modes.   

In this study, only the private vehicle users are 

included in the database which will be the basis for 

the logit choice modeling.  The origin-destination 

matrix used for the transportation network is taken 

from the Metro Manila Urban Transportation 

Integration Study Update and Capacity 

Enhancement Project (MUCEP) which is funded by 

JICA. 

REVIEW OF RELATED LITERATURE 

The transportation sector, specifically road 

transport, has consistently been cited as one of the 

leading causes of air pollution [6]–[10].  Reference 

[11] cited that mobility is correlated with income, 

add to this the increasing population, resulting in 

higher demand for passenger transport.  The 

personal mobility offered by the private car makes it 

more appealing than the other alternatives, thus, the 

increasing auto use aggravates traffic congestion. 

This causes the deterioration of air quality in urban 

and suburban areas where congestion is severe [12]–

[14].  There are several schemes that may be 

introduced in order to reduce emissions.  Drastic 

behavioral and technological changes are needed in 

order to attain targets.  Among those suggested are 

to encourage active transport, increase car 

occupancy rates, reduce total urban car kilometers 

traveled, improve vehicle efficiency, increase public 

transport’s mode share of urban travel [7]. 

Reference [15] mentioned the implementation of a 

BRT is considered by many developing countries 

because of its lower investment cost and flexible 
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implementation than rail systems.  Providing better 

alternatives to cars make the transport system 

sustainable [16].  Aside from pollution emissions, 

public transit also reduces traffic congestion, 

accidents, parking congestion, excessive energy 

consumption, road and parking infrastructure costs, 

and  many others [17].  From the experience of 

British Government in providing a competitive 

alternative to private cars, several conditions should 

be implemented in order to increase modal shift to 

public transportation such as effective marketing and 

strict implementation of traffic laws.  Reference [18] 

stated that public transit has significant benefits 

especially when relieving congestion in urban areas, 

just like Metro Manila.   

THEORETICAL BACKGROUND 

The multinomial logit model is the simplest, 

most practical, and most popular discrete choice 

model available [19].  It adheres to the utility 

maximization theory [20].  Utilities can be divided 

into two parts, the systematic or observable 

component (V) and the disturbance or random 

component [19], [21], [22].  In specifying the 

systematic part, the linear combination of the 

estimated parameters and the attributes of the 

alternatives are taken.  The error terms are assumed 

to be independent and identically Gumbel 

distributed where the choice probability is specified 

as 

����� =
����

∑ �
�
�


∈��

 (1) 

where,   

Cn – choice set of respondent, n, 

Vin – systematic component of utility of the chosen 

alternative, i, and 

Vjn – systematic component of utility of the feasible 

choices, j. 

URBAN TRANSPORT AND SOCIO-

ECONOMIC STATISTICS 

Survey questionnaires were administered to 

private car users traversing EDSA where a total of 

592 observations were compiled and included for 

analysis.  Table 1 shows the descriptive statistics for 

the data collected.  The usual departure time of the 

respondents was between 0800 and 0900 in the 

morning where the average length of travel is 

approximately 48 minutes and costs 84PHP 

(≈1.75USD) on the average.  The average parking 

cost for the travelers was 25.20PHP (≈0.52USD). 

The average age of the respondents was 35 years 

old.  As for the civil status, 32% were married, 

separated, or widowed, while 68% were single. 

Seventy three percent of the respondents were male 

and 27% were female.  Lastly, the average size of 

the traveling group of the respondents is about 2 

persons. 

Table 1  Descriptive statistics of the sample 

Usual departure time 0800–0900 

Usual length of travel 47.43min 

Usual sum of costs 84.02PHP 

Average parking cost 25.20PHP 

Average age (all) 

   Male 

 Female 

35.01 

35.19 

34.55 

Civil Status 
Single: 68% 

Married: 32% 

Gender 
Male: 72.97% 

Female: 27.03% 

Average number of people 

in the group 
1.85 

Number of observations 592 

The majority of the respondents (61%) included 

in the sample were college graduates.  Next is the 

group of high school graduates with 27%. 

Respondents with Master’s degrees comprise 11% 

of the dataset and the remaining 1% for vocational 

training graduates.  Almost half of the total trips are 

going to work. This is understandable because 

commuters using EDSA are mostly going to their 

offices especially during the morning rush hours. 

This is followed by the shop/personal/others trip 

purpose (19%), and then school trips (18%), and 

finally business trips (12%).   

Majority of the individual incomes are less than 

or equal to 100,000PHP/month (≈2060USD/month) 

with an average value of approximately 

1100USD/month.  This shows that majority of the 

respondents belong to the high income group 

according to the income categories of the National 

Statistics Office. 

LOGIT CHOICE MODELING RESULTS 

From the 592 observations, SP logit choice 

models were estimated.  The final model is 

formulated as seen in the following utility equations. 

Respondents shifting to public transportation are 

assigned to choice A, whereas choosing to remain 

using one’s private vehicle is assigned to choice B. 

������� = ���� + ������� ∗
������	������	�� �� + �!� ∗
��"�	�#	��$%��&���� + ���' ∗
��((�$$	��&	�"��$$	�)%�	'� + ���� ∗
�*����	�#	(� #���	�#	%��%�$�&	 �&�� +

��** ∗ ������"�	&�"���	+��&��� + ���� ∗
���	&�"���	��	+�"+���      
(2) 
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(3) 

Shown in Table 2 is the final model estimated 

through the use of NLOGIT software.  It can be seen 

that the model is significant with a corresponding 

high Chi-squared value.  The model performance is 

acceptable with an R-sqrd value of 0.30651. 

Looking at the final model, the various factors 

significantly affecting the choices made by the 

respondents are identified.  It can be verified that 

total travel time, age, access and egress type 3, level 

of comfort of the new mode, and educational 

attainment all affect choice.  This is indicated by the 

individual significance values in which all are less 

than the 0.05 level of significance.   

Looking at the TOTTIME parameter which is 

specified generic for both choices, it can be stated 

that it negatively affects choice and serves as a 

disutility to the commuters.  As for the age which is 

specific to choice A, it can be said that older people 

will be less likely to shift from their private vehicles 

to a public transport.  However, when one looks at 

the educational attainment variable assigned to 

choice A, the opposite is true.  As the level of 

educational attainment increases, the more they are 

likely to shift to public transport modes.  This could 

probably be explained by the fact that when the 

questionnaires were administered, the current traffic 

situation is explained to everyone.  Most likely, 

those people with higher levels of educational 

attainment understand how to contribute in solving 

the problem of congestion. Access type 3 is a 

dummy variable assigned to choice A.  It takes a 

value of 1 when the access and egress modes are 

similar to high-occupancy on-call shared taxis.  By 

inspecting the parameter, it can be noted that when 

the access and egress modes are upgraded, then the 

respondents will tend to shift modes.  Only this type 

of improvement in the access and egress modes to 

and from EDSA was found to be significant among 

the other three options.  It just shows that private car 

users, indeed, value the comfort and convenience of 

door-to-door transport and avoid the inconvenience 

of transfers.  Lastly, the comfort and convenience 

variable has three levels and is orthogonally coded 

which is assigned to choice A; high level of comfort 

is designated a value of +1.  For the purpose of this 

study, comfort was represented by the load factor of 

the mode.  Inspection of the COMF coefficient 

shows that it is positive which only demonstrates 

that improving the level of comfort of public 

transportation along EDSA attracts private car users 

to shift.   

Note that when the SP part of the questionnaire 

was designed, it was assumed that all the 

improvements in the access, egress, and main modes 

will not translate to any change in the costs already 

incurred by the respondents.  This is somewhat a 

limitation of this study.  The total cost incurred is the 

same for the current private mode of travel and 

shifting to public transportation combined with all 

the improvements specified in the questionnaire.   

Table 2 SP Logit Choice Model 

No. of observations 592 

R-sqrd 0.30651 

Chi-squared 105.30987 

Prob [chi squared > value] 0.00000 

Variable Coefficient P [|Z|>z] 

ASCA -1.09028140 0.0007 

TOTTIME -0.02546769 0.0001 

AGE -0.03568077 0.0003 

ACCESS3 0.81024906 0.0013 

COMF 0.76930538 0.0000 

COLL 0.96494867 0.0009 

POST 1.09526421 0.0189 

The model performance was also checked by 

the accuracy to estimate the choices made by the 

respondents.  The following table is a crosstab 

matrix which shows the distribution of the model 

predictions.  It can be verified that 406 or (59+347) 

out of the 592 choice situations have been correctly 

predicted by the model.  This represents a 68.58% 

accuracy which is acceptable.   

Table 3 SP Logit Choice Model 

A B Total 

A 59 93 152 

B 93 347 440 

Total 152 440 592 
 A – shift 

  B – stay  

EMME MODELING RESULTS 

The EMME4 transportation planning software 

was used in order to incorporate the SP model 

results in measuring the economic and 

environmental effects of the mode shifting behavior 

of travelers in Metro Manila. First, the baseline 

transportation network of the whole Metro Manila is 

modeled using the MUCEP data for peak hour 

traffic.  All the necessary data were encoded, the 

model calibrated and important travel-related 

statistics obtained.   After this, a second scenario 

was developed incorporating the SP logit choice 

model and the model was rerun. The differences in 

travel-related statistics between the results of the two 

models were then recorded.  The following figure 

shows the EMME baseline model for Metro Manila. 
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Fig. 1  EMME Model. 

Table 4 shows the values of the different 

parameters measurable in the EMME model when 

the baseline and with transfer scenarios were run. 

An increase of 3kph in speed along EDSA, on the 

average, has been registered.  This outcome is a 

result of the 12% private car users shifting to the 

new hypothetical transport mode.  Along with the 

increase in average speed are the reductions in 

vehicle operating costs and value of travel time 

which are quite significant.  Also, quite noticeable 

are the reduction in environmental pollutants.  The 

differences in the CO2, NOx, and SPM values 

translate to a total of 36% reduction in 

environmental cost when they are converted to 

monetary units.  This suggests that when a 

competitive public transport alternative such as a 

BRT is introduced along EDSA, the current traffic 

situation will be addressed.  The effects are quite 

significant and should be given ample consideration 

by the government. 

Table 4 Differences between the baseline and with 

transfer scenarios during the peak hour 

BASELINE WITH 

TRANSFER 

Average speed 

(kph) 

18.39 21.32 

Vehicle operating 

cost (PHP) 386,382.7 329,641.2 

Value of time 

(PHP) 28,151,511 15,846,214 

CO2 (g) 2,765,655.92 1,885,906 

NOx (g) 599,308.71 518,045.6 

SPM (g) 47,666.68 27,579.6 

Environmental 

Cost (PHP) 198,483.07 126,430.72 

CONCLUSION 

The PUBFiX project is looking into the current 

traffic condition in Metro Manila and is formulating 

strategies in order to improve the public 

transportation system along EDSA, as well as 

lessening the harmful environmental effects of 

traffic congestion.  In order to achieve this, choice 

modeling is necessary in order to estimate the effects 

of certain policies on the choices made by the 

commuters.  For this study, SP logit choice models 

were estimated in order to aid in the planning of the 

transportation system in the metropolis.  The 

behavior of private car users were investigated and 

assessed when they were given several hypothetical 

scenarios which involve several improvements in the 

public transportation system traversing EDSA.  This 

was done in order to investigate the environmental 

effects of mode shifting in the metropolis. 

Based on the results of the SP logit choice 

model formulated, it was determined that travel 

time, age, educational attainment, existence of 

access type 3, and comfort and convenience 

significantly affect the mode shifting behavior of 

private car users in Metro Manila.  Interesting to 

note here is when one looks into the numerical 

coefficients of travel time, access type 3, and 

comfort and convenience.  The numerical 

coefficients suggest that the provision of high-

occupancy on-call shared taxis to private car users 

has a similar effect of reducing the disutility of 

travel time by approximately 32 minutes.  This 

suggests that the convenience of a somewhat door to 

door travel is particularly desired by the private car 

users.  Also, the provision of a high level of comfort 

for the hypothetical BRT mode along EDSA is 

equivalent to a significant amount of reduction in 

travel time, approximately 31 minutes.  The high 

level of comfort is characterized by load factor less 

than 1.0, more organized stops, and roomier cabin 

for passengers.  Again, this reinforces the notion that 

private car users are sensitive to the level of comfort 

of their mode of travel.    

As seen from the EMME modeling results, the 

shifting of private car users to the hypothetical 

public transport mode greatly affects the 

transportation system of the metropolis.  The 

number of vehicles on the road decreases while the 

average travel speed increases.  This not only 

translates to savings in value of travel time, vehicle 

operating costs, but savings on environmental 

pollution, as well.  This analysis proves that when 

the public transport modes are upgraded in terms of 

their level of comfort, reliability, and speed, then 

there would be a significant amount of private 

transport users willing to shift to alternative public 

transport modes.  This is what the future of Metro 

Manila should be.  In order to have a sustainable 

transportation system, various schemes should be 

employed in order to attract private car users to shift 

to the more efficient public transport modes.  Strict 

implementation of laws, major behavioral changes, 

and technological improvements should be among 

the government’s priorities to improve the current 
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transportation sector, with emphasis to curbing the 

worsening environmental pollution.  Enormous 

investments on public transportation are imperative 

in order to achieve this vision.  Current policies such 

as modifying the number coding scheme are 

momentary solutions to the serious transportation 

problem of the metro.  What this country needs are 

long term solutions if the government is really 

serious.  Transportation studies such as PUBFix 

should not just be encouraged by the government. 

Their results and recommendations should warrant 

the consideration of the government, as well. 
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ABSTRACT 

Open dumping of solid waste causes serious environmental risk of groundwater contamination due to landfill 

leachate rich in heavy metals. Identification of contaminant flow and implementation of remediation technologies 

including permeable reactive barrier (PRB) are highly demanded. In this study, Geo Environmental Risk 

Assessment System (GERAS) has been used to simulate two-dimensional heavy metal transport in an aquifer at 

solid waste dumpsite and to estimate the effectiveness of virtual PRB on trap heavy metals. For simulation, Cd and 

Pb were selected as target contaminant based on the results of water quality analyses at an abundant solid waste 

dump site in Sri Lanka. First, two cases were examined: 1) An open dump of waste located above the aquifer and 

2) A buried dump waste inside the aquifer. Concentration changes of heavy metals inside the aquifer beneath the

waste unit, inside PRB, upstream and downstream points to PRB were examined by changing the hydraulic 

gradient in the aquifer and pollution load. Results showed the numerical simulations well captured the wash-out 

process of heavy metals from the pollutant source. Time period required for full wash-out was highly dependent 

on the range of hydraulic gradient and pollution load. Next, a virtual PRB was set in downstream of aquifer by 

installing a section with a high heavy metal adsorption capacity (based on previous studies). Results showed that 

the virtual PRB well trapped the target metals and reduced the contamination level less than the effluent water 

quality standards. 

Key words: Solid waste dumpsite, Groundwater, Heavy metal, Permeable reactive barrier, Numerical simulation 

INTRODUCTION 

Open dumping is a common method used for the 

final disposal of municipal solid waste in most 

developing countries [1]. Landfill leachate is rich in 

toxic hazardous heavy metals. The permeation of 

leachate causes serious soil and groundwater 

pollution in surroundings [2]. Thus, identification 

and mitigation of groundwater contamination by 

heavy metals at open solid waste dumpsites has 

being highly demanded. Recently, Permeable 

Reactive Barrier (PRB) system, which is one of in-

situ methods for treating contaminated groundwater 

by immobilization of heavy metal in contaminated 

groundwater surrounding the open solid waste 

dumpsites., become an option [3] PRB system does 

not interrupt the groundwater flow in the treatment 

process, thus highly suitable to use as in-situ 

pollutant immobilization technique. In this study, a 

numerical simulation software, Geo Environmental 

Risk Assessment System (GERAS) [4], has been 

used to simulate a two-dimensional groundwater 

flow coupled with heavy metal transport. In the 

simulations, the effectiveness of PRB on the heavy 

metals (Cd and Pb) trap in an aquifer at solid waste 

dumpsite has been examined.  

MATERIALS AND METHODS 

Selection of Modeling Area 

A conceptual contaminated site was classified 

based on data collected from an open solid waste 

dumpsite located in Central province of Sri Lanka. 

The dumpsite has been used for 7 years of waste 

dumping [2]. Fig. 1 illustrates the arrangement and 

setting of the conceptual open solid waste dumpsite 

model. The conceptual open solid waste dumpsite 

(waste unit) was fixed as 100m in length and 40m in 
width and the area of aquifer was set to be 400m x 

100m in x and y direction. The thicknesses of the 

aquifer and waste unit were set to be 2m. A 4m width 

and 45m length virtual PRB was    installed in the 

downstream (20 m away from the end point of the 

dumped waste in x direction). In the simulations, two 

cases were studied: Case 1: An open dump of waste

Seventh International Conference on Geotechnique, Construction Materials and 

Environment, Mie, Japan, Nov. 21-24, 2017, ISBN: 978-4-9905958-8-3 C3051 
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Fig. 1  Scale and initial boundaries of conceptual model for simulation: Case 1 [a] and Case 2 [b]

(pollutant source) located above the aquifer and 

direct permeation of rainwater into the aquifer 

through waste layer (Fig. 1a). Case 2: A buried waste 

dump inside the aquifer, no effect of rainfall, 

groundwater flow affects the washing out of 

contaminants (Fig. 1b). Spatial and temporal 

variabilities of contaminants and the effectiveness of 

the PRB were evaluated in both cases by analyzing 

the changes in heavy metal concentrations at 

upstream, downstream and inside the PRB.  

Governing Equations 

GERAS simulation model is used to estimate 

contaminant concentration (heavy metals) in the 

groundwater as a function of time and space. The 

model simulation is considered to be two 

dimensional in horizontal plane. The governing 

equations has applied for three main zones of the 

contaminated sites. 

Zone 1: Aquifer 

The model follows the flow equations as shown 

in Eqs. (1) and (2) assuming  water is an 

incompressible fluid, fluid pressure created by 

groundwater is low, and  aquifer is homogeneous, 

and isotropic porous media [5].  

                         (1) 

𝑣𝑥 =  
−𝑘𝑥

𝑛𝑎
.

𝜕∅

𝜕𝑥
and  𝑣𝑦 =  

−𝑘𝑦

𝑛𝑎
.

𝜕∅

𝜕𝑦
      (2) 

where ∅ [L] is the pressure head, 𝑣𝑥  and 𝑣𝑦  [LT-1]

are the groundwater velocities in x and y directions, 

𝑘𝑥 and 𝑘𝑦 [LT-1] are the hydraulic conductivities in

x and y directions, 𝑛𝑎 [-] is the porosity of aquifer.

A solute transport equation used in the 

simulations was as follows: 

 

 

                                  (3) 

where 𝐶  [ML-3] is the solute concentration, 𝑡 is the 

time, 𝐷𝑥   and 𝐷𝑦  [L2T-1] is the diffusion coefficient

in x and y directions, 𝑆  [MM-1] is the saturated 

adsorption of contaminant into soil particles. The 

𝐷𝑥  and 𝐷𝑦  are as follows:

𝐷𝑥 = 𝜀𝐷𝑀 + 𝜏𝐿⃓𝑉𝑥⃓
  𝐷𝑦 = 𝜀𝐷𝑀 + 𝜏𝑇⃓𝑉𝑦⃓            (4)

where 𝐷𝑀 [L2T-1] is the molecular diffusion

coefficient of metal (Cd and Pb) in free water and 𝜀 

is the tortuosity (used Millington and Quirk model 

[7] in this study). The longitudinal and transverse 

dispersivities, 𝜏𝐿 and 𝜏𝑇  [L], were determined with

respect to the scale of aquifer in the simulation and 

𝜏𝑇 was considered as 0.1 times of 𝜏𝐿  [8]. In the

aquifer, linear adsorption model was used for the 

adsorption of heavy metals into solid phase:  

𝑆𝑠 = 𝑘𝑑−𝑤𝐶𝑤       (5) 

where 𝑘𝑑−𝑤 [L3M-1] is the distribution coefficient

of target heavy metal in the aquifer. 

Zone 2: Waste unit 

Few assumptions were made when applying 

the governing equations to waste unit: 1) heavy 

metal component in solid waste stocked within the 

waste unit, 2) dissolution/ desorption of heavy 

metal due to rainfall permeation and groundwater 

flow in Case 1, and only by groundwater flow in 

Case 2. . Saturated adsorption of heavy metals into 

waste particles: 𝑆𝑤𝑠 [MM-1] were determined

following linear adsorption model using the 

distribution coefficient of target heavy metal in the 

waste unit: 𝑘𝑑−𝑤𝑠 [L3M-1].

𝜕2∅

𝜕𝑥2
+

𝜕2∅

𝜕𝑦2
= 0 

𝜕𝐶

𝜕𝑡
=

𝜕

𝜕𝑥
[𝐷𝑥  

𝜕𝐶

𝜕𝑥
] +

𝜕

𝜕𝑦
 [𝐷𝑦  

𝜕𝐶

𝜕𝑦
] − [𝑉𝑥

𝜕𝐶

𝜕𝑥
− 𝑉𝑦

𝜕𝐶

𝜕𝑦
]

− [
1 − 𝑛𝑎

𝑛𝑎

] 𝜌𝑠  
𝜕𝑆

𝜕𝑡
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𝑆𝑤𝑠 = 𝑘𝑑−𝑤𝑠 ∗ 𝐶𝑤𝑠                  (7) 

The concentration of heavy metal component in 

porous media of waste (𝐶𝑤𝑠) [ML-3] is considered

to be equal to heavy metal concentration of adjacent 

soil porous. 

Inflow flux of heavy metal in Case 1 follows 

the Eq. (8).  

𝑞ℎ𝑚 = 𝑅𝑞𝑟𝐶𝑤              (8) 

where 𝑞ℎ𝑚 [MT-1] is the inflow flux, 𝑅  is the

permeation ratio, 𝑞𝑟[L3T-1] is the rainfall intensity,

and 𝐶𝑤  [ML-3]is the equilibrium concentration of

heavy metal in water phase. Inflow of heavy metal in 

Case 2 is controlled by Eq. (7). 

Zone 3: Permeable Reactive Barrier (PRB) 

Langmuir adsorption model was applied to 

characterize the heavy metal adsorption at PRB in 

the simulations:  

𝐶𝑤𝑠

𝑆
=  

1

𝑏𝑄𝑚
+

𝐶𝑤

𝑄𝑚
 (9) 

where 𝑆 is the adsorbent amount of heavy metal into 

reactive material, 𝑏 [L3M-1] is the Langmuir constant 

and 𝑄𝑚 [MM-1] is the maximum adsorption capacity

[9].  

Setting of Input Parameters 

Table 1 summarizes parameters used in the 

simulations.  

Aquifer 

The hydraulic gradient was calculated based on 

groundwater level measured at the studied dumpsite. 

The model use the single value for the calculation 

and it is assumed that the hydraulic gradient is 

constant throughout the simulation period. The 

distribution coefficient of heavy metal in water 

phase 𝑘𝑑−𝑤  was determined considering the soil

type of studied area. The soil type of the studied 

dumpsite is Reddish brown latasolic and the 

distribution coefficient calculated for the same soil 

type was used [12]. 

Waste unit 

Initial concentration of heavy metal was set by 

considering monitored metal concentrations at 

studied dumpsite [2]. Referred values [13] were used 

for the distribution coefficient of heavy metal in 

waste. The weight of the dumped waste was 

considered as 1.07E+07 kg, according to the in-situ 

dry density of waste (= 0.6 kg/m3) and specific 

gravity (= 2.3) [2]. 

Permeable reactive barrier (PRB) 

The PRB material was selected based on the 

previous study [12]. In the simulations, the hydraulic 

conductivity of PRB is assumed to be equal to the 

hydraulic conductivity of aquifer. 

Table 1  Input parameters used for model simulation 

Zone Description Symbol Unit Value Reference 

Aquifer Porosity 𝑛𝑎 0.4 [10] 

Hydraulic conductivity 𝑘𝑥, 𝑘𝑦 m/s 1E-03 [10] 

Hydraulic gradient 𝑖 - 0.06 (0.006, 0.12)* [11] 

Molecular diffusion 

coefficient 

𝐷𝑀 m2/s Cd: 6.0E-10 [10] 

Pb: 7.9E-10 

Dispersivity 𝜏𝑥 m Cd: 10 [12] 

Pb: 10 

Distribution coefficient 𝑘𝑑−𝑤
m3/kg Cd:1.3E-02 [12] 

Pb:1.4E-01 

Waste unit Initial concentration of 

heavy metal component 
𝑆𝑤𝑠

mmol/kg Cd:3.24E-04 [2] 

Pb:2.01E-02 

Distribution coefficient 𝑘𝑑−𝑤𝑠
m3/kg Cd:1.3E-03 [13] 

Pb:2.7E-03 

PRB Maximum adsorption 

capacity  of heavy metal 

𝑄𝑚 mmol/kg Cd:2.7E+01 [12] 

Pb:4.8 E+01 

Langmuir isotherm constant 𝑏 m3/mmol Cd:3.0E-02 [12] 

Pb:9.4E-03 

Meteorological 

parameters 

Rainfall intensity 𝑞𝑟
mm/yr 3.53 E+03 [2] 

Permeation ratio 𝑅 - 1 [14] 

*Used for the sensitivity analysis
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Rainfall data was collected from a rain-gauge 

station near by studied dumpsite [2]. 

Sensitivity Analysis 

Sensitivity analysis was conducted to analyze the 

effect of various input parameters. The values 

chosen were 1, 0.1, 2 times of the actual input 

parameter for hydraulic gradient (0.06, 0.006, 0.12). 

Similarly, the scale of the dumpsite (waste unit) was 
changed into 40 m x 40 m in order to evaluate the 

effect of pollutant loads. The time taken to peak 

heavy metal concentration in the monitoring points 

were compared. 

RESULTS AND DISCUSSION 

Model Outputs of Sensitivity Analysis 

Table 2 exemplifies the model outputs of 

sensitivity analysis. In both cases output values 

(peak time and concentration inside the PRB) were 

highly sensitive to the hydraulic gradient for both 

heavy metals. For example, the time for peak 

concentration was mainly controlled by 𝑖: the peak 

time for 𝑖 = 0.006 become 4-6 times higher than that 

for 𝑖 = 0.06 except for the Pb with low pollution load. 

On the other hand, the effect of pollution load was 

significant only for the outputs from Case 2: the peak 

concentration for the low pollution load became 

~20% of the peak concentration for the high 

pollution load. 

As shown in Table 2, the washing out of 

contaminants (reduction in metal concentration) was 

much faster in Case 2 than Case 1 for both Cd and 

Pb. This attributes to the direct exposure of waste 

unit into the groundwater flow in Case 2. On the 

other hand, the washing out of heavy metals is 

controlled by the rainfall precipitation in Case 1. 

These results suggest that rapid and higher pollution 

migration easily occurs in the waste dump site with 

a buried waste. Furthermore, the heavy metals 

trapped by the PRB in Case 2 were greater than those 

in Case 1 due to the higher concentrations of heavy 

metals in the inflow to PRB. 

Evaluation of the Effectiveness of PRB 

Figure 2 illustrates the temporal variation of the 

heavy metal concentration in different places of the 

aquifer. In most cases, the PRB trapped well heavy 

metals in the aquifer and reduced the peak 

concentration at the outflow from PRB. For both Cd 

and Pb, the heavy metal concentrations observed at 

the outflow from PRB were less than those of the 

effluent water quality standards in Sri Lanka which 

is 8.90E-04 and 4.83E-04 mmol/L respectively for 

Cd and Pb [15].  

Pollution Migration Process in the Aquifer 

Figure 3 shows an example for pollutant 

migration process in aquifer. The simulation was 

carried out to observe the pollutant plume of Cd in 

the aquifer, with respect to the Case 2. A rapid 

washing out process was observed in the upstream to 

the PRB and the pollutant plume reached to the PRB 

within six months. Due to the adsorption at the PRB, 

a drastic reduction of Cd concentration was observed 

in the outflow from the PRB. However, even after 10 

years, contaminants can be found in the aquifer 

which is 300 m away from the buried waste unit.  

Table 2  Model outputs of sensitivity analysis 

𝒊 

Cd Pb 

Time (Year) Concentration 

(mmol/L) 

Time (Year) Concentration 

(mmol/L) 

High 

pollution 

load 

Case 01 0.060 5.50 2.05E-05 41.7 1.18E-04 

0.120 3.70 1.95E-05 25.3 1.18E-04 

0.006 24.0 2.10E-05 148 1.05E-04 

Case 02 0.060 0.90 1.04E-04 6.70 6.78E-04 

0.120 0.50 1.09E-04 4.20 8.93E-04 

0.006 5.30 1.02E-04 39.7 6.76E-04 

Low 

pollution 

load 

Case 01 0.060 7.50 1.29E-05 78.2 8.06E-05 

0.120 4.60 1.16E-05 45.8 8.23E-05 

0.006 41.9 1.43E-05 N.B.* N.B.* 

Case 02 0.060 2.80 2.27E-05 30.1 1.26E-04 

0.120 1.70 2.80E-05 17.8 1.99E-04 

0.006 17.7 2.18E-05 N.B.* N.B.* 

*N.B.: No breakthrough.
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 Case 1: High pollutant load  Case 1: Low pollutant load  Case 2: High pollutant load  Case 2: Low pollutant load 

Fig.2  Temporal variation of the heavy metal concentration at the different locations of the aquifer for Cd [(a), (b), (c), (d)] and for Pb [(e), (f), (g), (h)] 
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Fig. 3  Pollution migration process in the aquifer 

CONCLUSIONS 

In this study, numerical simulations were used to 

understand the washing-out process of heavy metals 

from the pollutant source (waste unit) and to evaluate 

the effectiveness of PRB. The time period needed for 

the full washing-out was highly dependent on the 

range of hydraulic gradient and pollution load. The 

PRB well trapped the targeted heavy metals and 

reduced the contamination level less than the 

effluent water quality standard. 
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ABSTRACT 

 
 

Puttaraksa (Canna indica Linn.) and Plubplueng (Crinum asiaticum) are utilized  to decorate landscape. 
Their branches and leaves are cut and abandoned for beauty and attraction. These parts of the plant are abolished 
by using fire that cause the greenhouse effect. So this research focused to invent the artificial paper from leaf of 
Puttaraksa and Plubplueng. We could produce pulp from these leaf by using three bases ; NaOH, KOH and ashes 
solution  in range of concentration 1-5 % (w/v); boiling pulp in range 5-25 minutes. The suitable conditions of 
Puttaraksa artificial paper were 15 minute of boiling time and 4%(w/v) KOH. The chemical component of this 
paper were 93.74 % holocellulose, 1.55% lignin and 3.66 % extractive. The physical properties of this paper 
were 66.43 % brightness, 400 mN tearing resistance and 1.0 kg/cm2 burstjng strength. The suitable conditions of 
Plubplueng artificial paper were 15 minute of boiling time and 4% (w/v) ash solution. The chemical component 
of this paper were 93.25% holocellulose, 5.41% lignin and 4.24% extractive. The physical properties of this 
paper were 68.08% brightness, 340 mN tearing resistance and 0.5 kg/cm2 burstjng strength. The chemical 
properties of the artificial paper from Puttaraksa and Pubplueng were similar to paper from mulberry. The high 
holocellulose meaned the suitable forworking.  

 
 

Keywords: Artificial paper, Puttaraksa, Plubplueng, Canna indica, Crinum lily, Holocellulose 
 
 
INTRODUCTION 

 
Puttaraksa(Thailand)  
 

 
 

Fig.1 Puttaraksa : Canna indica  
 

Puttaraksa is the Thai name of indian shot that 
has scientific name : Canna indica (Cannaceae). 
Canna indica is a perennial rhizomatous herb that 
grows from a thick, branching, underground rhizome 
and reaches to 1m. Its leaves are large and up to 
50cm long and 25cm wide.[1],[2]. 

 
 
 
 

Plubplueng(Thailand) 

 

 
 
Fig.2 Plubplueng : Crinum asiaticum Linn 
 
       Plubplueng is the Thai name of crinum lily that 
has the scientific name : Crinum asiaticum Linn. Its 
common names is Seashore Lily, Poison Bulb, 
Bakung, Crinum Lily, Asiatic Poison Lily, Spider 
Lily, Seashore Crinum. Crinum lily is an herbaceous 
perennial plant that can grow in moist area (swamp, 
marsh, lake and stream), develops from underground 
bulbs and reaches 90 to 120 cm at maturity.  
Crinum leaves are typically long and strap-formed, 
with light green to green colors. Crinum produces 
white fragrance and large flowers.[3] 
 

Puttaraksa and Plubplueng are utilized  to 
decorate landscape. Their branches and leaves are 
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cut and abandoned for beauty and attraction. These 
parts of the plant are abolished by using flaming that 
cause the greenhouse effect. Someone try to explore 
the process that can take the most useful from  their 
branches and leaves and is the better than using 
flaming. On the basis of cellulose from plant can use 
to produce artificial paper, such as mulberry inner 
bark.[4] So, this research focused to invent the 
artificial paper from leaf of Puttaraksa and 
Plubplueng.  
 
EXPERIMENT 
 
Plant Preparation For Artificial Paper 
 

 Small pieces of Puttaraksa leaf, 200 g,  was 
boiled for 10 minute in 1,000 mL of NaOH, KOH 
and ash that  varied  in range 1, 2, 3, 4 and 5 %w/v. 
The boiled pulp was adjusted to  neutral pH  by  
washing in tap  water. These pulp was blended to 
disperse for 15 minutes then soaked  in 5% w/v 
NaClO2 for 10 minutes. Artificial paper was 
produced from dispersed pulp by using 10 cm  x 10 
cm wire screen frame, 3 hrs. incubated at 100 oC. 
Artificial paper weight approxmately 1.00-1.30 g / 
sheet. The suitable basis  condition was taken to 
experiment for suitable boiling time ; 5, 10, 20 and 
25 minute. Plubplueng leaf was experiment by using 
the same procedure as Puttaraksa . The artificial 
paper were photographed by stereomicroscope and 
analyzed about the chemical component and 
physical properties. 

. 
Microscopic images  
 
Enlarge 51.2X with ZEISS Stemi DV4. 

 
Chemical Component Of Artificial Paper 

 
Extractives : TAPPIT 204 om-88.1988.[4],[5] 
 
Extractives extraction in Soxhlet apparatus by the 
following ; 3 grams of artificial paper were extracted 
in Ethanol:Benzene(1:2) for 4-5 hrs. To evaporate 
the solvent extraction , dry up and calculate the 
percentage of extractives.  
 
Holocellolose : Browing[4], [5] 
 
In 250 mL round bottom flask;  2 grams artificial 
paper without extractives, 89 mL distilled water, 
0.25 mL acetic acid and 0.75 grams sodium chlorite; 
boiling at 70-80o C in water bath for 30 min in fume 
hood and always shaking. Add 0.25 mL acetic acid 
and 0.75 grams sodium chlorite in hot solution at the 
end of  the 1st , 2nd and 3rd hrs. and shaking flask. 
Take the bottom on ice bath until temperature of 
solution is below 100C, filter through sinter glass 

crucible no.3, washed with cold water and acetone 
then dry up and calculate. 
 
Lignin : TAPPIT 222 om-88.1988.[4], [5] 
 

In 50 mL beaker in ice bath ; 0.5 grams artificial 
paper without extractives was added with 7.5 mL of 
cold 72 %(v/v)H2SO4 and well stirred. Covered the 
beaker with watch glass and placed in water bath 
200C for 1.30 hrs. and stirred every 15 min. Poured 
the solution in the 500 mL round bottom flask that 
contained  200 mL distilled water and adjusted to 
287.5 mL. Reflux the solution for 2 hrs. then left 
solution in 500 mL beaker for overnight. Filtered 
through sinter glass crucible no.3, washed with hot 
water then dry up at 1050C 3 hrs, cool down and 
calculate percentage of lignin. 
 
Physical Properties Of Artificial Paper 
 
Tearing resistance : Tear Tester[6] 
 
50x65 mm Artificial paper overlapped 4 sheets and 
test with Tear Tester. 
 
Bursting strength : Burst Strength[6] 
 
8x8 cm Artificial paper and test with Burst Strenght. 
 
Brightness : Reflectivity of white light[6] 
 
Take white paper under artificial paper and test by  
Brightness apparatus. 
 
Table 2 Physical properties of  artificial paper from 
Puttaraksa boiled in various concentration of  NaOH 
for 10 minute 
 
[NaOH]  
% w/v Brightness  

(%) 

Tearing 
resistance 

(mN) 

Bursting 
strength 
(kg/cm2) 

1 60.09 300 0.5 
2 61.11 360 0.5 
3 63.54 380 1 
4 65.31 400 1 
5 65.93 400 1 

 
Table 1 showed that the amount of  NaOH  

increased as the elimination of lignin and  
extractives were increased and  holocellulose was 
decreased at 5% w/v NaOH. Table 2 showed that the 
physical properties of artificial paper were increased 
because of  well-eliminated extractives and lignin. 
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Fig. 3 Puttaraksa artificial paper : 10 minutes boiled 
in 4%w/v NaOH, 3 hrs. incubated at 1000C  
 
Table 3 Chemical component of  artificial paper 
from Puttaraksa pulp boiled in various concentration 
of  KOH for 10 minute 
 
[KOH]  
% w/v 

Extractive  
(%) 

Holocellulose  
(%) 

Lignin  
(%) 

1 8.86 85.02 4.62 
2 7.53 87.70 2.45 
3 6.98 88.38 2.06 
4 4.93 90.32 1.78 
5 4.05 87.43 1.16 

 
Table 4 Physical properties of  artificial paper from 
Puttaraksa pulp  boiled in various concentration of  
KOH for 10 minute 
 

[KOH]  
% w/v Brightness  

(%) 

Tearing 
resistance 

(mN) 

Bursting 
strength 
(kg/cm2) 

1 64.33 300 0.5 
2 64.37 340 0.5 
3 65.80 350 1 
4 66.84 400 1 
5 66.85 400 1 

Table 3 showed that the amount of KOH  
increased as the elimination of  holocellulose was 
increased and  holocellulose was highest at 4% w/v 
KOH. Table 4 showed that the physical properties of 
artificial paper were increased as the amount of 
KOH was increased, too. 
 

 
Fig. 4  Puttaraksa artificial paper: 10 minutes boiled 
in 4% w/v KOH, 3 hrs. incubated at 1000C  

 
Table 5 Chemical component of  artificial paper 
from Puttaraksa pulp boiled in various concentration 
of  ash for 10 minute 
 
[Ashes]  
% w/v 

Extractive  
(%) 

Holocellulose  
(%) 

Lignin  
(%) 

1 12.81 70.72 17.03 
2 12.45 73.31 15.88 
3 10.51 77.66 13.54 
4 8.25 80.29 9.63 
5 6.08 74.07 8.51 

 
Table 6 Physical properties artificial paper from 
Puttaraksa pulp  boiled in various concentration of 
ash for 10 minute 
 

[Ash]  
% w/v Brightness  

(%) 

Tearing 
resistance 

(mN) 

Bursting 
strength 
(kg/cm2) 

1 53.24 Nd Nd 
2 54.28 Nd Nd
3 55.26 Nd Nd 
4 58.92 Nd Nd 
5 58.94 Nd Nd
 
Table 5,6 showed that the ability of ashes  to 

eliminate extractives and lignin was worse than 
NaOH and KOH.  Tearing resistance and bursting 
strength of artificial paper were not evaluate. 

 
 

 
 
Fig.5 Puttaraksa artificial paper: 10 minutes boiled 
in 4%w/v ash, 3 hrs. incubated at 1000C. This paper 
must use more pulp than other paper(fig.3 and fig.4) 
 
 
 
 
 
 
 
 
 
 
Fig.6 Comparison of holocellulose of artificial paper 
boiled in 4% NaOH, 4%KOH and 4%ash 
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Figure 6 showed that amount of holocellulose of 
artificial paper boiled in 4%KOH was nearby 
holocellulose of artificial paper boiled in 4%NaOH. 
It meaned that the efficiency of  KOH was similar to 
NaOH and better than ashes. But  KOH is safe for 
environment, so we selected KOH to experiment. 
 
Table 7 Chemical  component of  artificial paper 
from Puttaraksa pulp boiled in 4%w/v KOH at any 
time 
 

Time 
(min) 

Extractive  
(%) 

Holocellulose  
(%) 

Lignin  
(%)

5 6.36 85.15 3.94
10 4.93 90.32 1.78 
15 3.66 93.74 1.55 
20 2.84 89.29 1.37
25 2.39 87.21 0.91 

 
Table 8 Physical  properties of   artificial paper from 
Puttaraksa pulp boiled in 4%w/v KOH at any time 
 

Time 
(min) Brightness  

(%) 

Tearing 
resistacce 

(mN) 

Bursting 
strength 
(kg/cm2) 

5 65.43 350 0.5 
10 66.24 400 1 
15 66.43 400 1 
20 66.62 400 1 
25 66.69 400 1 
 
Table 7 and 8 showed that boiling time in 4%w/v 

KOH was longer as extractives and lignin were 
decreased. Holocellulose was the highest at 15 
minute and was decreased. The physical properties 
were nearby at any time, so the suitable boiling time 
was 15 minute. 
 

 
 
Fig. 7 Puttaraksa artificial paper : 15 minutes boiled 
in 4%w/v KOH, 3 hrs. incubated at 100 oC. 
 
Plubplueng 

 
Table 9 Chemical component of  Plubplueng pulp 
boiled in NaOH for 10 minute 
 
[NaOH] % 

w/v 
Extractive 

(%) 
Holocellulose 

(%) 
Lignin 

(%) 

1 6.69 87.33 18.14
2 5.91 86.89 17.72 
3 5.83 89.39 13.00 
4 5.37 88.76 12.04
5 3.33 88.49 11.81 

 
Table 10 Physical properties of Plubplueng pulp 
boiled in NaOH for 10 minute 
 

 
Table 9 and 10  showed that all concentration of  

NaOH  could extract  holocellulose.  Artificial paper 
from Plubplueng pulp were the same properties. 

 

 
 
 

Fig. 8 Lily artificial paper : 10 minutes boiled in 
3%w/v NaOH, 3 hrs. incubated at 100oC  
 
Table 11 Chemical component of Plubplueng pulp 
boiled in KOH for 10 minute 
 
[KOH]  
% w/v 

Extractive  
(%) 

Holocellulose  
(%) 

Lignin  
(%) 

1 7.92 93.37 10.88 
2 6.70 94.15 7.80 
3 5.41 94.85 5.39 
4 4.91 91.26 4.22 
5 4.34 90.92 3.13 

 
Table 12 Physical properties of Plubplueng pulp 
boiled in KOH for 10 minute 
 

[KOH]  
% w/v Brightness  

(%) 

Tearing 
resistance 

(mN) 

Bursting 
strength 
(kg/cm2) 

1 55.71 300 0.5 
2 55.43 300 0.5 
3 57.36 320 0.5 
4 57.78 320 0.5 
5 57.61 320 0.5 

[NaOH]  
% w/v Brightness  

(%) 

Tearing 
resistance 

(mN) 

Bursting 
strength 
(kg/cm2) 

1 54.66 300 0.5 
2 55.08 300 0.5 
3 58.36 320 0.5 
4 58.87 320 0.5 
5 58.69 320 0.5 
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Table 11 and 12  showed that all concentration of  

KOH could extract the nearby amount of  
holocellulose . Artificial paper from Plubplueng 
pulp were the same properties . 
 

 
 
Fig. 9 Plubplueng pulp artificial paper : 10 minutes 
boiled in 3%w/v KOH, 3 hrs. incubated at 100oC  
 
Table 13 Chemical component of Plubplueng pulp 
boiled in ash for 10 minute 
 

[Ash]  
% w/v 

Extractive  
(%) 

Holocellulose  
(%) 

Lignin  
(%) 

1 6.56 85.10 7.07 
2 5.01 86.84 6.42 
3 4.61 88.78 6.22 
4 3.91 90.17 5.96 
5 3.86 88.74 5.48 

 
 
 
 
 
Table 14 Physical properties of lily boiled in ash for 
10 minute 
 

[Ash]  
% w/v Brightness  

(%) 

Tearing 
resistance 

(mN) 

Bursting 
strength 
(kg/cm2) 

1 60.51 300 0.5 
2 63.59 310 0.5 
3 63.12 320 0.5 
4 66.33 320 0.5 
5 64.76 320 0.5 

 
Table 13 and 14  showed that ash  was well-

eliminate extractives and lignin. The amount of  
holocellulose was high. Artificial paper from 
Plubplueng pulp were the good physical properties. 
 

 
 
Fig. 10  Plubplueng pulp artificial paper :10 minutes 
boiled in 4%w/v ashes, 3 hrs. incubated at 100 oC  
 

 
 
Fig.11  Holocellulose from  Plubplueng pulp boiled 
in 3 % w/v NaOH , 3% w/v KOH  and  4% w/v ash 
 

Figure 11 showed that result of holocellulose 
extraction from lily using  4%w/v ash  was similar to 
result of 3%w/v NaOH and 3%w/v KOH and  
Plubplueng pulp artificial paper  were  nearby 
properties, too. We selected 4% w/v ashes to 
experiment for boiling time of Plubplueng pulp. 
 
Table 15 Chemical  component of  Plubplueng pulp 
boiled in 4%w/v ashes  at any time.   
 

Time 
(min) 

Extractive  
(%) 

Holocellulose  
(%) 

Lignin  
(%) 

5 6.16 89.48 8.58 
10 4.55 90.17 5.96 
15 4.24 93.25 5.41 
20 3.91 92.66 5.04 
25 3.69 90.59 4.41

 
Table 16  Physical  properties of  Plubplueng pulp 
boiled in 4%w/v ash at any time 
 

Time 
(min) Brightness  

(%) 

Tearing 
resistacce 

(mN) 

Bursting 
strength 
(kg/cm2) 

5 61.08 310 0.5 
10 66.33 320 0.5 
15 68.08 340 0.5 
20 63.76 340 0.5 
25 63.45 340 0.5 
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Table 15 and 16 showed that 15 minute boiling 

time with 4%w/v ash could produce the good  pulp 
and artificial paper and not longer time.  
 

 
 
Fig.12 Plubplueng artificial paper : 15 minutes 
boiled in 4%w/v ashes, 3 hrs. incubated at 100 oC. 
  
CONCLUSION 
 
Table 17 Comparison of  chemical component 
between  leaf and artificial paper 
 
 Chemical component 
 Holocellulose(%) Lignin (%) 
Puttaraksa leaf 79.62 23.44 
Puttaraksa paper at 15 
minute boiling time with 
4% KOH w/v 

93.74 1.55 

Plubplueng leaf 73.75 18.35 
Plubplueng paper at 15 
minute boiling time with 
4% ash  w/v 

93.25 5.41 

Mulberry paper [6] 77.55 7.64 

 
 

The suitable conditions of Plubplueng artificial 
paper were 15 minute of boiling time and 4% (w/v) 
ash. The chemical component of this paper were 
93.25% holocellulose, 5.41% lignin and 4.24% 
extractive. The physical properties of this paper were 
68.08% brightness, 340 mN tearing resistance and 0.5 
kg/cm2 burstjng strength. 
        The suitable conditions of Puttaraksa artificial 
paper were 10 minute of boiling time and 4% (w/v) 
KOH. The chemical component of this paper were 

90.32% holocellulose, 1.78% lignin and 4.93% 
extractive. The physical properties of this paper 
were66.84% brightness, 400mN tearing resistance 
and 1.0 kg/cm2 burstjng strength. The chemical 
component of the artificial paper from Puttaraksa and 
Pubplueng were similar to paper from mulberry. The 
high holocellulose meaned the suitable forworking. 
As shown in table 17.This result showed that 
Phutarucsa and Plubplueng were new material to 
produced artificial paper. 
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ABSTRACT 

 
The receiver function analysis has been used in the past 20 years by seismologist in understanding and developing 
crustal model beneath a 3-components broadband seismometer station. Waveform signal used in the analysis are 
recorded from the 937 tele-seismic earthquakes occurred in between year 2005 to 2016, from a station located in 
Kulim, Malaysia. The signal was analyzed by rotating, deconvolving before inverting the waveform based on the 
IASP91 velocity model, to obtain the local velocity structure and crustal depth to Moho boundary. Unlike in the 
previous and only crustal study in this region, the receiver function analysis conducted in this study involve more 
than 800 waveforms, which then separated into different back-azimuth, with the addition to signal-to-noise 
criterion applied to each individual signal. The waveforms were rotated to ZRT coordinate before the iterative 
deconvolution was implemented to minimize the noise signal during the rotation. In addition, the H-k stacking 
analysis were applied to each azimuth quadrants to obtain the estimated crustal thickness. From the results obtained 
of each azimuth quadrant, the Moho boundary were found consistent at 28 to 32 km from the sea level, which 
consistent with the result obtained in the previous receiver function study of the area. 
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INTRODUCTION 

In seismically active region, earthquake occurs 
daily, with some of them are destructive and 
dangerous in nature. The sudden release of energy, 
allow seismologist around the world to conduct 
various studies related to earth system, its tectonic 
settings and the impact of the earthquake towards 
human being. The main study area in this paper in 
located at the north west of the Malay Peninsula, 
where generally known as a low seismicity region, 
with relatively low number of earthquakes occurred 
within the mini-continent while being surrounded by 
active subduction zone that produce the devastating 
earthquakes every yearly. Malay Peninsula is the 
elemental South-east Asian part of Eurasian plate, 
which commonly known as Sundaland [1]. 

 Within the Peninsula, the general geological 
setting was divided into three north-south regional 
zones; eastern belt, central belt and western belt (Fig. 
1). Each of the belt region has different tectono-
stratigraphic characteristic such as stratigraphies, 
structural evolution, magmatism and volcanism [2].  
The western belt, which contains a northwestern 
domain, contains mostly lower paleozoic rocks, while 
the central and eastern belts of the Malay Peninsula 
are generally were found in upper Paleozoic age. 
These findings indicate that both central and eastern 
belt represent the fore-arc, arc and continental 
basement of the Sukhothai Arc. The arc was 
developed on the margin of the Indochina Block (can 

be derived from Gondwana in the Devonian) which 
separated from Indochina in the Permian by back-arc 
spreading, and re-amalgamated with Indochina in the 
Triassic. These two blocks were separated by a zone, 
widely known as Bentong-Raub suture zone [3]. 

The seismological station used in the receiver 
function analysis, KUM station, is positioned on top 
of a granite rock, which is part of Bukit Mertajam 
Kulim (BMK) granite, with STS-2 broadband 
seismometer and Q330 digitizer is being used to 
detect the ground motion signal (Fig. 2). The Bukit 
Mertajam Kulim granite is an isolated body located at 
north-west Peninsular Malaysia. The granite, which 
lies to the west of the Bintang batholith, is part of the 
Western Belt granite of Peninsular Malaysia [4] (Fig. 
1). To the west of this granite lies the Penang granite 
which makes up the whole of Penang Island. The 
study area which is located south of Kedah, the 
northern state in Peninsular Malaysia, mapped as the 
Mahang Formation, with lower Silurian graptolites of 
Llandovery and Upper Wenlock age have been 
recovered [5]. Geological work also found Lower 
Devoninan graptolites from the Mahang Formation, 
belonging to the uniformsis, praehercynicus and 
possibly hercynicus zones, occurring together with 
numerous tentaculiditis.  
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Fig 1. The geological map of Malay Peninsula 
showing three distinctive North-South belts [2]. 
 

 
Fig 2. The earth surface map of Peninsular Malaysia 
with the location of seismological station (red star). 
Image from Google Earth. 

METHODOLOGY  

Although the geological characterization of the 
surface outcrop has been studied extensively, the 
detail of the subsurface still relatively unknown. Thus, 
through geophysical data acquisition such as seismic 
refraction and reflection and potential methods, the 
earth properties and characteristic can be identified. 
One of the most reliable method to determine the 
crustal thickness and velocity properties is through 
the receiver function method. The general 
methodology of receiver function is the analysis of P-
wave and P-S converted wave signal recorded at the 
station. The signal must come from an earthquake 
ruptured at a distance larger than 30o and less than 
100o, with a magnitude of 6.0 Mw and higher. Beside 
the two primary signals, the multiple reverberations 
such as PpPs and PpSs waveform is also desirable for 
the higher details of the earth crust and upper mantle. 
From the waveform recorded, the earthquake delay 
time difference, i.e. time taken between P-wave and 
P-S wave to reach the station, as well as amplitudes 
of direct and multiple phases, will provide the 
information of crustal – mantle depth discontinuity 
and the impedance contrast. Throughout the analysis, 
only 1D structure travel time differences were taken 
in to account which requires the dependency towards 
different wave phase type and slowness only. 

From the phase determination, the seismograms 
are rotated to the ZRT-coordinate ray system 
according to bac azimuth incident wave. This step is 
necessary to isolate the converted S-phase from the 
direct P-wave. Each seismogram is rotated from the 
original Z, N-S and E-W components into the Z, 
radial, R and tangential, T components respectively. 
As a result, the Z-component points in the direction 
of the direct P-wave, with the R-component is 
propagate perpendicular to the Z-component. 
Meanwhile, the T component is perpendicular to both 
Z and R components. The Z, R and T components 
contain mainly P-energy, SV-energy and SH-energy, 
respectively. 

The next step is to remove the source and wave 
propagation path effect from the recorded waveform 
through the deconvolution procedure. The 
deconvolution of the R component from the Z can be 
conducted in time and frequency domain. By 
deconvolving the vertical from the radial components 
of three-component recordings, a time-series that is 
primarily a function of converted waves is produced. 
The most common deconvolution method in receiver-
function studies is through the frequency domain 
division with the addition of water level stabilization 
[6]. Nevertheless, due to the low signal to noise ratios 
of the tele-seismic earthquake data obtained, the 
receiver functions were computed using the time-
domain iterative deconvolution technique [7] rather 
than frequency domain deconvolution. In the iterative 
deconvolution, the differences between the resultant 

N 
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convolution of the observed vertical component with 
a spike function, and the recorded radial component 
were computed and updated iteratively. This method 
produces a comparably better noise suppression 
deconvolution outcome compared to frequency 
domain deconvolution even though the computation 
process took slightly longer. 

While the deconvolution yields receiver function, 
another algorithm approach is required to determine 
the earth crustal thickness from the interpreted phases. 
This was solved by implementing H-k stacking 
technique, which a grid-search technique approach by 
incorporating multiple phases amplitude [8]. In the H-
k search method, the delay times of P to S conversion 
Ps and the later arriving multiples crustal 
reverberations (multiples) such as PpPs and PpPs + 
PpSs are calculated for each pair of the pre-identified 
H and k value with the input from mean P-wave 
velocity above the discontinuity and the average 
horizontal slowness value. Through the initial 
experimentation, the suitable P-wave velocity and 
slowness estimation of the earth crustal thickness and 
its corresponding velocity ratio is 6.3 km/s and 0.06 
s/degree, with the resultant outcome producing a 
good estimation indicator. However, if the earth 
structure is complex, e.g. Tibetan Plateau, the H-k 
grid approach producing ambiguous and low-
confidence result. 

The Moho boundary thickness found in the H-k 
analysis, then used as a guide in developing initial P-
wave velocity model for the inversion procedure. The 
inversion process, which involve the forward 
modelling procedure, requires a synthetic receiver 
function determination based on a given earth 
structure model. The problem of this study however 
is not to find the receiver function, but rather to 
determine the earth structure that generate the 
receiver function. Inversion of a waveform is a data-
fitting procedure that aims at obtaining estimates of 
crustal properties from the receiver function. Given 
an initial model of the subsurface parameters, the data 
are predicted by solving a wave-equation. The model 
is then updated through forward modeling in order to 
reduce the misfit between the observed and predicted 
data. This procedure is repeated in an iteratively until 
the misfit between the model and receiver function 
data is satisfactorily small [7]. To perform the 
waveform inversion, an initial model needs to be 
defined. Since the existing model does not provide a 
good detail of Peninsular Malaysia earth subsurface, 
the IASP91 velocity was used as an initial model with 
some modification according to the determined 
thickness value from H-k method.  

 

 

 

DATA AND PROCESSING 

The study focused crustal and upper mantle 
seismic structures of northern Malaysian Peninsula 
where there is only a single station within the region. 
Receiver functions were computed in between 2005 
till 2016 which involve 889 earthquakes within the 
epicentral distances of 30o–100o from the station, and 
with magnitudes, Mw larger than 6.0 were chosen. 
The vast data availability has allowed a more 
comprehensive subsurface velocity characterization 
compare to the previous work in the area which 
involve only 83 earthquakes [9]. It can be seen from 
the earthquake tabulation, most of the event 
distribution were recorded from north-east (back 
azimuth of 0o–90o) and south-east (90o–180o) earth 
ruptures. Before the crustal thickness and velocity 
inversion were carried out, a signal to noise ratio 
criteria of each of the waveform were analyze 
individually, with the ratio lower than 5 were 
discarded from further work. This SNR criterion saw 
50% of the data (448 of the erroneous and noisy 
waveform) were eliminated, with remaining 441 
earthquakes signal with good SNR were used in the 
H-k and velocity inversion analysis. 

The resultant receiver functions at station KUM 
show the good P wave arrival at zero time (Fig. 3a). 
However, the P-s wave arrival as a result from Moho 
conversion appears relatively weak, as the earthquake 
originate from north-west and south-west cause the 
twin peaks at 3 to 6 seconds. Meanwhile the receiver 
functions with back azimuth 180o to 360o, a relatively 
better P-s conversion can be found which indicate a 
stronger reflection from the north-west and south-
west direction. In addition, the PpPs multiple signal 
is strong at 14 seconds with relatively weaker PpSs 
multiple at 18 seconds. Beyond 20 seconds of the 
waveform, several coherent multiple phases can be 
seen, particularly the 1st and 2nd quadrant earthquakes. 
However, due to limited waveform available from 3rd 
quadrant in addition to poor coda wave signal in 4th 
quadrant, no phase interpretation possible for this 
station. 
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Fig 3. (a) Receiver function analysis for KUM station as a result from tele-seismic earthquake. (b) The H-k analysis 
from receiver function work indicate the crustal thickness and Vp/Vs ratio of the region. (c) First velocity inversion 
outcome (in blue) after 100th iteration of initial velocity model (in red). (d) Second velocity inversion using the 
velocity changes information in (c) with the outcome after 100th iteration (in red) based on the initial IASP91 
velocity model (in blue). 
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(c) (d) 
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CRUSTAL STRUCTURE ANALYSIS 

The H-k stacking analysis use the summation of 
individual receiver function computed. While the 
grid-search method shows a few possibilities of 
crustal thickness and the corresponding Vp/Vs ratio, 
only two possible thickness were considered, i.e. at 
30 km and 35 km (Fig. 3b). Another high confidence 
H-k result, at 19 km, is highly unlikely true, as the 
Vp/Vs ratio is very high (Vp = 2.2 Vs), and far exceed 
the global average at 1.78 [10]. Besides these three-
high confidence region contour, another two contours 
can be seen which can be interpreted as coda wave 
signal from the receiver functions. Since the 95% 
confidence contour only appear at 35 km depth, this 
is the highest likely the Moho depth beneath KUM 
station, north-west Peninsular Malaysia. Another 
potential interpretation from the grid search analysis 
is the possibility of slanted crustal-mantle boundary 
with the depth begin from 28 km on the western side 
of Kulim and continue to the east with Moho depth at 
35 km. This interpretation came from the differences 
in receiver function signals of the waveform recorded 
from 1st and 2nd quadrants of back azimuth (east of 
Kulim), to the 3rd and 4th quadrant of back azimuth 
(west of Kulim). 

The waveform inversion is well known as a non-
linear non-uniqueness process, where the resultant 
velocity model depends on the several trade-in factors, 
particularly the initial velocity model [10]. To solve 
this problem, many studies considered the linearized 
iterative inversion problem, which applies to both 
synthetic and observed data. There are other 
approaches, either through different optimization 
solution such as genetic algorithm, neighborhood 
algorithm and simulated annealing [11], or by the 
integration of receiver function inversion with surface 
wave dispersion procedure [12]. While each of the 
solution proposed has their advantage, none of them 
capable to fully solve the non-discriminative solution.  

In this study, a two-steps inversion workflow was 
used to lower the uncertainty from the inversion 
outcome. The first inversion process used a single and 
fix velocity value at 8 km/s for P-wave and 4.5 km/s 
for S-wave, to locate the ‘jump’ pattern in both P and 
S-wave velocity function during the inversion process. 
Since the velocity was fixed from surface level to 100 
km depth, the resultant output velocity model was not 
influenced by the sudden velocity increase in existing 
velocity model. Throughout the 100 iterations process 
with damping factor of 0.5 and smoothness value of 
0.4, the 1st inversion step allow a validation process 
of H-k stacking analysis, by locating the sudden 
velocity increase in both P and S velocity components. 
From the 1st inversion step, the sudden velocity 
increase was found at 28 km and 32 km (Fig. 3c). This 
velocity changes were interpreted as the crustal – 
upper mantle layer, due to the change in rock type. 
Another possibility is this represent three distinctive 

layers, i.e. Conrad discontinuity at 28 km while Moho 
discontinuity at 32 km. 

We use this information in developing the 2nd and 
final inversion procedure, by modifying the IASP91 
velocity model as the initial velocity model. The 
IASP91 velocity model was chosen based on the 
following reading; i) similar initial model used by 
Malaysia Meteorological Department in their 
previous hypocenter relocation work, which was 
found accurate [13], ii) the regular and consistent 
velocity sampling interval compare to AK135F, 
PREM and crust1.0 model. In the existing IASP91 
model, velocity changes drastically at 20 km (to 
indicate the Conrad discontinuity) and 35 km (to 
indicate Moho discontinuity) within the crustal region. 
Using the findings from the 1st inversion, the IASP91 
model was modified to 28 km (first velocity change) 
and 32 km (second velocity change). 

After 100th iteration in the 2nd inversion, with 
similar coefficients as in the 1st inversion procedure, 
the final velocity model was found consistent with 
large velocity difference at 32 km, although the 
velocity difference at 28 km is not suggesting a 
separation between upper and lower crust layering, 
due to lower velocity variation (Fig. 3d). Instead, a 
gentle velocity gradient increase was identified 
between 28 km to 32 km, which may indicate the 
slanted crustal-mantle boundary. These findings 
consistent with the hypothesis proposed from the 
receiver function observation, that the crustal 
thickness and velocity structure in the north-west of 
Peninsular Malaysia is changing from the west to the 
east of the Kulim area. Another important observation 
was found at 70 km depth, as both P and S-waves 
velocity profile travel slightly slower, which signal 
the asthenosphere zone of the Malay Peninsula. The 
relatively high near-surface Vs value of 3.3–3.6 km/s 
is an indication for plutonic rocks exposed in the 
region. 

 

CONCLUSION 

By incorporating receiver function modelling and 
inversion method, the crustal thickness and velocity 
structure underneath the KUM seismic station located 
at the north-west Peninsular Malaysia were 
determined. The finding was compared to previous 
receiver function analysis for KUM station, and 
found that our analysis shows a close similarity in 
term of crustal thickness, with 28-32 km in this study 
compare to 30-34 km in previous published work. In 
addition, the velocity composition beneath north-west 
peninsular Malaysia might indicate a distinctive 
crustal-mantle depth from the west to east side of 
KUM station. However, a different crustal technique 
analysis is required, such as surface wave dispersion 
analysis and ambient noise tomography study, to 
validate the produced model. In addition, the analysis 
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for the seismic stations nearby KUM is also needed 
to obtain a comprehensive 3D velocity tomography of 
the Malay Peninsula. 
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ABSTRACT 

 
During the several tunnel constructions for the Keinawa high way road, arsenic contamination granitic rocks 

were found at the north of Median Tectonic Line in the Kii Peninsula. Arsenopyrite (FeAsS) was certainly found 
in granite and then main arsenic source is thought to be arsenopyrite. Arsenic concentrations of tunnel water 
were found to be over 0.1mg/L, the Japanese Effluent Standard. River arsenic concentration was also found to be 
widely over 0.01mg/L, the Japanese Environmental Water Quality Standards. Arsenic concentrations of river 
bryophyte were widely high relative to the normal area. Copper minerals such as chalcopyrite (CuFeS2) and 
chalcocite (Cu2S) were found in both the tunnels. Copper concentration of river bryophyte was 10 to several 
thousand mg per kg. Some places in the study area were copper contaminated. Molybdenum concentrations of 
some tunnel waters around molybdenite (MoS2) occurrence areas were over 0.07 mg/L, the Japanese 
Monitoring-required Water Quality and then, main molybdenum source is thought to be molybdenite. Arsenic, 
copper and molybdenum were contaminated in some places of the study area at the north of Median tectonic line 
and this contaminated zone is thought to spread east and west parallel to Median Tectonic Line. The recharge 
age of tunnel water is estimated to be less than 12.3 year. River and tunnel waters derive from precipitation 
however oxygen and hydrogen stable isotope values were different. The isotope difference between river and 
tunnel waters is thought be caused by both evaporation and altitude effect of isotope. In forest under high 
humidity condition isotope effect of evaporation is small.  
 
Keywords: Arsenic contamination, Tunnel water, Metal mine, Oxygen stable isotope, Hydrogen stable isotope 
 
 
INTRODUCTION 

 
Before the Midoro Tunnel and 

Shindenhigashisami Tunnel constructions in Gose 
city for the Keinawa high way road connecting 
Kyoto with Wakayama through Nara, arsenic 
contamination rocks around the tunnels were found 
from field and borehole researches. Figure 1 shows 
the study area. The Midoro Tunnel at the north side 
and Shindenhigashisami Tunnel at the south side are 
5 to 10 km at the 
North of Median 
Tectonic Line in the 
Kii Peninsula and the 
tunnel area is 
composed of fresh 
granite and sheared 
granite. Black sheared 
granite distributed in 
the south of the area 
contains often minute 
arsenic mineral,  

 
Fig.1  The study area. ★River sampling point. 
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arsenopyrite (FeAsS). At the north area of the study 
area, closed copper and molybdenum mine and its 
tailing were observed in the north area. The tailing 
contains molybdenite (MoS2), chalcopyrite (CuFeS2), 
chalcocite (Cu2S) and copper secondary minerals 
such as malachite Cu2(CO3)(OH)2 and chrysocolla 
(Cu, Al)2H2Si2O8(OH)4 ･ nH2O. From the valley 
between two tunnels, tunnel digging started April in 
2015 and finished March in 2017. The maximum 
distance from tunnel to surface is less than 100 m. 
Then arsenic water contamination was studied using 
river and tunnel waters during tunnel construction 
and groundwater migration was traced by stable 
oxygen and hydrogen isotope for analyzing 
contaminated water migration. Tunnel water sample 
is a good indicator for analyzing groundwater 
migration and groundwater chemistry [1]. Metal 
concentrations of river bryophyte and river insect are 
thought to be good indicators for metal 
contamination [2], [3], [4]. The purpose of this study 
is groundwater migration analysis using oxygen and 
hydrogen isotopes and metal concentrations.    

 
METHOD  

 
River water was sampled around the tunnels and 

tunnel water was also sampled for water migration 
analysis and then were filtered with 0.45 micrometer 
filter. Metal concentration of sampled waters spiced 
with concentrated nitric acid were analyzed by ICP-
AES (Inductively Coupled Plasma Atomic Emission 
Spectroscopy, SPS1700HVR ; Seiko Instruments 
Inc.). After sampled river insect and river bryophyte 
were dried then dissolved with concentrated nitric 
acid solution, metal concentration of the solution 
was also analyzed by ICP-AES.   

3H concentrations of tunnel and river waters 
were measured by liquid scintillation counter for 
estimating recharge age after electrolytic enrichment. 
The stable hydrogen and oxygen isotopic ratio were 
measured by mass spectrometer (Sercon Geo Wet 
System) with dual inlet and equilibrium with CO2 
and H2 gas method.  
 
RESULTS 

 
Figure 2 shows arsenic concentration of tunnel 

and river waters. South side from 0 to 1800 m shows 
the Sindenhigashisami Tunnel. North side from 2000 
to 3100m shows the Midoro tunnel. Tunnel length 
from 1800 to 2000 m is valley and open area. 
Arsenic concentrations of tunnel water around the 
valley between both the tunnels are over 0.1mg/L, 
the Japanese Effluent Standard and reaches 0.9 mg/L. 
In high arsenic area, arsenopyrite (FeAsS) is 
certainly found from cracks of granite. In the south 
of the Shindenhigashisami Tunnel, sheared black 
colored granite with minute chlorite and small 
amount of arsenopyrite was found. 

Fig. 2 Arsenic concentration (As) of tunnel 
waters. 

Fig.3  Arsenic concentration (As) of river waters 

with time. 
 
Fig.4  Arsenic concentration (As) of river gammarus 

and bryophyte with sampled point. 
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Figure 3 shows arsenic concentration of river 

waters with time. River sampling points, ENSH, 
WNSH, SMI, NMI and ARO (MMI, EMI and MSH) 
were shown as in Fig.1. Arsenic concentrations of 
river waters were widely over 0.01 mg/L, the 
Japanese Environmental Water Quality Standards 
and decreased with wet season. The concentration is 
thought to depend on amount of precipitation. Figure 
4 shows arsenic concentration of river bryophyte and 
river gammarus. The concentrations of river 
bryophyte were widely over 10 mg per kg. Arsenic 
concentration of river gammarus is higher than those 
of river bryophyte and then gammarus has a higher 
bioconcentration factor. 

Figure 5 shows copper concentration of tunnel 
waters. Copper concentrations of the tunnel waters 
in the Shindenhigashisami Tunnel were over 0.02 
mg/L and higher than those in the Midoro Tunnel. In 
the both tunnels, many times copper minerals such 
as chalcopyrite (CuFeS2) and chalcocite (Cu2S) were 
found as vein and aggregate minerals in granite 
however copper concentrations of the tunnel waters 
were low.  

Figure 6 shows copper concentration of river 
waters with time. Copper concentrations of some 
river waters were higher than those in the tunnel 
waters and reached 0.1 mg/L. Generally copper 
concentrations decrease with pH values and tunnel 
water is high pH values. Then, copper concentration 
of tunnel is lower than those of river water. 

Figure 7 shows copper concentration of river 
bryophyte and gammarus. The copper concentration 
of river bryophyte in the study area was 10 to less 
than 100 mg per kg and reached several thousand 
mg per kg. Copper concentration of river gammarus 
was higher than those of river bryophyte and then 
gammarus has higher bioconcentration factor.    

Figure 8 shows molybdenum concentration of 
tunnel waters. Molybdenum concentrations of some 
tunnel waters in the Midoro Tunnel were over 0.07 
mg/L, the Japanese Monitoring-required Water 
Quality Parameters. Molybdenite (MoS2) was found 
in crack of the sheared granite and molybdenum 
concentration of tunnel water was high around 
molybdenite occurrence areas. Then, main 
molybdenum source is thought to be molybdenite. 

Figure 9 shows δ D and δ18O values of tunnel 
and river waters. Although those values were 
variable, δ D and δ18O values of tunnel water were 
higher than those of river water. Only tunnel values 
can be found under both -55 ‰ for δ D and -8.4 ‰ 
for δ18O values. Mainly river water values can be 
observed over both -55 ‰ for δ D and -8.4 ‰ for 
δ18O values.  

3H concentrations of the tunnel and river waters 
were 1.7 to 1.8 T.U. and 2.5 to 2.8 T.U. The 
recharge age of tunnel water is estimated to be less 
than less than 12.3 year from the difference of both 

3H concentrations and then, tunnel water is young. 
 
Fig. 5 Copper concentrations of tunnel waters with 
distance. 

 
Fig.6 Copper concentration of river waters with time. 

 
Fig. 7 Copper concentration of river bryophyte and 

gammarus. 
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DISCUSSION 
 
Arsenic concentration of the Japanese 

Environmental Water Quality Standards for river 
and groundwater is 0.01 mg/L. Arsenic 
concentrations of many tunnel and river waters are 
over the Japanese Environmental Water Quality 
Standards. In particular, arsenic concentrations of 
tunnel water around the valley between both the 
tunnels are over 0.1mg/L, the Japanese Effluent 
Standard and reaches 0.9 mg/L. In high arsenic area, 
arsenopyrite (FeAsS) is certainly found from cracks 
of granite. In the south of the Shindenhigashisami 
Tunnel, sheared black colored granite with minute 
chlorite and small amount of arsenopyrite was found. 
Then main arsenic source is thought to be 
arsenopyrite. River arsenic concentration is found to 
be widely over the Japanese Environmental Water 
Quality Standards. Arsenic concentrations of river 
bryophyte and river gammarus are also widely over 
10 mg per kg. Generally, background arsenic 
concentration of bryophyte is under 1.5 mg per kg 
[3], [5]. Then, widely arsenic contamination can be 
found by the concentration of river bryophyte.  

Copper concentrations of some river waters were 
higher than those in the tunnel waters and reached 
0.1 mg/L. In both the tunnels, many times copper 
minerals were found as vein and aggregate minerals 
in granite however copper concentrations of the 
tunnel waters were low. Generally copper 
concentration depends on pH values and tunnel 
water is high pH values with concrete lining and 
concrete spraying constructed by the NATM method. 
Then, copper concentration of tunnel water even 
contacted with copper minerals is thought to be low 
because of high pH value of tunnel waters. 
Generally, background copper concentration of 
bryophyte is 1 to 50 mg per kg [3], [5] however 
copper concentration of river bryophyte was 10 to 
less than 100 mg per kg and reached several 
thousand mg per kg. Then, some places in the study 
area were copper contaminated.  

Molybdenum concentrations of some tunnel 
waters in the Midoro Tunnel were over 0.07 mg/L,  
the Japanese Monitoring-required Water Quality 
Parameters. Molybdenite (MoS2) was found in crack 
of the sheared granite and molybdenum 
concentration of tunnel water was high around 
molybdenite occurrence areas. Then, main 
molybdenum source is thought to be molybdenite. 

Arsenic, copper and molybdenum were 
contaminated in the study area at the north of 
Median tectonic line and this contaminated zone is 
thought to spread east and west parallel to Median 
Tectonic Line because the valley between both the 
tunnels with high arsenic area spreads parallel to 

Median Tectonic Line and the past copper mines in  

 
Fig. 8 Molybdenum concentration of tunnel and 

river waters with distance. 
Fig. 9 δD and δ18O values of tunnel and river waters. 

 
the north of study area also were arranged parallel to 
Median Tectonic Line.  

Recharge age of the tunnel waters is estimated to 
be less than 12.3 year. Therefore, long term contact 
with metal contaminated rocks is thought to enable 
high arsenic concentration of tunnel water and 
actually arsenic concentrations of some tunnel water 
were higher than those of river waters.      

Figure.10 shows schematic diagram for water 
pass from precipitation to river and tunnel. Tunnel 
water is groundwater recharged from precipitation 
and surface run off on the hill. River water comes 
from precipitation, surface run off derived from 
precipitation on the hill and groundwater recharged 
from precipitation on the hill. Therefore, river and 
tunnel waters derive from precipitation on the hill. 
However, both their oxygen and hydrogen stable 
isotope values were not same, the oxygen and 
hydrogen stable isotope differences between river 
and tunnel waters were 0.5 ‰ and 4 ‰, respectively 
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although they were variable values. Therefore, river 
and tunnel waters derive from precipitation however 
the isotope values were different.  

Tunnel water mainly derives from precipitation 
on the top of hill and river water comes from 
precipitation around the hill as shown in Fig.10. 
Therefore, average altitudes of original precipitation 
of river and tunnel waters are different, average 
altitude of original precipitation of tunnel water is 
higher than that of river water. Generally, oxygen 
and hydrogen isotope values of precipitation 
decrease with altitude, δ18O: -0.25 ‰ /100m [6], δD: 
-2.0 ‰/100 m [6]. In the Kii Peninsula, altitude 
effect of δ18O is -0.15 to -0.4 (-0.23) ‰ /100 m [7] 
and in the Yakushima Island, the altitude effect of 
δ18O is  -0.09 to 0.11 ‰ /100 m [8].  

In this area, although even altitude difference 
between top of the hill and river level is less than 
100m, the oxygen and hydrogen isotope differences 
between river and tunnel water are 0.5 ‰ and 4 ‰, 
respectively and the difference is over twice of 
altitude effect. 

Generally, isotope values of water on the surface 
increase with evaporation [6]. [9]. Surface run off 
water and soil water evaporate and transpire and 
then isotope values increase. Then, the isotope 
difference between river and tunnel waters is 
thought be caused by both evaporation and altitude 
effect of isotope. 

The evaporation rate can be estimated from 
oxygen stable isotope change value during 
evaporation [6], [9]. When half values of different 
oxygen isotope value between tunnel and river 
waters is assumed to be caused by evaporation, the 
calculated evaporation rate from oxygen isotope 
values, 0.25 ‰ is 2.5 % using the relation for 
evaporation rate per oxygen isotope change during 
evaporation process = 1 % per 0.1 ‰ under high 
humidity condition, [9]. As annual precipitation of 
Gojyo in 2015 and 2016 is 1450 mm per year [10], 
the amount of estimated evaporation from the 
isotope values is 36 mm per year. 

Evapotranspiration for forest in Japan is about 
600 to 900 mm per year [11]. Evaporation caused by 
rainfall interception of trees in Japan reaches 30 to 
50 % of total evapotranspiration [11] and is 
calculated to be 180 to 450 mm per year. Therefore, 
the estimated evaporation from oxygen isotope 
values is quite small. If evaporation is large, over 
10 %, the isotope value separates from the meteoric 
line [6], [9]. However the observed isotope values of 
river and tunnel water are on the meteoric line. 
Therefore oxygen and hydrogen isotope values are 
not largely thought to be influenced by 
evapotranspiration and evaporation of river and 
groundwater in forest.  

Similarly, oxygen and hydrogen stable isotope of 
river and spring waters at the Izumi Mountain 50 km 
at the east of the study area were on the meteoric 
line [12] and the isotope difference between spring 
and river waters can be estimated from altitude 
difference between both recharge areas [12]. 
Therefore, evaporation and evapotranspiration occur 
during migration from precipitation to river, spring 
and tunnel water however isotope change caused by 
evaporation and evapotranspiration does not occur. 
Generally, oxygen and hydrogen stable isotope 
change for lake and pond waters during evaporation 
process occurs [6], [13]. Typically oxygen and 
hydrogen stable isotope values increase with 
evaporation rate under low humidity condition 
however under high humidity condition, over 80 % 
oxygen and hydrogen stable isotope values do not 
increase with evaporation rate and sometimes 
decrease with evaporation rate. Under high humidity 
condition, isotope values of liquid changes with 
isotope values of vapor and not always increase with 
evaporation rate [9]. Therefore forest can keep high 
humidity condition during and just after rain and 
then oxygen and hydrogen stable isotope of 
precipitation water can keep uniform value during 
evaporation by rainfall interception of trees.  

Isotopic fractionation does not occur during 
absorption water from soil at root and release water 
from leaves because residual water stays at soil and 
tree for a long term. Transpiration from soil water to 
leaves caused by tree also is thought to keep uniform 
oxygen and hydrogen stable isotope values.    

Fig. 10 Schematic diagram for water pass from 
precipitation to river and tunnel. 

 
CONCLUSION 

 
During the several tunnel constructions for the 

Keinawa high way road, arsenic contamination rocks 
composed of granite were found at the north of 
Median Tectonic Line in the Kii Peninsula. During 
tunnel construction, arsenopyrite (FeAsS) was 
certainly found from cracks of granite and in the 
sheared black colored granite and then main arsenic 
source is thought to be arsenopyrite. Arsenic 
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concentrations of tunnel water were found to be over 
0.1mg/L, the Japanese Effluent Standard. River 
arsenic concentration in the study area was also 
found to be widely over 0.01 mg/L, the Japanese 
Environmental Water Quality Standards. Arsenic 
concentrations of river bryophyte and gammarus in 
the study area were widely high relative to the 
normal area and then widely arsenic contamination 
was found.  

Most copper concentrations of the tunnel waters 
with copper minerals such as chalcopyrite (CuFeS2) 
and chalcocite (Cu2S) were less than 0.02 mg/L 
however copper concentrations of river waters in the 
study area widely reached 0.1 mg/L. The copper 
concentration of tunnel water is thought to be low 
because of high pH control of concrete. Copper 
concentration of river bryophyte in the study area 
was 10 to less than 100 mg per kg and reached 
several thousand mg per kg. Then, some places in 
the study area were copper contaminated. 

Molybdenum concentrations of some tunnel 
waters around molybdenite (MoS2) occurrence areas 
were over 0.07 mg/L, the Japanese Monitoring-
required Water Quality Parameters and then, main 
molybdenum source is thought to be molybdenite. 
Arsenic, copper and molybdenum were 
contaminated in some places of the study area at the 
north of Median tectonic line and this contaminated 
zone is thought to spread east and west parallel to 
Median Tectonic Line.  

The recharge age of tunnel water is estimated to 
be less than 12.3 year using 3H concentration. River 
and tunnel waters derive from precipitation however 
oxygen and hydrogen stable isotope values were 
different. Although even altitude difference between 
top of the hill and river level is less than 100m, the 
oxygen and hydrogen stable isotope differences 
between river and tunnel water are 0.5 ‰ and 4 ‰, 
respectively and the difference is over twice of 
altitude effect. Then, the isotope difference between 
river and tunnel waters is thought be caused by both 
evaporation and altitude effect of isotope. Although 
evaporation and evapotranspiration rates were very 
large, the isotope difference between river and 
tunnel waters were too small. Oxygen and hydrogen 
stable isotope values are not thought to be largely 
influenced by evapotranspiration and evaporation of 
river and groundwater in forest because under high 
humidity condition isotope effect of evaporation is 
small.  
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ABSTRACT 

 
Pseudolabrus sieboldi is a very common labrid fish at Japan coastal region, so the species wasn't being watched 

so much up to now. Therefore, the habitats of P. sieboldi have been developed easily. But it's pointed out that 
genetic isolation is easily occurred due to being polygynya in their mating system. In order to investigate the 
genetic diversity of usual species, we sampled 6 populations of the species form western Japan coastal area, and 
studied them for allelic variation at 24 enzyme loci. In comparison with other sea fishes, the total genetic diversity 
is standard. Though sex ratio was inclined to females and inbreeding were easy to be performed, the gene diversity 
was not decreasing. In fact, there were inbreeding mating within the population. Moreover, standard genetic 
distance within populations along the Japan Sea is high and standard genetic distance within Pacific Ocean area is 
low. The fry of the species dispersed to the Pacific or Japan Sea. When they grew adults, they returned along rocky 
shores for mating. The populations along Pacific Ocean did not return exactly at their birth area. On the other hand, 
the populations along the Japan sea returned more exactly at their birth area.   
 
Keywords: Genetic Diversity, Genetic Distances, Coastal Conservation, Pseudolabrus sieboldi, Mating System 
 
 
INTRODUCTION 

 
Recently it's thought that the conservation of 

genetic diversity is very important [1]-[3]. Many 
researchers have pointed out the importance of the 
genetic conservation. The maintenance of genetic 
diversity is important for endangered species. Though 
the same investigation was also necessary to usual 
species for genetic diversity to be maintained, few 
studies were done up to now.  

Pseudolabrus sieboldi is very common labrid 
fishes along rocky shores in the East Asian temperate 
region. Recently Mabuchi and Nakano showed the 
species separated form P. eoethinus [4], differing in 
coloration and morphological characters. Mabuchi et 
al., also investigated the genetic diversity among 3 
populations [5]. They collected 5 fishes each 
population, total 15 fishes, and investigated. There 
were some differences observed two labrid fishes. 
But they couldn’t analyze the population structure 
because of low numbers of species. Mabuchi et al., 
also reported the mating system of the species, and 
they are polygamous [6]. Polygamous species 
restricts gene flow and caused population isolation.  

Maruyama personal observation (2001) revealed 
the larva of the species was observed at Pacific Ocean 
and Japan sea, not at coastal area [7]. The 
phenomenon suggested the adult fishes breed at 
coastal area, the larva fishes go to Ocean and growing 
fishes returned to coastal area. The phenomenon 
suggests the gene flow easily occurred in Ocean.  

In this study, we investigated the genetic structure 

and genetic diversity of P. sieboldi to know the 
genetic structure of usual species with 3 questions, 1) 
Is there a relationship between the location and 
genetic distance? 2) Is there a difference between 
Pacific Ocean side and Japan Sea side? 3) Do the 
adults fishes return to the birth area? The attention 
was paid at above-mentioned 3 points in our study. 

 
 

MATERIALS AND METHODS  
 

Study Site 
 
The samplings were carried out on 6 locations of 

west Japanese seashore (Fig. 1). Specimens (from 26 
to 31 fishes) were collected from 6 localities widely 
distant from each other: 30 samples Nobeoka Bay at 
Miyazaki Pref., 26 samples Senzaki Bay at 
Yamaguchi Pref., 30 samples Miho Bay at Shimane 
Pref., 31samples Seto Bay at Nagasaki Pref., 28 
samples Tasoura Bay at Mie Pref. and 30 samples 
Miyagawa Bay at Kanagawa Pref.  
 

 
Fig. 1 Map of sampling localities. 
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Miyazaki is Seto sea area, Yamaguchi, Shimane, 
and Nagasaki are Japan Sea area. Mie and Kanagawa 
are Pacific Ocean area. 

 
The Study Fish  

 
Pseudolabrus sieboldi Mabuchi and Nakano a 

very common labrid fish at coastal region in Japan 
(Fig. 2). They have white spits on the dorsal part of 
the body from initial to terminal phase (IP and TP, 
respectively). The species is known as the fish which 
does a sex change, and all larval fish is being born as 
a female. Within a population the largest female 
exchanges her sex to male. A matured male makes the 
territory at sunken rocks and reproduces with a lot of 
females.  

Pair spawning occurred within TP male territories 
during the daytime. P. sieboldi spawned above 
smaller rocks with seaweed and seagrass, whereas P. 
eoethinus. 

 
(a) IP                               (b) TP 

  

 
Fig. 2. Different phase of P. sieboldi, left side (a) is 
IP (initial phase female) and right side (b) is TP 
(terminal phase male). 
 

 
Electrophoresis 
 

All fresh fishes were collected from 26-31 
individuals per population in 2004 and 2005. Fishes 
were kept on ice during transportation to the 
laboratory. A part of liver tissues and muscle tissues 
were cut and homogenized being added with an 
approximately equal amount of 0.5M sucrose solution. 
And homogenized tissues were centrifuged at 
10,000rpm at 5 minutes. The supernatants were 
subjected to horizontal starch gel electrophoresis. A 
tris-citrate buffer system no.5  (Soltis et al. [6]) was 
used. Starch gels were run for 2 hours at 80mA in a 
refrigerator at 4oC. After the run, the gel was sliced 
horizontally. The following enzyme systems were 
examined: triose-phosphate isomerase (TPI), malate 
dehydrogenase (MDH), acid phosphate (ACP), 
mannose phosphate isomerase (MPI), 
Glycerophosphate dehydrogenase (GPD), 6-
phosphogluconate dehydrogenase (6PG), phospho-
glucose isomerase (PGI), malic enzyme (ME), Alchol 

dehydrogenase (ADH), aldrase (ALD), menadione 
reductase (MR), phosphoglucomutase (PGM) and 
glucose 6 phosphate dehydrogenase (G6PDH). 
Muscle tissues were used to resolve the following 19 
loci: tpi-1, tpi-2, mdh-1, mdh-2, mdh-3, mdh-4, acp-
1, acp-2, mpi-1, mpi-2, gpd, 6pg, pgi, me, adh, ald, 
mr, pgm and g6pdh. Liver tissues were 
correspondingly used for 5 loci mdh, me-1, me-2, 
pgm and adh. We followed previous works [6][8][9] 
about staining. 
 
The Statistical analysis 
 

The number of alleles per locus (A), proportion of 
polymorphic loci (P), and gene diversity (h) were 
calculated on each population. Additionally, total 
gene diversity [10] was calculated for species level. 
The population genetic structure was analyzed by 
initially calculating Nei’s GST value [10]. Values for 
standard genetic distance (D) was calculated for each 
pairwise comparison of all populations. The neighbor 
joining method [11] based on D was used for 
constructing a phenogram for P. sieboldi. 

 
 
RESULTS 

 
24 loci were scored (19 for muscle and 5 for liver). 
All loci have at least two alleles in at least one 
population. Table 1 summarizes the resultant values 
of A, P and h for each population.   
 
Table 1 Mean number of polymorphic loci (A), 
proportion of polymorphic loci (P), and gene 
diversity within a population (h) at 24 loci for 
examined populations of P. sieboldi 

 
Population A P h 
Miyazaki 2.208 0.917 0.206 

Yamaguchi 1.583 0.500 0.217 
Shimane 1.542 0.542 0.092 
Nagasaki 1.792 0.625 0.091 

Mie 1.542 0.500 0.028 
Kanagawa 1.792 0.750 0.019 

 
And total gene diversity (HT) of the species was 

0.278. The levels of genetic diversity in P. sieboldi 
was high that of other fish species, for example, 
Sonoran topminnow of 0.03 to 0.116 [12].  
 

The mean level of isozyme variation within 
populations and the total gene diversity of the species 
are given in Table 2. The resultant hierarchical 
analysis of population genetic structure is GST. GST of 
Pacific Ocean is 0.03, on the other hand, GST of Japan 
Sea is 0.31. That of Japan Sea was higher than that of 
Pacific Ocean.  
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Fig. 3 showed the phenogram using the NJ 
methods based on Nei’s standard genetic distance 
[11]. 
 
Table 2. Inbreeding coefficient within a population 
(FIS), Fixation index (FST) and inbreeding coefficient 
among total populations(FIT). 
 

Population FIS FST FIT 
Miyazaki 0.415  -0.262  0.262  

Yamaguchi -0.196  0.347  0.220  
Shimane 0.504  0.336  0.670  
Nagasaki 0.236  0.570  0.672  

Mie 0.703  0.657  0.898  
Kanagawa 0.754  0.716  0.930  

 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 Phenogram using the neighbor joining 
method based Nei’s (1987) standard genetic 
distance. Under line locations are Pacific Ocean 
area, □locations are Japan sea locations. 

 
DISCUSSION 

 
Mabuchi and Nakano investigated about the 

genetic diversity of the species [5]. There were some 
gene diversity among populations. But the sampling 
size was 5 each 3 populations. Then they cannot 
analyze the genetic structure of the species. In this 
study, we can collect over 25 individuals from 6 
populations and analyze the genetic structure. 

In comparison with other sea fishes, the total gene 
diversity is standard [1][2]. But there are some 
differences about gene diversity among populations. 
The gene diversity within a population (h) of Mie and 
Kanagawa (Pacific Ocean side) was lower than those 
of other population. The value of h is from 1/4 to 1/6 
of the expected value. Moreover, the value of the 

fixation index at the Pacific Ocean side populations 
was higher than those of others. The result showed 
that inbreeding occurred within a population and the 
effective population size is small at the Pacific Ocean 
side populations. The inbreeding was expected from 
the mating system of the labrid species. But there was 
no inbreeding at other 4 populations.  

Our data show another interesting fact. Standard 
genetic distance within populations along the Japan 
Sea is high (D=0.180). On the other hand, that within 
the Pacific Ocean side is low (D=0.000). It showed 
the gene flow easily occurred along the Pacific Ocean 
side, but hardly occurred along the Japan sea side. 
And there was no relationship between real distance 
and genetic distance. From the phenogram 
populations of the Japan Sea side contains the Pacific 
Ocean side populations. 

The fry of the species disperses to the Pacific 
Ocean or the Japan Sea. When the fry is grown up, 
they return along rocky shores for reproduction. The 
populations along the Japan Sea side return their birth 
area exactly because of the genetic distances over 
0.01. But the populations along the Pacific Ocean side 
did not return to birth area exactly due to the genetic 
distance value within 0.01, so there were high gene 
flow among populations.   
 
CONCLUSION 
 
We get three main conclusions. 
1) There is no relationship between the real distance 

and genetic distance.  
2) There is a difference between the Pacific Ocean 

side population and the Japan Sea side 
population. The Pacific Ocean side populations 
have low genetic diversity and easily occurred 
inbreeding. The Japan Sea side populations have 
high genetic diversity and isolated each 
population. 

3) The matured individuals returned exactly at the 
Japan Sea side population, on the other hand, 
mixed return occurred at the Pacific Ocean side 
populations. 

Based on the conclusions, two proposals about the 
conservation activities are considered 
1) There is a possibility of inbreeding in the 

polygamous mating system species, so the 
investigation should be done at usual species, 
because of low genetic diversity.  

2) We should know the differences between the 
Japan Sea area and the Pacific Ocean area. 
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ABSTRACT 

 
The purpose of this research is to study and compare the outdoor spaces with different cooling effects 

facilities in the tropical climate, city campus in the CBD of Bangkok, Thailand. The study aimed to find the most 
comfortable outdoor space in a green campus referred to UI GreenMetric World University Ranking indicators, 
the case study of Chulalongkorn University, tropical wet, in city center/high rise building. The ratio of area on 
campus covered in planted vegetation (lawns, gardens) provided as percentage of total site area) will be 
compared, especially, the micro-climatic seems to be an important criteria of the physical design features of an 
outdoor space: a) with cooling devices – shading, fountain, b) without cooling devices – pavement, open lawn. 
The cooling effect of these devices which are evaluated by measurement result of thermal comfort responded by 
tropical environment of the campus. The study will also analyze the human physiological and psychological 
response in summer / less humidity (in March) and rainy / high humidity (in September) season. The study will 
explain Micro/Macro-climatic effects from landscape features. The survey measured meteorological condition of 
the outdoor spaces, skin temperature of the subjects by attaching sensor on skin surface, and then distributed 
thermal sensation survey to collect psychological thermal comfort of the subjects. The study found out that the 
shortwave solar-radiation, long-wave radiation from different materials should play an important role in a new 
paradigm in green design and planning. 
 
Keywords: Thermal comfort, Micro climate, Outdoor environment, Climatic effect, Green campus 
 
 
INTRODUCTION 

 
UI GreenMetric has been launched in 2010 by 

Universitas Indonesia, which the key objectives 
initiated as the cooperative efforts among groups of 
world universities in order to take steps to manage 
and improve their sustainability and help combat 
global climate change. Chulalongkorn University 
was ranked the world 15th of ‘City Center’ campus 
setting category in 2016 and aims for the higher 
ranking in the next following years. The green 
campus planning involves the landscape design of 
campus outdoor environment and while there are 
still the needs to decrease energy consumption 
especially for indoor Heating, Ventilation, Air 
Conditioning (HVAC) system. Thus, it leads to the 
research questions on campus outdoor thermal 
comfort as followings: 1) how human sensation 
responses to each outdoor space in summer and 
rainy seasons, 2) what cooling effects facilities in the 
tropical climate should be designed for outdoor 
space for the best thermal comfort. 

Many researches in ergonomics have focused on 
the thermal comfort in designing and arranging 
things people use so that the people and things 

interact most efficiently and safely, especially in the 
indoor environment. But methods for making an 
outdoor environment comfortable are very limited, 
while outdoor and indoor comfort zones may differ 
from each other, so adaptation or acclimatization to 
the outdoor environment should be studied [1]. This 
paper aims to integrate human thermal sensation and 
psychological responses as outdoor thermal 
environment evaluation index in landscape 
architecture design and planning of an urban campus. 

The factors influenced in outdoor environment 
comfort are included this followings: the albedo,  
sky temperature and surface temperature, humidity, 
wind direction, air velocity, shortwave solar-
radiation and long-wave radiation heat quantity. In 
addition, the measurement of sky and green upward 
and downward ratios from an orthographic photo of 
each site will be considered in the study. A design of 
an outdoor space, usually depends on functional and 
other aesthetic concepts. The authors who are from 
different research fields have intensively utilized the 
year long surveys in different seasons for their own 
aspects. This paper is intended to seek for a new 
paradigm in green design and planning to remediate 
the urban heat island effect especially in campus 
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planning along to improve the thermal environment 
from harsh to comfortable, in order to draw potential 
activities to outdoor space and reduce energy 
consumption in the buildings. 

 
EXPERIMENTAL DESIGN 

 
This research surveys were designed to collect 

data both from measurements of the meteorological 
condition of the outdoor spaces in summer and rainy 
season and the human physiological and 
psychological response to those outdoor spaces. The 
surveys were performed during two days in March 
(summer/dry season) and in September (rainy/wet 
season) during the day time only from before noon 
to the afternoon which is usually the peak hours of 
outdoor space occupancy of the campus. The very 
simple comparisons of the data aim to seek for the 
most comfortable condition of the outdoor spaces. 

 
Measurement Procedure 
 

The observation points and route patterns are 
shown in Fig. 1. For the comparisons, observation 
points were selected with consideration of the 
condition of the ground surface, such as paved 
ground, green areas covered with plants, and water 
surfaces, and with consideration for the condition of 
the sky factor due to buildings and trees. Six 
observation points were chosen in summer season 
survey and five observation points were chosen in 
Rainy season survey. 

 

 
Fig. 1 Sites location maps and patterns of survey 

routes in summer and rainy season in the 
peak hours (AM/PM). 

 
Seasonal Related Factors 
 

The observation points in summer season 
(March) and rainy season (September) were adjusted 
accordingly with the experiments. Therefore, the 
point at open-air café was removed in rainy season 

survey due to the unavailability of the new 
construction site, and north playfield was intended to 
compare the difference between high and low Sky-
Factors, identified by the surrounding conditions 
(Table 1-2). 

 
Table 1 Summary of summer season observation 

points 
 

Site Surface Surrounding 
Ground Sky North East South West

0 Building 
court 

Concrete Eaves 
Building Building Building Building 

1 Open-air 
café 

Wooden 
deck 

Awning / 
Trees  Building Building Open Wall / 

Tree 

2 Pond side Grass / 
Pond 

Trees 
Open Open Trees Trees 

3 North 
playfield 

Grass / 
Bare 

ground 

Trees 
Open Open Trees Open 

4 Engineering 
bldg 

Concrete 
pavement 

Sunshade 
/ Trees Open Building Trees Building 

5 Auditorium 
plaza 

Concrete 
pavement 

Open 
Building Open Open Open 

 
 
Table 2 Summary of rainy season observation points 

 

Site 
Surface Surrounding 

Ground Sky North East South West

0 Building 
court 

Concrete Eaves 
Building Building Building Building 

1 Pond side Grass / 
Pond 

Trees 
Open Open Trees Trees 

2 North 
playfield 

Grass / 
Bare 

ground 

Open* 
Open Open Open* Open 

3 Engineering 
bldg 

Concrete 
pavement 

Sunshade 
/ Trees Open Building Trees Building 

4 Auditorium 
plaza 

Concrete 
pavement 

Open 
Building Open Open Open 

 

 
Site Related Factors 
 

When considering the thermal sense of humans, 
it is necessary to include not only air temperature but 
also the environmental elements of thermal radiation, 
convection, humidity, and heat conduction. Briefly, 
a strong solar radiation gives a hot feeling, a strong 
wind gives a cool feeling, high humidity gives a 
feeling of an unpleasantly warm and humid (muggy 
weather), and a heated ground surface that it cannot 
be touched make us feel so hot. Kurazumi et al. [2]-
[5] who revealed the relationship between the 
physiological and psychological responses of 
humans and invented the enhanced conduction-
corrected modified effective temperature (ETFe) as 
the outdoor thermal environment evaluation index, 
clarified in many of their research papers that the 
variables that affect the thermal sensation are heat 
conduction, humidity, and short wave solar radiation, 
air velocity, heat conduction, and humidity. 

Air temperature, humidity, wind direction, air 
velocity, shortwave solar-radiation heat quantity, 
long-wave radiation heat quantity, and ground 
surface temperature were measured. The air 
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temperature and humidity were measured at a height 
of 90cm above the ground by means of an Assman 
ventilated psychrometer. For the air velocity, the 
prevailing wind direction was measured for 5min at 
a height of 120cm above the ground by means of a 
three-dimensional ultrasonic anemometer. 
Concerning when the wind was very gentle, the 
average air velocity was measured for 5min at a 
height of 120cm above the ground by a non-
directional anemometer and the three-dimensional 
ultrasonic anemometer.  

The short-wave thermal radiation heat quantity in 
the regions from the visible to the near-and-mid-
infrared and the terrestrial thermal radiation in the 
far infrared region, thermal radiation heat quantities 
in downwards and upwards directions were 
measured at a height of 90cm above the ground by 
long and short-wave radiometer. The ground surface 
temperature was measured by a radiation 
thermometer. 

The sky factor was measured by a photograph of 
the sky taken 120cm above the ground at the 
observation point using a fisheye lens with an 
orthographical projection format and a 35mmdigital 
SLR camera. The albedo, sky temperature, and 
surface temperature were calculated from each 
directional component of the short-wave thermal 
radiation heat quantity and the long-wave thermal 
radiation heat quantity. The abbreviations and the 
meaning are as followings: 

Ta is range of air temperature. Tf is range of 
ground surface temperature in the vicinity of the 
human body. RH is relative humidity. Va is air 
velocity. RSdwn is downward short wave solar 
radiation. RSup is upward short wave solar radiation. 
RLdwn is downward long wave radiation. RLup is 
upward long wave radiation. 

The influence of short wave solar radiation in 
outdoor environment appears to be strong in summer, 
when the air temperature is higher than the skin 
temperature of the human body, evaporation is the 
only means of dissipating heat [2]. 
 
Human Related Factors 
 

Subjects moved on foot to the observation points 
without being planned to reduce mental fatigue at 
the slow walking speed (around 0.7 m/sec), they 
were exposed to the thermal environment in a 
standing posture. Skin temperatures were measured 
as physiological conditions for the human body by a 
thermistor thermometer. Skin temperature was 
measured at the positions of the head, trunk, arm, 
hand, thigh, lower leg and foot. The subjects freely 
selected their clothing to be suitable to the weather 

on the measurement day. The clothing quantity of 
the subjects was sought by the clo value by layering 
the clothing reported by the subjects. As a 
psychological condition for the human body, the 
psychological response was measured after staying 
at the observation point for 5min by means of rating 
the whole-body thermal sensation (cold-hot) and the 
whole body thermal comfort (comfortable-
uncomfortable) on a linear scale as Kurazumi et al 
2011. 
 
The Cooling Effect Conditions and the Thermal 
Environment Stimuli 
   Urbanization is a major cause of Urban Heat 
Island (UHI) phenomenon, relates to a high 
percentage of low-albedo and impermeable surface, 
a reduction of the cooling effect of shading, building 
up areas and especially the urban canyon where heat 
is reradiated and reflected back to the surrounded 
environment [6]. 

Planners always include shade tree wherever 
possible as a strategy to reduce heat islands and 
improve outdoor environment in three ways ; 
through shading, through evapotranspiration, and 
through wind shielding [7],[8]. The studies in many 
regions confirm that tree shade is an ecological 
solution to reduce both mean radiant and surface 
temperature, tree canopy can filter and absorb solar 
radiation, whilst be most affects human’s thermal 
comfort or physiologically equivalent temperature 
(PET) [7],[9].In macro scale, urban parks have been 
demonstrated to have a significant cooling effect 
strongest for land surface temperatures of 
surrounding urban areas as far as 860 m from the 
park boundary[6]. 

While pavements with light-colored surfaces can 
offset or reverse the heat island, which have high 
solar reflectance and high thermal emittance can 
reduce the temperature of the surface, which reduce 
urban temperature and improve urban air quality in 
summer season [6],[11],[12],[13]. 

 
Human Physiological and Psychological Responses 
  There was a study that acclimatization will not 
have significant difference of psychological reaction 
when the subject could not tolerate the environment 
at the temperature is greater than 40˚C [4]. And Thai 
people from a tropical region perceive an ETFe of 
up to around 35˚C to be a moderate thermal 
environment but cannot tolerate the temperature  
around more than 40˚C [5] or 3˚Cthan normal body 
temperature or normothermia = 36.8 ±0.7 °C. 
Therefore, the effective outdoor environment 
designers should be aware of the harsh environment 
and consider avoid alternatives and factors that can 
create heat radiation especially in summer. 
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RESULTS OF EACH SITE’S THERMAL 
ENVIRONMENT 

 
        After data calibration, the results from 
measurements were compared in different methods 
to illustrate the effects site conditions to human 
thermal comfort. The results after comparing three 
key issues; seasonal, site, and human related factors;  
to find the high potential thermal comfort outdoor 
environment in the urban campus. 

 

Site 
Ground Sky 

Summer Rainy Summer Rainy 
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Fig. 2 Ground and sky photos of the sites with 

different cooling conditions 
 
Site Cooling Effects 

 
The most significant factors to explain site 

cooling effect are  1) Sky factor, 2) U-green factor, 
and 3) D-green factor. From Fig. 2,  ground and sky 
orthographic photos of the sites show different 
cooling conditions of space, especially ground cover 
and pavement materials from ground photos and 
building canyon and tree canopy from sky photos. 

Thereafter, sky factor and U-green / D-green 
factor have been simulated. Sky factor is defined as 
the ratio of configuration factor of sky to semi 
celestial sphere. U-green factor is defined as the 
ratio of upward green, water surface and the like 
solid angles to semi celestial sphere solid angle. D-
green factor is defined as the ratio of downward 
green, water surface and the like solid angles to semi 

celestial sphere solid angle. According to Fig. 3 and 
Fig. 4, the sites with the highest D-green factor are 
pond site and north play field, where ground is 
covered with grass, water, and bare ground. U-green 
factor in each site shows tree canopy coverage ratio. 
Therefore, at the north playfield site, when the 
measurement point was moved from under the trees 
to the field, sky factor is higher more significantly. 
In addition, the auditorium site has higher sky factor 
and less D-green factor, thus it tends to directly 
expose to the radiation. 

 

 
Fig. 3 [Summer season] Characteristics of the 

sites with different cooling conditions  
 

 
Fig. 4 [Rainy season] Characteristics of the sites 

with different cooling conditions 
 

Together with the sky factors and green factors, 
at each site, other factors relates to albedo effect 
were measured, in order to explain the cooling effect 
of the sites (Table 3). These included the mean 
values of RSdwn (downward short wave solar 
radiation), RSup (upward short wave solar 
radiation), RLdwn (downward long wave radiation), 
RLup (upward long wave radiation), Ta (air 
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temperature), Tf (ground surface temperature), RH 
(humidty), Va (air verocity), and Tf-Ta (cooling 
effect temperature). The underlined numbers are 
among those with cooling effect presented, and in 
opposite, the bold numbers are those with harsh 
thermal effect presented. 

 
DISCUSSION ON INTEGRATION OF HUMAN 
THERMAL COMFORT AND SITE 
CHARACTORISTICS 

 We assumed that site characteristics of how the 
outdoor spaces and their surroundings have been 
designed are the key factors influence human 
thermal comfort. Results from meteorological 
condition of the sites show that both in summer and 
rainy seasons, the less cooling condition is 
significantly presented at auditorium south side 
plaza, where Tf-Ta is very high.  
 
Table 4 [Summer season] Mean temperature 

 

It is interesting that the sites, where surrounded with 
buildings and pavement such as building court and 
Engineering building side, have quite high RLdwn 
radiation. Whilst, the open field area with grass or 
bare ground such as north play field has very high 
RS both upward and downward, in addition to quite 
high RLup but very low RLdwn. 
 
Table 5 [Rainy season] Mean temperature 

 

 Time Ta[℃] Tf[℃] difT Mean

0-Building court 16-1033 31.1 28.7 -2.4 -3.6
0-Building court 16-1211 31.6 20 -11.6  
0-Building court 16-1336 32.2 29.5 -2.7  
0-Building court 16-1512 30.8 28.5 -2.3  
0-Building court 17-0943 29.4 26.2 -3.2  
0-Building court 17-1107 30.2 27.2 -3.0  
0-Building court 17-1254 30.5 29.2 -1.3  
0-Building court 17-1419 30.5 28.3 -2.2  
1-Pond side 16-1054 31.4 30.8 -0.6 -0.9
1-Pond side 16-1455 31.2 30.6 -0.6  
1-Pond side 17-1050 30 29.1 -0.9  
1-Pond side 17-1312 30.6 29.2 -1.4  
2-North playfield 16-1114 32.5 38.7 6.2 5.9
2-North playfield 16-1441 31.2 34.7 3.5  
2-North playfield 17-1034 30.4 35.3 4.9  
2-North playfield 17-1327 32 40.8 8.8  
3-Engineering bldg 16-1133 31.4 30.4 -1.0 -0.1
3-Engineering bldg 16-1412 30.7 31 0.3  
3-Engineering bldg 17-1017 29.8 29.3 -0.5  
3-Engineering bldg 17-1344 30.2 30.9 0.7  
4-Auditorium plaza 16-1149 32.5 37.1 4.6 7.3
4-Auditorium plaza 16-1356 31.8 41.3 9.5 
4-Auditorium plaza 17-1001 30.4 36.2 5.8 
4-Auditorium plaza 17-1359 30.8 40.2 9.4 

      

CONCLUSION 
 

       Chulalongkorn University aims for the higher 
ranking of UI GreenMetric in the next following 
years. The landscape design of urban campus 
outdoor environment still needs to decrease energy 
consumption especially for indoor HVAC system. 
Findings from the research, which integrated human 
sensation responses to each outdoor space in 
summer and rainy seasons and the meteorological 
condition of the sites have shown a significant 
finding that cooling effects facilities in the tropical 
climate can be designed for the best thermal 
comfort, spaces between buildings in the very high 

 Time Ta[℃ Tf[℃] difT Mean

0-Building court 10-1150 30.1 30.04 -0.06 3.53
0-Building court 10-1330 30.5 35.61 5.11  
0-Building court 10-1533 30.3 30.93 0.63  
0-Building court 10-1716 29.5 34.49 4.99  
0-Building court 11-1045 29.5 32.84 3.34  
0-Building court 11-1226 31.2 35.04 3.84  
0-Building court 11-1417 31.6 35.47 3.87  
0-Building court 11-1604 31.0 37.49 6.49  
1-Open-air café 10-1206 30.0 31.67 1.67 4.70
1-Open-air café 10-1552 31.1 36.52 5.42  
1-Open-air café 11-1104 30.0 35.85 5.85  
1-Open-air café 11-1438 32.1 37.97 5.87  
2-Pond side 10-1224 30.2 32.68 2.48 1.93
2-Pond side 10-1659 29.6 31.82 2.22  
2-Pond side 11-1209 30.8 32.75 1.95  
2-Pond side 11-1456 31.3 32.37 1.07  
3-North playfield 10-1316 30.2 35.28 5.08 5.35
3-North playfield 10-1610 29.9 34.70 4.80  
3-North playfield 11-1120 30.5 34.87 4.37  
3-North playfield 11-1549 31.4 38.55 7.15  
4-Engineering bldg 10-1242 30.2 33.72 3.52 3.80
4-Engineering bldg 10-1642 29.6 34.78 5.18  
4-Engineering bldg 11-1153 30.3 33.68 3.38  
4-Engineering bldg 11-1515 31.5 34.61 3.11  
5-Auditorium plaza 10-1257 30.9 41.08 10.18 12.92
5-Auditorium plaza 10-1628 29.9 41.36 11.46  
5-Auditorium plaza 11-1139 30.8 47.23 16.43  
5-Auditorium plaza 11-1530 32.3 45.92 13.62  

Table 3 Meteorological condition of the sites with different cooling conditions 
 

 
Site[ND] 

RSdwn 
[W/m2] 

RSup 
[W/m2] 

RLdwn 
[W/m2] 

RLup 
[W/m2] 

Mean Va Mean RH Mean Ta 
Mean 

Tf Tf-Ta 
Su

m
m

er
 

0-Building court 20.32 4.67 484.41 482.61 0.58 61.51 30.10 30.04 -0.06 
1-Open-air café 47.58 3.36 484.24 488.76 0.69 60.87 30.00 31.67 1.67 
2-Pond side 107.24 26.05 478.67 478.92 0.95 61.09 30.20 32.68 2.48 
3-North playfield 136.20 35.64 479.79 489.40 1.52 63.05 30.20 35.28 5.08
4-Engineering bldg side 28.63 3.60 482.99 484.68 0.79 62.48 30.20 33.72 3.52
5-Auditorium plaza 437.27 116.06 462.90 530.50 1.61 61.02 30.90 41.08 10.18 

R
ai

n
y 

0-Building court 9.79 0.42 482.76 472.87 0.80 59.36 30.8 27.2 -3.6
1-Pond side 82.40 17.94 481.67 479.84 0.68 61.44 30.8 29.9 -0.9 
2-North playfield 581.36 96.92 451.17 509.57 1.63 58.47 31.5 37.4 5.9 
3-Engineering bldg side 18.42 -0.82 482.53 479.57 0.83 62.13 30.5 30.4 -0.1 
4-Auditorium plaza 371.61 91.32 467.72 511.83 1.22 59.46 31.4 38.7 7.3 
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density area would be able to create a comfort zone 
for outdoor activities. The most interesting finding 
from this study is the paved outdoor space with less 
shade can create very harsh thermal condition. 
Therefore, although the built up area is the major 
cause of UHI, but a court area between a group of 
buildings with tree canopies can offer a comfort 
zone both in summer and rainy season. Open field 
area is good as an infiltrated ground for Water 
Sensitive Urban Design (WSUD) and keeps the 
average temperature cool only being covered with 
grass. The heat from shortwave solar-radiation, and  
long-wave radiation ; so called albedo effect and 
emissivity ; should play an important role in human 
thermal comfort and landscape design of an outdoor 
space. 
 
 
ACKNOWLEDGEMENTS 

 
 The corresponding author would like to thanks 
the Japanese authors who have travelled with all the 
instruments to Thailand, a hot and humid country, 
several times throughout the years in order to make 
this research possible. 

 
REFERENCES 

 
[1] Honjo T., "Thermal comfort in outdoor 

environment", Global Environmental Research, 
13/2009, pp. 43-47. 

[2] Kurazumi Y. et al., "The influence of outdoor 
thermal environment on young Japanese 
females", Int J Biometeorol, Vol. 58, 2014, pp. 
963–974. 

[3] Kurazumi Y. et al., "Evaluation of enhanced 
conduction-corrected modified effective 
temperature ETFe as the outdoor thermal 
environment evaluation index", Energy and 
Buildings, Vol 43, 2011, pp. 2926–2938. 

[4] Kurazumi Y. et al., "Ethnic differences in 
thermal responses between Thai and Japanese 
females in tropical urban climate", American 

Journal of Climate Change, Vol. 5,2016, pp. 52-
68. 

[5] Kurazumi Y. et al., "The influence of tropical 
urban climate upon the human body.", in Proc.  : 
International Joint-Conference of SENVAR-
iNTA-AVAN 2015, Johor. 

[6] Al-Gretawee H, Rayburg S, Neave M, "The 
cooling effect of a medium sized park on an 
urban environment", International Journal of 
GEOMATE, Oct., 2016, Vol. 11, Issue 26, pp. 
2541-2546. 

[7] Tukiran J MD, Ariffin J, Ghani A N A, 
"Cooling effects of two types of tree canopy 
shape in Penang, Malaysia", International 
Journal of GEOMATE, Aug., 2016, Vol. 11, 
Issue 24, pp. 2275-2283. 

[8] Huang Y J, Akbari H, Taha H, "The wind-
shielding and shading effects of trees on 
residential heating and cooling requirements", in 
Proc. :the ASHRAE Winter Conference, 1990. 
pp. 1403–1411. 

[9] Matzarakis A, Mayer H, Iziomon M G, 
"Applications of a universal thermal index : 
physiological equivalent temperature", Int J 
Biometeorol, V.43: 1999 pp.76–84. 

[10] Tukiran J MD, Ariffin J, Ghani A N A, "A 
study on the cooling effects of greening for 
improving the outdoor thermal environment in 
Penang, Malaysia", International Journal of 
GEOMATE, June, 2017, Vol.12 Issue 34, pp. 
62-70. 

[11] Akbari H, Pomerantz M, Taha H, "Cool 
surfaces and shade trees to reduce energy use 
and improve air quality in urban areas", Sol. 
Energy, vol. 70, no. 3, Jan. 2001, pp. 295–310. 

[12] Taha H, Hammer H,  Akbari H, "Meteorological 
and air quality impacts of increased urban 
albedo and vegetative cover in the Greater 
Toronto Area, Canada", Berkeley, Calif., 2002. 

[13] Rosenfeld AH. et al., "Mitigation of urban heat 
islands: materials, utility programs", Energy and 
Buildings, Vol. 22, 1995, pp. 255-265. 

 



 

700 
 

Seventh International Conference on Geotechnique, Construction Materials and 
Environment, Mie, Japan, Nov. 21-23, 2017, ISBN: 978-4-9905958-6-9 C3051 

 ANALYSIS OF TSUNAMI IMPACT TO COASTAL VEGETATION 
AND GEOLOGICAL LANDSCAPE AT KUALA TERENGGANU 

 
Nurfarhana Aisya Anuar1 and Abdul Halim Abdul Latiff2 

1,2Faculty of Geosciences and Petroleum Engineering, Universiti Teknologi PETRONAS, Malaysia 

 
ABSTRACT 

 
In this study, the impact of potential tsunami occurrences on the Kuala Terengganu coastline, which originated 
from the Manila Trench is analyzed. The tsunami effects were investigated with the aid of wave simulation models 
while considering the coastal vegetation and geological factors of the study area. This study was initiated because 
several seismologist and earth scientist discovered that there is a possibility of an earthquake with the magnitude 
9.3 Mw will occur along the Manila Trench. Thus, to identify the potential tsunami impact on the East Coast 
Peninsular Malaysia area, data were gathered from field study and was used to generate a tsunami wave 
propagation model and a run-up and inundation model. From the result, a tsunami will reach the coastline by 11 
hours with a maximum wave height of 0.143m, a run-up height of 0.5m, and an inundation distance of 4m. 
However, in consideration of external variables, a new model was constructed with a maximum wave height of 
1.5m, a run-up height of 2m, and an inundation distance of 14m. The studied area, Batu Rakit beach coastline was 
flooded and areas near the coastline have a high risk of getting impacted whereas areas with coastal vegetation 
have a lower risk of impact. 
 
Keywords: Tsunami; Geological Landscape; Coastal Vegetation 
 
 
INTRODUCTION 
 

Earthquakes and tsunami have caused countless 
lives and assets losses throughout the history of 
mankind. The greatest tsunami that has hit Malaysia 
recently is the 2004 Andaman seaquake, which holds 
a magnitude of 9.0. The Andaman Tsunami causes 
more than 240,000 deaths throughout the Indian 
Ocean coastline. Later, in 2011, a tsunami of a similar 
magnitude took place off the Pacific coast of Tohoku, 
Japan resulting in a death toll of 15,891 whereas 
2,500 lives are still missing. Both major earthquakes 
occur along a subduction zone. The next subduction 
zone near Malaysia is the Manila Trench (Fig. 1). 
Researchers are now predicting a potential 
earthquake of a magnitude of 9.3 occurring from the 
Manila Trench. Therefore, it is essential to identify 
the impact of a tsunami originating from the Manila 
Trench on the coast of Malaysia. 

 
In this study, the potential tsunami impact on the 

coastline of Batu Rakit beach, Kuala Terengganu will 
be simulated. The geological landscape of the study 
area such as the bathymetry, slope of the coastline as 
well as the shape of the coastline will be identified 
and used when generating the tsunami simulation. 
The coastal vegetation of the study area will also be 
considered. The objectives of this study is to study the 
geological landscape of Batu Rakit beach coastline as 
well as to construct a tsunami wave propagation 
model. Information on the geological landscape of 
Batu Rakit beach will be analyzed and taken into 
consideration during the generation of the tsunami 

models. Whereas, the tsunami wave propagation 
model will display the propagation of the tsunami 
waves originating from the Manila Trench and the 
time and magnitude of the tsunami impact on the 
coast of Batu Rakit beach. 

 
Figure 1: Location of the Manila Trench from Kuala 
Terengganu 
 
 
EARTHQUAKES AND TSUNAMI  
 

The Earth’s lithosphere is broken into pieces 
called tectonic plates. These plates are constantly 
moving due to the tectonic cycle which can be 
simplified into four stages; formation of new 
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lithosphere from magma, seafloor spreading, plate 
collision forming subduction zones and reabsorption 
of the old plate into the mantle. These subduction 
processes create tremendous stores of energy, which 
are released periodically as earthquakes [1]. Tsunami 
comes from the Japanese word “Tsu” and “Nami” 
meaning harbour and waves respectively, thus is 
defined as waves that increase in velocity and height 
as the waves enter a harbour [1, 2]. As obtained from 
the Australian Government – Geoscience Australia 
by Liew [2], 75% of the tsunami are caused by 
earthquakes, whereas the cause of 10% of the tsunami 
are unknown followed by 8% due to landslides, 5% 
from volcanic eruptions and 2% from meteorological 
impact. However, not all earthquakes can produce a 
tsunami. Tsunami only develops when an earthquake 
occurs in the ocean [3] with a vertical fault movement 
and an earthquake of M7.5 [1]. These earthquakes can 
also lead to underwater landslides and trigger tsunami. 
 
 
THE MANILA TRENCH  
 

The Manila Trench is located on the west side of 
the Philippines. The 1200 km-long subduction zone 
is formed during the early Miocene and continue 
active to the present day. Along the Manila Trench, 
the South China Sea oceanic crust inclines eastward 
below the Philippines, southern Taiwan and the 
overriding ocean floor [4]. Several researchers have 
assessed the tsunami hazard from Manila Trench 
source and concluded that the worst case scenario is 
an earthquake with a magnitude 8.2 as there have 
never been recorded instrumentally an earthquake 
exceeding 7.6 in the area. However, considering the 
length of the Manila Trench, other researchers 
proposed that a larger earthquake with a magnitude 
up to 9.0 or 9.3 could occur [4]. Considering the fault 
geometry of the Manila Trench, the Manila Trench is 
divided into six segments (Fig. 2). Table 1 indicates 
the parameters of a source model for the Manila 
Trench proposed by Nguyen et. al [4] sufficient 
enough to generate an earthquake of 9.3 Mw.  
 
 
GEOLOGICAL FACTORS INFLUENCING 
THE TSUNAMI IMPACT  
 

The strength of a tsunami is measured by the wave 
speed and run-up including how far inland the 
tsunami can travel. The factors that influence the 
strength of the tsunami waves are the seaquake 
magnitude, seaquake depth, shore distance with the 
epicentre and coastline morphology or bathymetric 
characteristic as well as the seabed gradient [5]. The 
deeper the earthquake depth, the weaker the tsunami 
generated. Whereas in term of the coastline 
morphology, weak tsunami is generated if the 
gradient is greater nearing the shore. However, a 

constant gradient with a gentle slope will form a 
tsunami with lower speed compared to the seabed 
with a sudden change in slope angle [5]. 

 
Figure 2: Six segments of the Manila Trench, 
referred from [4] 
 
 
ROLE OF COASTAL VEGETATION IN 
TSUNAMI EVENTS  
 

Coastal vegetation has been proven to ensure the 
stabilization of the beach and slope areas. Studies 
have shown damages and impacts from tsunami 
reduced due to the protection of the coastal vegetation. 
However, some authors disagree, stating that no real 
proof existed on the mitigation effects [6]. Despite 
that, V. Selvum stated that the mangrove forests, a 
type of coastal vegetation have protected the shore of 
southern India against cyclones and other storms for 
thousands of years [7]. Similar in Malaysia, claims 
have been made on how fishermen were saved during 
thee tsunami of December 2004 due to the existence 
of mangrove swamps along the Penang coastline. The 
mangrove forests minimize erosion and 
sedimentation affects as well as dampening and 
absorbing the wave energy. The mangrove forests 
also contribute to the low settlement density in certain 
areas thus reducing the risks to both human and 
property [7]. 
 
TSUNAMI SIMULATION MODELLING  
 

The Intergovernmental Oceanography 
Commission, the depth-averaged two-dimensional 
shallow water equations (SWE) can be used to 
simulate the tsunami propagation in deep ocean. The 
conditions of the applicability of SWE is when the 
wave heights are smaller than the depths of water and 
the wavelengths. Comparing the 3D and 2D models, 
2D models is adequate enough as the 3D models 
require excessive memory and long computational 
time [8].  
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Table 1: The hypothetical fault parameters of Manila Trench source [4] 
 

Fault Lon. Lat. Length 
(km) 

Width 
(km) 

Dislocation 
(m) 

Depth 
(km) 

Strike 
(⁰)

Dip 
(⁰) 

Rake 
(⁰) 

1 120.5 20.2 190 120 25 30 354 10 90 
2 119.8 18.7 250 160 40 30 22 20 90 
3 119.3 17.0 220 160 40 30 2 28 90 
4 119.2 15.1 170 90 28 30 356 20 90 
5 119.6 13.7 140 110 12 30 344 22 90 
6 120.5 12.9 95 80 5 30 331 26 90 

The tsunami simulation used in the project is 
TUNA software, which uses the shallow water 
equations and under normal assumptions, the 
equations describing the conservation of mass and 
momentum can be depth averaged and be written as 
the following equations [8]. 
 
METHODOLOGY  
 

First, we conducted a few field studies in order to 
have a deeper understanding of the geological 
landscape as well as the coastal vegetation available 
at Batu Rakit coastline. During the fieldwork, the 
gradient of the beach will be measured to create the 
cross-section of the Batu Rakit coast and seafloor. 
Traversing of the coastline is performed to obtain an 
accurate image of the coastline. The work conducted 
similar to the procedure proposed in [9].  
 

Then the tsunami wave propagation was modelled 
by incorporating TUNA tsunami simulation software. 
This software will be used to generate tsunami 
simulation on the area of study. Certain criteria will 
be taken into consideration during the generation of 
the simulation such as geological landscape of the 
study area as well as the fault displacement, fault 
location and focal depth of the tsunami origin. The 
input parameters of the TUNA Software are divided 
into five main controls; domain and output control, 
source control, boundary control (other control), 
bathymetry control and time series. The domain and 
output control defines the computational power 
required and the output by adjusting the number of 
iterations, grid size, computational nodes and others 
[8]. Other controls section defines the boundary 
conditions, whether the boundary is open or close. In 
this section, the gravitational acceleration and the 
Manning’s coefficient is also determined [8]. The 
bathymetry and topography of the area is set in the 
bathymetry control section. The number and location 
of observation points to record the wave simulation 
height of the ocean is adjusted in the time series 
control [8].  
 
 
 
 
 

ANALYSIS OF COASTAL MAP 

From the initial field study conducted, the coastal 
map and seafloor cross-section of Batu Rakit 
coastline was constructed and modelled (figure 3 and 
figure 4). A total of 11 coordinates were taken along 
the coastline of Batu Rakit beach with an interval of 
100 m. The coastline of Batu Rakit beach is rather 
straight, facing the South China Sea at a North-East 
direction. The cross-section is perpendicular to the 
coastline, with P6 as a starting point. The beach has a 
width of 30 meters and the coastline elevation rise to 
almost 6 m above the sea level. The difference 
between high tide and low tide is around 1.5 meters 
vertically and 10 meters horizontally. The average 
slope of the area is of 10⁰ thus is considered a gentle 
slope. There is also a rather thick beach forest located 
at P1 and continues northwest of the area. Between 
P3 and P4, more coastal vegetation is observed 
(figure 5). There are fisherman villages along the 
coastline. At the end of the study area, starting from 
P11, large granite boulders are observed. These 
boulders are used to prevent further coastal erosion to 
the area. The coastal erosion defense continues up to 
2 km eastward of the beach.  
 

 
Figure 3: Coastal Map of Pantai Batu Rakit 
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Figure 4: Seafloor Cross-section of the Pantai Batu Rakit Coastline from A to B 

 

 
Figure 5: Field Map of Batu Rakit beach. 

 
 

TSUNAMI PROPAGATION MODEL  
 

Seven tsunami wave models are generated using 
the TUNA-M2 Software. The models are generated 
according to the parameters in Table 2. The 
parameters are obtained from Nguyen et. al [4] as the 
source model incorporated all advantages of two 
models proposed by Wu and Huang (2009) and 
Megawati et al. (2009). However, the width of the 
fault zones is altered to 10km due to the difference in 
width definition used for the simulation. Six of the 
models generated simulate the tsunami wave 
propagation originating from different fault zones; 
Fault 1 to Fault 6. Whereas one model is generated to 
simulate the worst case scenario where the tsunami 
wave propagation originates from all fault zones 
simultaneously. All the models are run for 40001s of 
simulation. In all the models, by 11 hours, the tsunami 
waves reach the coast of Kuala Terengganu but with 
different wave heights. The maximum wave heights 
for each tsunami model is recorded in Table 3. 

 

Comparing each individual faults, the tsunami 
waves originating from Fault 3 shows the highest 
maximum wave height followed by the waves 
originating from Fault 2, Fault 4, Fault 1, Fault 5 and 
Fault 6. Fault 3 has the highest wave height due to its 
high fault dislocation of 40m as well as the direction 
of the strike. However, the worst case scenario is 
when the tsunami waves originates from all the fault 
zones simultaneously with a maximum wave height 
of 0.143m. The propagation of the tsunami wave 
originating from all faults is shown in Fig. 7. 

 
Table 3. Maximum wave height for each tsunami 

models 
Fault Maximum Wave Height (m)

Fault 1 0.028 
Fault 2 0.059 
Fault 3 0.082 
Fault 4 0.042 
Fault 5 0.018 
Fault 6  0.006  

All Faults  0.143  
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Figure 7: Tsunami wave simulation originating from 
all fault zones simultaneously. 
 

A tsunami wave run-up and inundation model is 
generated from the tsunami propagation model 
originating from all faults simultaneously to illustrate 
the maximum wave height as well as to identify the 
run-up height and inundation distance of the tsunami 
impact. With a maximum wave height of 0.143m, the 
run-up height of the tsunami impact is 0.5m and the 
inundation distance is 4m (Fig. 8). Regardless of the 
9.3 magnitude earthquake in the Manila Trench, the 
tsunami has low impact on the coast of Batu Rakit 
beach.  
 

However, in this study, the propagation model is 
generated with limited variables. In reality, many 
more variables can influence the tsunami wave 
heights. The earthquake in the Manila Trench may 
reactivate other faults within the area as well as 
triggering underwater landslides at nearby 
continental slopes especially along the Palawan 
Island where the continental slope is fairly steep thus 
contributing to the impact of the tsunami. In a case 
where these events may occur, a higher maximum 
wave height will hit the Batu Rakit coastline. 
Considering the external variables, a higher 
maximum wave height may be achieved. In a case 
where the maximum wave height is 1.5m, a run-up 
height of 2m whereas the inundation distance of 14m 
could occur (Fig. 9). 
 

 
Figure 8: Tsunami Wave Run-up and Inundation 
Model Originating from All Fault Zones 
 

 
Figure 9. Tsunami Wave Run-up and Inundation 
Model while Considering External Variables. 
 

Thus, the inundation map of Batu Rakit beach 
(Fig. 10) indicates that the whole coastline, coloured 
light blue, will be submerged by the tsunami. As the 
geological landscape of the coastline is straight and 
faces the open ocean, the energy of impact along the 
coastline is constant. Areas in yellow colour have a 
high risk being effected by the tsunami, whereas areas 
with coastal vegetation have a lower risk of impact by 
the tsunami as the vegetation works as a barrier to 
prevent the tsunami from moving further inland.  
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Figure 10: Inundation Map of Batu Rakit beach. Blue 
region indicate the area will be flooded by sea water, 
while the yellow region is the high risk area. 
 
CONCLUSION & RECOMMENDATION  
 

In this study, the study on the geological 
landscape of Pantai Batu Rakit Coastline was done. 
Pantai Batu Rakit is a straight coastline facing the 
South China Sea in the northeast direction. The 
coastal slope of the area is gentle with a gradient angle 
of 10o. Coastal vegetation are present along the 
coastline, as well as fisherman villages and granite 
boulders as coastal erosion defence. Several tsunami 
wave propagation models were constructed. The 
parameters used in this study generates an earthquake 
of magnitude 9.3 in the Manila Trench. The models 
indicate that the tsunami waves will reach the 
coastline of Pantai Batu Rakit in 11 hours. The model 
originating from all faults simultaneously shows the 
highest maximum wave height. A tsunami run-up and 
inundation models is also generated thus concluding 
that the tsunami waves with the following parameters 
have low impact on the coast of Pantai Batu Rakit. 
 

However, many more external variables may 
contribute to the tsunami wave height. Considering 
the worst case scenario involving these external 
variables, a new tsunami wave run-up and inundation 
model is constructed. From this model, it is identified 
that the coastline of Pantai Batu Rakit will be 
submerged. Areas close to the coastline have high risk 
of tsunami impact except areas with coastal 
vegetation which will have a lower risk. In conclusion, 
all the objectives of this study is met. It is 
recommended a further study of this project is to be 
done. More possibilities such as the reactivation of 

faults and underwater landslide occurring near the 
Manila Trench are to be considered to identify the 
worst case scenario for precautionary measures.  
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ABSTRACT 
 

Fish resources Information urgently needed by development planners in fisheries sectors, especially for fisheries 
development. Quantitative information like the potential assessment number is determined by the presence or 
absence of basic information such as the results of the surveying research vessel, and also from the information 
that is collected through a regular monitoring; particularly catch effort data, the fishing season, and the migration 
of certain species in respective territorial waters. The fisheries resources utilization in East Java tends to be over 
exploited. This caused uncertainty of fishing activities for the traditional fishermen in the East Java waters. Some 
studies of population dynamics and fish stock assessment described fisheries resources exploitation in some 
areas of East Java was on fully exploited to over exploited condition. The aim og this research were; [1] to know 
sustainable potential and total allowable catch of fisheries resources in the area of Pasuruan regency, 
Probolinggo regency, and Banyuwangi regency; [2] tho know the utilization status of fisheries resources in the 
area of Pasuruan regency, Probolinggo regency, and Banyuwangi regency; and [3] to determine the 
empowerment strategy for fishermen community in order to utilize fisheries resources in the area of Pasuruan 
regency, Probolinggo regency, and Banyuwangi regency. The analyses were done through the calculation of 
sustainability potential, and total alowable catch, and determine the controlling strategy of fisheries resources 
utilization. The study described that the comparison analysis of fishing trip data, fish catch and total alowable 
catch in the sustainable condition was in the over exploited condition. Moreover, based on the analysis of 
fisheries resources utilization status in the research area, the controlling strategy was created based on the 
recommendation of all stakeholders. These strategy including the management of fishing area, management of 
fishing time, and determine of an alternative activities in the scope of both fisheries and non-fisheries sectors. 
These strategies can be used as a basic data in determining an empowerment strategy for fishermen in the 
fisheries resources utilization. These strategies including accompaniment approach and information services 
through community and ecosystem based of fisheries resources management. 
 
Keywords: fisheries resources, sustainability, total allowable catch 
  
 
INTRODUCTION 

 
 Information on fish resources is needed by 
the special fisheries development planners for the 
development of capture fisheries. Quantitative 
information such as potential numbers is largely 
determined by the presence or absence of 
information from survey results of research vessels 
as well as from information collected through the 
periodic weather system, in particular catch data, 
fishing seasons, and distribution for certain species 
of fish in each region see (Purnomo, 2002). 
The utilization of marine fisheries in East Java can 
be said to have experienced excessive levels of 
exploitation. This will impact the uncertainty of 
fishing effort done by traditional fishermen in East 
Java responsible area. Various studies of population 
dynamics and indicator estimates indicate the 

pressure of exploitation of fishery resources in some 
areas such as East Java has experienced full 
exploitation until more exploitation. This will affect 
the work being built on the coastal area of East Java, 
or work as a fisherman. When the level of 
exploitation of marine fisheries resources in the 
mouth of East Java has experienced more capture 
then the catching operation is not possible to be 
repaired. This situation creates social and economic 
problems for coastal communities. Arrangement of 
capture quotas is one of the solutions to regulate 
excessive exploitation pressure on marine fish stocks 
in East Java. 

 
METHODS 

 
This research is one of analytical 

descriptive research that is describing real condition 
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that exists in field and doing situation analysis to 
data obtained. Descriptive method of analysis is a 
method of gathering facts through appropriate 
interpretation. This method of study is aimed at 
studying the problems that arise in society in certain 
situations, including community relations, activities, 
attitudes, opinions, and ongoing processes and their 
effects on certain phenomena in society. This 
method is used to answer the research objectives, 
namely; 
 
1. To know the amount of sustainable potential and 

JTB fish in the waters of the study area. 
2. To know the status of the utilization of fishery 

resources in the territorial waters of the study. 
The steps taken to answer the first goal are: 
1. Collection of captured data 

The data collected is data collected from 10 years 
since 2004-2013, the data is secondary data. 

2. Treatment of data 
The 10-year data is intended to obtain standard 
data as input for analysis using Schafer, fox and 
Walterhilbern formulas. The treatment technique 
is using the formula RFP (Relative Fishing 
Power). 

 While the steps to answer the second 
research objectives are: 
1. Compare the sustainable potential value 

calculated in the previous step to the actual 
utilization rate in 2014. 

2. Decision making to determine the status of 
resource utilization expressed in the sustainable 
utilization rate.. 

 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Study Area 
       [A] Pasuruan Regency; 
       [B] Probolinggo Regency 
       [C] Banyuwangi Regency 

 
Conversion of the Catching Efforts 
      The fisheries management model refers to the 
assumption that fishing gear must be transferred into 
a standard unit. Thus it can be said that the fishing 
gear is made into one unit equivalent to the catching 
equipment that is considered standard. The 
conversion method used with the equation: 
 
 

.................................................(1) 

Where : 
CpUE = Capture per unit of effort 

 = Average portion of fishing gear 1 to total  
    fish production 

 = Average catch of fish by fishing gear 
= Mean Effort of the fishing gear 

              Considered standard (trip). 
 
While the RFP is calculated using the equation: 
 

...............................................(2) 

 
Dimana : 
RFP   = Index type conversion tool 

                  Catch 
Y/  = Catch per unit effort respectively 

    each fishing gear 
Y/  = Catch per unit effort from tool 

    standard 
 
Maximum Estimates Sustainable 
 The estimation of maximum sustainable 
balanced tuna is done by using holistic approach or 
surplus production method that is Schaefer model 
(1954) and Fox (1970) to determine which method is 
"best fit" which is able to represent actual 
exploitation level of tuna. The maximum amount of 
effort sustained (fMSY), and maximum sustainable 
yield (YMSY) can be calculated by the formula 
 
(1) According to Schaefer (1954) 
 ...............................................(3) 

 dan ........................(4) 
 
Where : 
Y = Catch 
F = Attempts to catch 
A = Intercept of Schaefer model 
B = Slope of Schaefer model 
Ymsy = Maximum sustainable catch (potential 
Sustainable catch) 
Fmsy = Sustainable fishing effort 
 
(2) Menurut Fox (1970) 

.........................................................(5) 
 dan ........................(6) 

 
Where : 
c  = Intercept of Fox model 
d = Slope model Fox 
 
To calculate the utilization rate of a fishery resource 
by the formula: 
JTB = 80%Ymsy....................................................(7) 
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Estimation of the Potential of Sustainable  
      Reserves and Potential Backup 
 According to Walter and Hilborn (1976) 
biomass from year t + 1, Bt + 1 can be expected 
from Bt plus biomass growth for one year was 
reduced by a certain amount of biomass during the 
year reduced by the amount of biomass released by 
exploitation of effort (f). The determination of stock 
biomes follows the calculation by the equation: 

 
.....................................................(8) 

 
Where : 
Bt   = biomass stock at time t 
Pdt = dB / dt = growth rate of biomass, intrinsic 
         (Ton / yr) 
K   = maximum carrying capacity of natural waters     
       against biomass 
R   = intrinsic growth rate of population stock 
T0 = time at Bt = ½ k 
T   = time, year, month and so on 
 
The potential for sustainable reserves is obtained 
from the equation Be = ½.k. While the potential of 
fish stock in 2013 is obtained by the equation: 
Bt+1 = Bt +Pdt – Yt.......Yt = ft  x Bt x…..............(9) 

=Pdt = r x Bt - x Bt²........................................(10) 
 
Preparation of Control Strategies 
       Fish Resources 
 The compilation of alternative strategies 
and the interest analysis of some of these structured 
alternatives will be based on: 

 Identification of potential carrying capacity 
of non-fishery fisheries in Pasuruan, 
Probolinggo, and Banyuwangi. 

 Identify issues of future utilization, 
problems and prospects of fishery resources 
in Pasuruan, Probolinggo and Banyuwangi 
districts through observation and interview 
(questionnaire distribution). 

 Focus Group Discussion (FGD) with 
stakeholders in the fishery and non-fishery 
fields in Pasuruan, Probolinggo and 
Banyuwangi districts to prepare whether or 
not alternative strategies have been 
developed. 

 
Measurement of Interest Scale 
 One of the measurement of attitude scale in 
the formulation of alternative interests of control 
strategy of utilization of Marine Fishery Resources 
in Pasuruan Regency, Probolinggo Regency and 
Banyuwangi Regency is analysis in Likert Scale. 
Likert scale according to Djaali (2008) is a scale that 
can be used to measure the attitude, opinion, and 
perception of a person or group of people about a 

phenomenon or phenomenon of education. The 
Likert scale is a psychometric scale commonly used 
in questionnaires, and is the most widely used scale 
in research surveys. 
 Based on the data obtained from respondents' 
answers, then it is processed by multiplying each 
point answer with the weight that has been 
determined with the weighted table of values, using 
the equation as follows: 
Total Score = ( Answer x Weight strongly agree) 
+ ( Answer x Weight agreed) + ( Answer x 
Neutral Weight) + ( Answer x Weight not agree) 
+ ( Answer Weight strongly disagree) 
To get the result of interpretation, must first known 
the highest score (X) and lowest number (Y) for 
item of assessment with formula as follows: 
Y = highest score likert x number of respondents 

(5th highest score) "Notice the Value Weight" 
X = Likert's lowest score x number of respondents 

(Lowest number 1) "Notice the Value Weight" 
So the assessment of respondents' interpretation of 
the strategy of controlling the utilization of Marine 
Fishery Resources in Pasuruan Regency is the result 
of the resulting value using the formula Index% as 
follows: 

Formula index% = (Total score) / (Y × 100) 
 
DISCUSSION 
 
Illustration of Concepts 

The concept that try to be described in 
general based on the existing condition is mainly 
related to the utilization of marine fishery resources 
obtained through several previous scientific studies 
and inventory activities of potentials and issues at 
the field level (location of the study). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 2. Concept Research Framework 
 

Utilization of Fishery Resources by Fisherman of 
East Java 

 CONDITION 

• Open access 

• Common property 

• Overfishing-Under fishing 

• IUU Fishing 

• Natural phenomena 

• Indications of coastal 

degradation 

 STUDY 

• Analysis of 

oceanographic factors 

• Catch Effort Survey 

• Mapping of potential 

fishing areas 
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Management 
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Management 
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 Stock estimation 
 Determination of 

the number of 
catches allowed

Strategy of 
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Existing Fishery Potential as a Guideline for 
Determining the Strategy of Fish Resources 
Utilization Control. 

A preliminary survey related to the 
production of capture fisheries in the three study 
areas is presented in Table 1. 

 
Table 1. Production by fishery sub-sector per     
              District (in ton) 

Reegency Total 
Catch 

Sea 
Public 
Waters 

Amount For Prov. 
East Java 395.046,8 381.573,9 13.472,9 
Pasuruan 7.807,3 7.634,1 173,2 
Probolinggo 9.755,7 9.665,2 90,5 
Banyuwangi 49.663,1 49.532,0 131,1 

(Source: East Java Fishery Statistics Data, 2016) 
 
 Based on Table 1, Banyuwangi Regency is 
the area of study with the largest fishing production 
in the sea when compared to Pasuruan and 
Probolinggo districts. Based on this data, the 
estimation of the utilization status of capture fishery 
resources in the study area can be based on dominant 
catch fish production, and into the catch group 
which has important economic value.. 
 
Analysis of marine fisheries resources 

Pasuruan Regency 
 
Based on the table of fishery production in 

Pasuruan waters, in Figure 3 presents fluctuations in 
the production of catches in Pasuruan. 

 
 
 
 
 
 
 
 
 
 

Fig 3. Graph of fish production in Pasuruanwaters 
(Source: East Java Fishery Statistics Data, 2016) 
 
 
 
 
 
 
 
 
 
Fig 4. Proportion of trips of four types of fishing 
gear inWaters of Pasuruan. 

 
The development of the standard payang  

fishing equipment shows that gear equipment in 
Pasuruan waters has the highest increase of 235,438 
trips from the previous year from 2004 to 2008 there 
was a decrease of 66,509 trips. In 2009, there was an 

increase of 96,539 trips from 2008. Then it 
decreased 112,822 trips in 2010 and then increased 
in 2011 With 2013 as many as 128.51 trips. The 
dominant fishing gear is payang, in this case the 
prediction of the result of the conversion of fishing 
gear and the amount of fish catch in Pasuruan waters 
is needed because this is related to the estimation of 
both models. The results of the conversion of fishing 
gear to the standard of fishing gear and the number 
of fish catch can be seen through Table 2. 
 
Table 2. Data on the number of standard converted 
tools 

Year Effort standart 
Payang (trip) 

Catch fish in 
water (ton) 

CpUE 

2004 561184,6 10403,4 0.018538 

2005 550286,2 13139,3 0.023877 

2006 391226 9817,5 0.025094 

2007 401990,1 9544 0.023742 

2008 402027,5 9411,5 0.02341 

2009 743624,3 9510,5 0.012789 

2010 342852,1 7037,3 0.020526 

2011 496436,4 7607,83 0.015325 

2012 474066,3 7814,3 0.016484 

2013 694523,5 7634,1 0.010992 

 
 The highest number of fishing gear was 
743,624.3 trips in 2009 with catches of 9,510.5 tons. 
The Schaefer and Fox models refer to the principle 
of the Surplus Production Model, the Schaefer and 
Fox is also called the equilibrium state model. 
Schaefer and Fox models can predict MSY 
conditions from optimum production amount 
(Ymsy), optimum catcher (fmsy). Fishery status and 
exploitation rate can be analyzed through 
comparison of optimum production value with 
production value in the last year or it can also 
through the number of fishing gear. Potential 
Sustainable Reserve (Be) fisheries in waters can be 
known through the Walter-Hilborn equation 
approach. This method does not depend on the 
equilibrium conditions of a stock of fishery biomass 
as in Schaefer's method (1954) and Fox (1970). In 
addition, this method is able to estimate the values 
of population parameters (r = intrinsic biomass stock 
growth rate (constant), k = maximum natural bearing 
capacity, q = capture  capability (catchability 
coefficient) in the model so as to make predictions 
more dynamic and closer to reality In the field This 
model is also known as the model of non-
equilibrium state model.Based on the results of the 
analysis on this model obtained the following 
results: 
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Table 3. The value of the non-equilibrium state  
              model 

 
 
 
 
 
 
 
 

Information : 
R = Intrinsic population growth rate 
K = The maximum carrying capacity of the water 
(carring capacity) 
Q = capability of catch (catchability coeficien) 
Be = Potential reserve of sustainable fish 
 
        The utilization rate (TP) of fish obtained from 
the calculation of the average value of effort over the 
last five years divided by fMSY. The result of the 
calculation is multiplied by 100 resulting in a 
utilization rate of 86%. From the calculation of the 
utilization rate can be said that the status of fishery 
utilization in the waters of Pasuruan is fully 
exploited the stock of resources already exploited 
close to MSY value and the increase in the number 
of fishing effort is not recommended. 
 
Table 4. Potential sustainable yield data 

 
Table 5. Potential sustainable yield data 

Model Schaefer Quantity Year 
2014 Result Utilization 

rate
Fe (number of 
trips of catching 
equipment in 
sustainable 
condition) unit 

585.231,9 460868 124.363,9 Over

Ye (number of 
catches of 

sustainable 
condition) tons / 

year 

9.830,9 7942,9 1888 Over 

JTB 
7.864,7 6354.3 1510.4 Over

 
At the level of pengoprasian fishing gear 

has exceeded the capacity causing the occurrence of 
over-fishing or over fishing. Therefore, efforts 
should be made to formulate strategies for 
controlling the utilization of fish resources in 
Pasuruan waters with technical fishing should not 
exceed MSY and for precautionary action by 
catching does not exceed JTB. 

 
 
 

Analysis of Marine Fisheries Resources 
      Probolinggo District 

 
Participatory mapping is done by involving 

local fishermen in Probolinggo Regency to create a 
map of potential marine fisheries in Probolinggo 
District / City waters. Validation of this map is done 
through active participation in several trips fishing 
operations at sea. This active participation also 
records the main fishing grounds of all fishermen 
who conducted fishing operations and had a fishing 
base in Probolinggo District / Town, including 
mapping the fishing grounds of Probolinggo District 
/ local fishermen as well as local naming tablature 
and geographical position of fishing areas of 
Probolinggo 

 
 
 
 
 
 
 
 
 

Fig 5. Map of distribution of fishing area 
          Based on fishing gear in Kab / Kota 
          Probolinggo 
 

Production of catches increased 
significantly from 2004 to 2006 by 56.9%. 
Production of this catch in 2006 is the largest fish 
production that is as much as 65,854.50 tons. While 
the production of the lowest fish is 21,361,7 tons in 
2012. In 2008 the production of catch is relatively 
fixed until 2010, and began to decline until 2013. 
Fish production in 2006 to the year of 2007 
decreased production by 32%, and continues to 
decline Until 2013. If compared with the highest 
production (in 2006) then the decline until the year 
2013 amounted to 34, 4% 

 
 
 
 
 
 
 

Fig 6. Graph production yield in probolinggo 
 
Potential Sustainable Reserve (Be) fisheries 

in waters can be known through the Walter-Hilborn 
equation approach. This method does not depend on 
the equilibrium conditions of a stock of fishery 
biomass as in Schaefer's method (1954) and Fox 
(1970). In addition, this method is able to estimate 
the values of population parameters (r = intrinsic 
biomass stock growth rate (constant), k = maximum 
natural bearing capacity, q = capture capability 

Variable Walter-Hilborn 

Intercept B0 = r 102,5054386 

X variable 1 B1 2951,977462 

X variable 2 B2 = q 2,02622 

k 7,0359 

Be 3,5179 

 Schaefer Fox Walter-hilbern 

MSY 9.830,9 9,419 31154,84663 
JTB 7.864,7 7,535 4,34404E-10 

Utilization of Fish Resources in Pasuruan 
The catch (tons ) Number of fishing trips 

7942,9 460868 
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(catchability coefficient) in the model so as to make 
predictions more dynamic and closer to reality In the 
field This model is also known as the model of non-
equilibrium state model. 
 
Table 6. The value of the non-equilibrium state  
              model 

Information : 
R = Intrinsic population growth rate 
K = The maximum carrying capacity of the water 

(carring capacity) 
Q = capability of catch (catchability coeficien) 
Be = Potential reserve of sustainable fish 

The utilization rate (TP) of fish obtained 
from the calculation of the average value of effort 
over the last five years divided by fMSY. The result 
of the calculation is multiplied by 100 to yield the 
utilization rate of 79%. From the calculation of the 
utilization rate can be said that the status of fishery 
utilization in Probolinggo waters is fully exploited ie 
the stock of resources already exploited close to 
MSY value and the increasing number of fishing 
effort is not recommended. 

 
Table 7. Potential sustainable yield data 

 
3.5 Analysis of marine fisheries resources in  
     Regency of Banyuwangi 
  

Mapping of capture areas is done through 
participatory mapping. This participative mapping is 
done by involving local fishermen of Banyuwangi 
Regency in making map of potential of marine 
fishery in Banyuwangi Regency waters. Validation 
of this map is done through active participation in 
several trips fishing operations at sea. This active 
participation also records the main fishing grounds 
of all fishermen who have been engaged in fishing 
operations and have a fishing base in Banyuwangi 
Regency, including mapping the fishing areas of 
local fishermen in Banyuwangi Regency as well as 

local naming tablature and geographical position of 
Banyuwangi fishermen fishing area. 

 
 
 
 
 
 
 

Fig 7. Map of distribution of fishing areas and fish 
catching line in the Regency of Banyuwangi 
 

Calculation of the result of the conversion 
of fishing gear and the number of fish catches in 
Banyuwangi waters is needed because this is related 
to the estimation of both models. The results of the 
conversion of fishing gear to the standard of fishing 
gear and the number of fish catch can be seen 
through Table 8. While Table 9 illustrates the 
calculation of the Potential Lestari And Total 
Alowable Catch / Number of Fishes Captured (JTB). 
 
Table 8. Data on the number of standard converted  
              tools 

Year 
f Y 

CpUE 
(Trip) (Ton) 

2004 20.443,68 2.406,50 0,117714 

2005 101.189,86 13.876,80 0,137136 

2006 2.277,46 62.223,50 27,32148 

2007 174.374,14 61.801,00 0,354416 

2008 7.104,27 51.371,00 7,231004 

2009 69.562,34 51.371,00 0,738489 

2010 17.163,03 29.264,00 1,70506 

2011 226.194,26 31.018,46 0,137132 

2012 65.406,91 38.879,95 0,594432 

2013 126.123,81 46.366,10 0,367624 

2014 460868 7942,9 0,017235 

 
Table 9. Result of sustainable potential calculation 
and Total Allowable Catch / number of fish that can 
be caught (JTB) 

b1 = r 1,778348467 Y_MSY = (b1*k)/4 1187559,319 

b2 0,080916473 f_MSY = r/(2*q) 108070,0588 

b3 = q 8,22776E-06 U_MSY = C/E 
k 

=b1/(b2*b3) 2.671.150,99 JTB = 80%*Y_MSY 950047,4553 

Be = k/2 1.335.575,50 

TP (C 
thntrakhir/Y_MSY)*10

0 32% 

Pd = (r*k)/4 1.187.559,32 

 
Analysis of FGD Results on Formulation 
       Strategy 
 
 Based on the results of FGD analysis it can 
be explained that the three alternatives of the 
compiled strategy are alternative strategies that are 

b1 = r 1,014468592 
b2 0,17940405 

b3 = q 3,50335E-05 
k =b1/(b2*b3) 161407,0965 

Be = k/2 80703,54824 
Pd = (r*k)/4 1,57129E-06 

Y_MSY = (b1*k)/4 40935,60749 

f_MSY = r/(2*q) 14478,5434 
U_MSY = C/E 2,827329128 

JTB = 80%*Y_MSY 32748,48599 
TP (rata2 E /Y_MSY)*100 79% 

 Schaefer Fox Walter-hilbern 
MSY 65.511,55 59.817,56 40.935,61 
JTB 52.409,24 46.053,11 32.748,49 

Utilization of Fish Resources 

The results of the 
catch(ton) 

Number of fishing trips 

22.686 159.054 
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agreed by all FGD groups. This is evidenced by the 
choice of all groups against the four strategies that 
have been compiled. Based on the score of interest, 
then strategy number 2 or is the preferred strategy 
that ranks first the FGD results. The last strategy is 
the alternative of other substitution fishery activities 
in the hope that the stock of marine resources in the 
waters of the research area is given time to recover 
naturally. This indicates that it takes a certain period 
of time for fishermen to be able to try alternative 
fisheries and other non-fishery activities in response 
to the catch status of more fish resources in the 
research area. 
 
Measurement of Interest Scale 
  
 Likert scale is done to measure approval and 
disapproval of respondent to all alternative of 
strategy which is arranged, with level consist of: [1] 
strongly disagree; [2] disagree; [3] neutral between 
agree and not; [4] agree; [5] strongly agree. Likert-
scale analysis in this research is based on strategy 
which have been arranged in FGD and also analysis 
of Likert scale result using weighted value table. 
 
Table 10. Percentage of values of all alternative 
strategies 

strategy 
Response Answer 

[1] [2] [3] [4] [5]
1. The strategy for controlling the 

utilization of fish resources 
includes: 
1. Capture time settings 
2. Arrangement of catch areas 
3. Alternative fishing and 
other non-fishery activities 

0 0 5 11 7 

Information : 
[1] strongly disagree; [2] disagree; [3] neutral; [4] 
agree; 
[5] strongly agree 
 
Total Score =  (7 x 5) + (11 x 4) + (5 x 3) + (0 x 2) + (0 x 1) 
  =  94 
Based on the total score above, then the 
interpretation result is calculated as follows : 
Y = 5 x 23 = 115 
X = 1 x 23 = 23 
Respondent's interpretation of the strategy of 
controlling the utilization of Marine Fishery 
Resources are: 

 
 

(category highly agree) 
 

CONCLUSIONS 
 

Based on the results of the study that has 
been done can be concluded : 
[1] Research on the regulation of capture quota for 
sustainable management of marine fishery resources 

can be done one of them based on the study of 
potential lestasi and fishery resource utilization 
status first. [2] Comparison of data analysis on the 
number of fishing trips in sustainable condition, the 
number of fish catches in sustainable condition and 
the number of catches allowed in the research area 
indicates the utilization level of marine fishery 
resources experiencing more catching condition. [3] 
Based on the analysis of the utilization status of 
marine fishery resources in the research area, the 
strategy of controlling the utilization of fishery 
resources is prepared based on the recommendation 
of all relevant stakeholders. These strategies include 
setting up fishing grounds, setting up fishing 
seasons, and setting alternative fisheries / non-
fisheries alternatives. This strategy forms the basis 
for determining the setting of catch quotas for 
sustainable management of marine fisheries 
resources in the research area. This strategy includes 
advisory approach and information services through 
community-based fishery resource management 
programs and ecosystems provided to fishermen. 
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USE OF INSECTICIDE-TREATED NETS AMONG PIG OWNERS 
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ABSTRACT 

Japanese encephalitis (JE) virus is the leading cause of vaccine-preventable encephalitis in Asia and the 

Western Pacific region. This study was carried out to explore the use of insecticide-treated nets (ITNs) to prevent 

JE among pig owners in the high endemic area of Kachin State, Myanmar. A total of 420 pig owners were 

interviewed by trained research assistants between March and May 2016. The majority of the respondents were 

farmers with low family income, living in poor housing conditions. Pig-raising by respondents was mainly 

categorized as closed-type (75%), however those pigs were kept in sties close to the house at night. Analysis 

indicated that less than a quarter (21%) of family members slept under insecticide-treated nets at night. 

Households with five or less members, owning more than two ITNs were more likely to use them at night (AOR: 

3.71; 95% CI: 2.07-6.62) (AOR: 5.47; 95% CI: 3.20-9.33). This study highlighted the adequacy of providing 

ITNs for all family members as a critical issue to prevent JE virus. Initiation of strategies to expand 

interdisciplinary collaborations and communication in all aspects of health care for humans, animals and the 

environment could take place. Availability of vaccines must be reconsidered as they are important in prevention 

and control of JE. 

Keywords: insecticide treated nets, Japanese Encephalitis, Pig owner, Myanmar 
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INTRODUCTION 

Japanese Encephalitis (JE) is the most important 

cause of viral encephalitis in Asia and Western 

Pacific [1], [2]. JE virus is transmitted to humans 

through the bite of an infected mosquito, primarily 

Culex species. Humans are incidental or dead-end 

hosts, because they usually do not develop a level or 

duration of viremia sufficient to infect mosquitoes. 

Culex tritaeniorhynchus, the major mosquito vector, 

breeds by lying eggs in rice fields, and the pig is 

considered the most common amplifying host of JE 

virus[3]. An estimated 67,900 JE cases typically 

occur annually, of which only 10% are reported to 

the World Health Organization [4]. Transmission 

mainly occurs in rural agricultural areas, often 

associated with rice cultivation and flood irrigation 

[2], [3], [5]. 

Myanmar has had one of the highest increases in 

irrigated rice areas over the past 15 years [1]. Data 

on JE incidence in Myanmar is limited, and it can be 

assumed that few cases are reported. According to 

available data, between 2007 to 2012 there were 74 

JE cases in Myanmar, with the highest mortality and 

morbidity reported in 2012 [6]. There were 113 

reported cases in 2015. A report on vaccine 

preventable disease surveillance from 2006-2011 

indicated that the number of reported cases 

fluctuated [7]. 

 There is no specific treatment for JE, therefore, 

prevention and control are critically important [1], 

[6]. The World Health Organization recommends 

having strong JE prevention and control activities 

which include ITNs, personal protective equipment, 

and integrated vector management. Although JE 

vaccines are available and cost-effective to prevent 

the disease [8], Myanmar has limited resources and 

cannot make JE vaccination available through the 

public sector [9]. There is also no established 

surveillance system in place[8]. Therefore, 

Insecticide Treated Bed-nets (ITNs) is one of the 

most effective methods to prevent mosquito-borne 

zoonotic disease including JE [10]-[13] in this 

country. Previous research studies identified several 

factors related to use of ITNs, these includes socio-

demographic factors, availability of bed nets, 

knowledge, and attitudes towards mosquito-borne 

diseases [14]-[17]. Lack of information on use and 

influencing factor on utilizing ITNs to prevent JE in 

Myanmar. This study aims to examine the use of 

ITNs and to identify factors associated using ITNs 

among pig owners the endemic area of Myanmar. 
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METHODOLOGY 

Study design and subjects 

 This cross-sectional descriptive study was 

conducted in Moemauk Township, Kachin State, 

Myanmar, which borders the People’s Republic of 

China. In 2015, the total population was 62,914 

within 1,068.95 square meters. It has low land areas 

in the west and south with a warm-temperate 

climate. The majority of residents are poor who use 

agriculture as their main source of family income. 

There were Japanese Encephalitis outbreaks in this 

area in 2013, 2015 and 2016. A sample of 420 

households (required for 5% precision) around 54% 

of community residents reported sleeping under an 

ITN the previous night, with 95% confidence limits 

and assuming 95% response rate. Simple random 

sampling was employed to identify pig owners in 

selected villages of three JE endemic areas. Pig 

owners responsible for feeding pigs in sampling 

areas were interviewed from March to May 2016. 

Interviewers introduced the topic, objectives, and 

type of questions. Oral informed consent was 

obtained prior to interview. Household 

environmental observation was also conducted 

during each interview.  

Research instrument 

A questionnaire was developed based on the 

literature and local context. It was first drafted in 

English, then translated into the local language, 

reviewed by a panel of experts and pre-tested in a 

village with comparable proximity and demographic 

distribution to the target sample. Observation was 

used to assess environmental factors related to JE 

outbreak during data collection time. The 

questionnaire consisted of four topics; 1) 

respondents’ characteristics, 2) knowledge regarding 

signs and symptoms of JE and attitude toward the 

use of ITNs, 3) animals raised and environment 

surrounding house, 4) use of ITNs by family 

members-whether they slept under a net the previous 

night. Approximately 20 to 30 minutes was needed 

to survey each respondent.   

Data analysis 

Descriptive statistics were employed to 

determine central distribution and frequency of the 

study variables. Bivariate and multivariate logistic 

regression were conducted to identify the 

significance of use of ITNs. Use of ITNs refers to 

whether all family members slept under an ITN on 

the night prior to being surveyed. A P value <0.05 

was considered statistically significant. 

Ethical considerations 

The study was reviewed and approved by the 

committee for research ethics of the university 

(COA No.2016/123.2903). The research study was 

collaborated with the Ministry of Health, Myanmar 

and Department of Health. Personal data of 

respondents was coded and kept as confidential 

information. 

RESULTS 

 Four hundred and twenty pig owners participated 

in this study. Over three quarters of respondents 

(76.9%) were female. The median age was 38 years 

(QD 11). Most participants are Shan, Buddhist. Over 

half completed primary school and lower, and earn a 

low level of income. Most respondents (73.3%) 

were raising pigs for sale, and over half owned at 

least five pigs. Closed type (74.8 %) was the most 

common type of pig farming, while half of the pig 

farms (51.2 %) were located only 6 meters from pig 

owner’s house. For the closed type, pigs were kept 

in a sty close to the house at night (picture 1). About 

one-quarter of respondents also owned cows or 

buffalos. According to environmental observations, 

rice fields and wild birds were commonly found in 

the study area (Table 1). 

Table 1 Distribution of respondents by demographic 

characteristics, and environmental factors (n=420) 

Respondents’ characteristics and 

environmental factors 
n (%) 

Sex; Female 328 (78.1) 

Age in year Median 40, QD.11, Min. 18, Max. 74 

Ethnicity; Shan 315 (75.0) 

Religion; Buddhism 304 (95.0) 

Education; Primary school and below 214 (50.9) 

Occupation; Farmer 318 (75.7) 

Family income (Kyats per month)* 

Median 100,000, QD. 45,000, Min 50,000, Max 500,000 

Purpose of pig raising 

  Sell 308 (73.3) 

  Consumption 98 (23.3) 

  Debt 14 (3.3) 

Number of pig: Median 4, QD. 2.5, Min. 1, Max. 60 

Type of pig farm 

  Closed type 314 (74.8) 

  Free range 106 (25.2) 

Other animal raise 

  Own and feed duck; Yes 11 (2.6) 

  Own and feed cow; Yes 114 (27.1) 

  Own and feed buffalo; Yes 101 (24.0) 

Keep large animals under the house; Yes   6 (1.4) 

Environment surrounding household (within 5 km.) 

Rice field; Yes 256 (61.0) 

Wild birds; Yes 144 (43.3) 

Vegetable field; Yes 80 (19.0) 

*1 USD = 1,200 Kyats (As of 18 July 2016)
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Picture 1: Closed type of 

pig farming 
Picture 2: Free range 

The majority (88%) of the respondents owned 

ITNs and approximately one-fifth reported sleeping 

under the ITNs on the night prior to being surveyed. 

Nearly one-third (30.5%) had a poor level of 

knowledge regarding signs & symptoms of JE 

(Table 2).  

Table 2 Use of ITNs, level of knowledge and 

attitude of respondents 

Use of ITNs, knowledge, and 

attitude 

n (%) 

Own ITNs 370 (88.1) 

Use ITNs prior night 

  Yes 88 (21.0) 

  No 332 (79.0) 

Knowledge related to JE signs and symptoms 

  Poor 128 (30.5) 

  Good  292 (69.5) 

Attitude toward use of ITNs 

  Negative 122 (29.0) 

  Fair 130 (31.0) 

  Positive 168 (40.0) 

Bivariate analysis indicated that level of family 

income, family size, number of ITNs owned and 

presence of rice fields near the house were 

associated with the use of ITNs (Table 3).  

Table 3 Association between independent variables 

and use of ITNs  
Independent 

variables 

Use of ITNs OR(95%CI) 

Yes 

(%) 

No 

(%) 

Sex 

Male 23.9 76.1 1.25(0.72-2.16) 

Female 20.1 79.9 1 

Age in years 

Less than 31  15.7 84.3 1 

31-45 23.9 76.1 1.69(0.90-3.15) 

More than 45 22.3 77.7 1.54(0.83-2.85) 

Ethnicity 

Shan 20.0 80.0 1 

Kachin and others 23.8 76.2 1.25(0.74-2.12) 

Religion 

Buddhism 20.1 79.9 1 

Christianity 23.5 76.5 1.22(0.72-2.08) 

Education level 

Primary school 

and below 

24.3 75.7 1.50(0.94-2.44) 

High school and 

higher 

17.5 82.5 1 

Occupation 

Farmer 20.3 79.7 1 

Others 23.7 76.3 1.21(0.67-2.19) 

Family income 

High (>100,000 

Kyats) 

14.5 85.5 1 

Low (≤100,000 

Kyats) 

24.1 75.9 1.87(1.08-3.24) 

Number of family 

member 

More than five 12.6 87.4 1 

Five or less 27.3 72.7 2.59(1.54-4.38) 

Knowledge level 

Poor (< median) 16.4 83.6 1 

Good (≥ median) 22.9 77.1 1.51(0.88-2.60) 

Attitude 

Negative 20.3 79.7 1 

Positive 21.5 78.5 1.07(0.67-1.72) 

Number of ITNs 

own 

Two or less 12.7 87.3 1 

More than two 36.8 63.2 4.01(2.45-6.54) 

Own and feed cow 

No 20.6 79.4 1 

Yes 21.9 78.1 1.08(0.64-1.82) 

Own and feed 

buffalos 

No 21.3 78.7 1 

Yes 19.8 80.2 0.91(0.52-1.59) 

Rice field near house 

No 15.2 84.8 1 

Yes 24.6 75.4 1.81(1.08-3.02) 

Wild bird near house 

No 21.7 78.3 1 

Yes 19.4 80.6 0.86(0.52-1.43) 

Vegetable field near 

house 

No 20.3 79.7 1 

Yes 23.8 76.3 1.22(0.68-2.18) 

Multiple logistic regression revealed that pig 

owners with low family income are two times more 

likely to use ITNs compared to those in high 

income(adjusted odds ratio 2.04, 95%CI: 1.13-3.70). 

Pig owners with less than five members in their 

family are nearly 4 times more likely to use ITNs 

(AOR 3.71, 95%CI: 2.07-6.62). In addition, 

respondents who own more than two nets are 5 

times more likely to use ITNs compared to 

respondents who own only two nets or less(AOR 

5.47, 95%CI: 3.20-9.33) (Table 4).  
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Table 4 Multiple logistic regression analysis for 

predictive factors of use of ITNs among pig owners 
Independent Variables Adjusted OR 95% CI p-value 

Family Income 

  High 1 

  Low  2.04 1.13-3.70 0.018 

Number of family member 

  More than five 1 

  Five or less 3.71 2.07-6.62 <0.001 

Knowledge level 

  Poor 1 

  Good   1.75 0.97-3.17 0.062 

Number of ITNs owned 

  Two or less 1 

  More than two 5.47 3.20-9.33 <0.001 

Hosmer and Lameshow Test=8.527, p-value=0.384. 

DISCUSSION 

In rural areas of Myanmar, the majority of 

residents work in agriculture as their main source of 

income. Approximately over half of the households 

in Moemauk township, Kachin state own at least one 

pig, while the median ownership is four pigs. This 

study identified the majority of subjects as farmers, 

with nearly three-quarters (74%) raising pigs as 

property which they could sell if financially 

constrained. In addition, pork is considered an 

essential luxury food for social and cultural 

activities such as wedding ceremonies, religious and 

harvest festivals. The literature indicated that pigs 

play a central role in the transmission of both 

Japanese Encephalitis virus and cysticercosis [18]. 

Expansion of the JE virus-endemic area depends on 

irrigated rice farming and pig rearing[3]. A higher 

proportion of rice-planting could therefore predict 

higher risk of JE [19].  

This study found that the majority of pigs 

(74.8%) are reared in open or unroofed pigpens, 

close to human dwellings, which hence govern the 

spread of JE virus. Lindahl, J. (2012) indicated that 

closed pigpens were associated with the number of 

vectors to the human dwelling [20]. Furthermore, 

one-quarter of pigs were raised as free range, and 

allowed to freely scavenge food from garbage 

dumps, markets, rice fields, and paddy fields, which 

could lead to a higher likelihood of disease 

transmission. Most JE cases were found in rural 

areas, especially in rice-planting and pig-rearing 

areas. In Kachin state, a less-developed area of 

Myanmar, a greater proportion of the  rural 

population was often short of funds for JE 

prevention and control, a finding similar to a study 

in China [21]. 

Systematic review and meta-analysis identified 

clear evidence that ITNs have the potential to reduce 

pathogen transmission and morbidity from vector 

borne disease where vectors enter a house [12]. 

However, the use of ITNs is related to many factors. 

A study of the use and maintenance of bed nets and 

related influence factors in Kachin Special Region in 

2015 revealed that residents consist of poor families, 

living under thatched roofing, with limited 

knowledge of how to prevent disease transmission 

[14]. The Ministry of Health, Myanmar began 

distributing ITNs to prevent vector-borne disease 

such as Malaria, Dengue, Hemorrhagic Fever, JE, 

etc. to families in rural endemic areas [14]. Free 

distribution of ITNs resulted in a higher rate of 

ownership among the poor. As found in this study, 

though a high number own ITNs, only 21% use 

them regularly. The low use of ITNs might be due to 

the issue of inadequacy. Our study found that 

families consisting of less than five members are 

more likely to use ITNs (AOR 3.71, 95%CI 2.07-

6.62). However, we found that low income families 

are more likely to use ITNs compared to high 

income families, similar to a previous study in 

eastern Myanmar [17]. This could be explained by 

the fact that poorer residents were more aware of 

their risk of being infected by JE due to their work. 

Most farmers in this area had to sleep in their farm 

during the harvesting period. They recognized that 

they could be infected by JE at any time due to the 

unsafe environment.  

Study limitations include the disparity in 

demographics. More females (78.1%) were 

interviewed than males, due to the fact that male 

heads are working in the farm, while females had the 

role of caring for children, feeding animals and 

doing household work. Another limitation is that 

residents in this area consist of different ethnic 

groups, thus the language barrier could introduce 

information bias.  

CONCLUSION 

In the union of Myanmar, especially in high JE 

endemic areas, an effective surveillance system 

should be established, along with adequate provision 

of ITNs for all family members. Introduction of 

immunization coverage for the prevention and 

control of JE should be set as high priority agenda, 

beginning in rural setting. Moreover, mosquito-

control efforts emphasizing improved knowledge 

related to prevention and control should continue, 

especially before the onset of the rainy season. 

Community awareness of these issues should be 

raised by effective use of available resources which 

all community members can access, in different 

local languages. In addition, management of 

household environments could be further targeted to 

reduce the breeding sites of vectors close to 

households.  
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ABSTRACT 

 
Microbially induced carbonate precipitation (MICP) by using ureolytic bacteria is a novel and environmentally 
friendly way to treat the un-cemented sand. It was implemented successfully in number of geotechnical 
applications.  Use of organic additives to improve the MICP process is a novel and interesting approach. In this 
research, effect of the cationic biopolymer poly-l-lysine on the MICP process was investigated by using ureolytic 
bacteria Pararhodobacter sp.  Urea hydrolysis by the bacteria in the presence of CaCl2 was conducted with the 
addition of the polymer under different conditions. Morphology of the precipitate of CaCO3 after oven dried was 
analyzed by using the scanning electron microscope. Bell-shaped curve was obtained for the variation between 
the amount of the precipitate with the increase of the amount of the poly-l-lysine. Poly-L-lysine gives higher 
amount of precipitate than conventional MICP process and morphology of the crystals changed drastically from 
well-developed rhombohedral crystals to ellipsoidal shaped aggregates.  
 
Keywords: Bio-polymer, Calcite, Morphology, Ureolytic bacteria 
 
INTRODUCTION 

 
 Today in the world, due to urbanization and 
rapid growth of population, lands available for the 
infrastructures and other developments have been 
decreasing. So people are moving to use loose 
problematic soils to construct earth structures by 
using proper ground improvement techniques. 
Chemical grouting is a most common and effective 
way to treat weak soils. Cement is the main material 
use for the chemical grouting, but cement production 
is more energy consuming and environmental 
unfriendly method. CO2 emission from the cement 
production is 7% from the global CO2 emissions [1]. 
So today world is seeking for an environmentally 
friendly biological approach to treat the loose soils. 
 Microbially Induced Carbonate Precipitation 
(MICP) is a one of such kind of novel and 
environmental friendly ground improvement 
method.  In MICP process, CaCO3 is precipitated by 
hydrolysis of the Urea by using ureolytic bacteria 
and it includes biochemical reactions governed by 
urease enzyme produced by these ureolytic bacteria 
as given in the Eqs.(1-3) [2][3][4][5].  

 

		۶ሻۼሺ۽۱  ۶۽
܍ܛ܉܍ܚ܃
ሱۛ ۛۛ ሮ ۶ି۽۽۱ۼ 	۶ۼ

ା		ሺሻ 
 
۶ି۽۽۱ۼ  ۶۽ → ۽۶۱

ି 		۶ۼ																		ሺሻ 
 
ା܉۱  ۽۶۱

ି  ۶ۼ → ۽۱܉۱  ۶ۼ
ା											ሺሻ 

 
 Use of organic additives such as biopolymers 
and protein to improve the weak soil is an alternative 
biological approach to the MICP process. 
Biopolymers are organic polymers synthesized by 
plant or microorganism and it is a natural, non-toxic 

and non- petroleum based product. They consist of 
monomeric units bonded covalently to form large 
molecules. Number of researches had been done 
previously to investigate the applicability of 
biopolymers to improve the weak soil and they 
concluded that bio polymer have a better ability to 
improve the weak soils.  
 Combination of the above two biological 
processes such as use of biopolymer to the MICP 
process seems to be novel and innovative idea to 
improve the efficiency of the MICP process. In this 
research, effect of the cationic biopolymer on the 
MICP process was investigated by using ureolytic 
bacteria Pararhodobacter sp.   
 Poly-L-lysine was used as the cationic 
biopolymer and it is a kind of basic polypeptide. In 
neutral pH, its amino group side chains are 
positively charged [6]. Generally, silica particles 
have negative charge due to the presence of the 
silanol group. If we use poly-L-lysine for the MICP 
process, negatively charged bacteria cell and silica 
particles could be bound with each other due to 
positively charged property of the poly-L-lysine. So 
it can be help to increase the efficiency of the MICP 
process [7]. Chemical structure of the poly-L-lysine 
is shown in Fig.1. In this research work, we 
examined the effect of poly-L-lysine on the MICP 
process.  
 

 

 

 
 

Fig. 1   Structure of the poly-L-lysine. 
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METHOD 
 
Preparation of Microbial Cell Culture 
 
 Ureolytic bacteria Pararhodobacter sp. was 
isolated from the beach sand in Sumuide, Nago, 
Okinawa, Japan [8] and cultivated using 
Zobell2216E medium ( Polypeptone 5.0 g/L, Yeast 
extract 1.0 g/L and FePO4 0.1 g/L, prepared by using 
artificial sea water, pH 7.6-7.8). Bacteria cells were 
precultured using 5ml of Zobell2216E medium and 
kept in the shaking incubator at 30οC and speed of 
160 rpm for 24 hours. One ml of the pre-culture was 
inoculated into 100ml of fresh Zobell2216E medium 
and kept in the shaking incubator under the same 
condition as pre-culture for 48 hours. Finally, 
bacterial culture was centrifuged to collect the cell 
pellets, which were dispersed again using distilled 
water to make bacterial suspension. Cell 
concentration of the bacterial suspension was 
measured by UV–vis spectrophotometer and then 
OD600 value was adjusted to one. 
 

Precipitation Test 
 
Effect of the poly-l-lysine on the MICP process  
 
 Same concentration (3 mol/l) of CaCl2 and urea 
solutions and the stock solution of the poly -L-lysine 
(0.1g/L) were used for the precipitation test. Two 
sets of samples were prepared without adding 
biopolymer and with biopolymer by varying the 
concentration of bacteria (OD600) as shown in Table 
1.  Total volume of the samples were adjusted to 
10ml by using distilled water and after preparation, 
samples were kept in the shaking incubator under 
30οC and 160 rpm speed for 24 hours. Then the 
reaction mixture was centrifuged to collect the 
precipitate, and supernatant of tubes were removed 
separately by using filter paper (11μm).  
 Both of the filter papers and the tubes with the 
precipitate were oven dried at 100οC 24 hours and 
dry weights were measured. Weight of the 
precipitate was calculated by subtracting the empty 
weight of the tube and the empty weight of the filter 
paper from the dry weight of the tube and the dry 
weight of the filter paper. FTIR analysis was 
conducted for the sample with and without poly-l-
lysine and finally samples were analyzed by using 
Scanning Electron Microscope (SEM) to identify the 
morphology of the precipitated calcium carbonate 
crystals.  
 
Effect of the poly-L-lysine concentration 

 Samples were prepared by varying the 
concentration of poly-L-lysine as shown in the Table 
2. Sample preparation is same as earlier and samples 

were analyzed using Scanning Electron Microscope 
(SEM). 
 
Table 1 Experimental condition for system with and 
without poly-L-lysine 
 

 
Table 2 Experimental conditions to evaluate the 
effect of poly-L-lysine concentration 
 

 
 
RESULTS AND DISCUSSION 
 
Effect of the Poly-L-Lysine on the MICP Process 
 

Variation of the amount of precipitated CaCO3 
with and without adding poly-L-lysine under 
different bacteria concentrations is given in the 
Fig.2. 
 
 

 
  
 
 

Sample 
No 

CaCl2 
(M) 

Urea 
(M) 

Bacteria 
OD600 

Poly-L- 
Lysine 
(mg/L) 

A 

0.3 0.3 

0.01 

0 
B 0.1 
C 0.2 
D 0.3 
E 0.01 

10 
F 0.1 
G 0.2 
H 0.3 

Sample 
No 

CaCl2 
(M) 

Urea 
(M) 

Bacteria  
OD600 

Poly-L- 
Lysine (mg/L) 

1 

0.3 0.3 0.1 

0 
2 1 
3 10 
4 30 
5 50 

Fig. 2   Variation of the amount of carbonate 
precipitates with the bacteria concentration (OD600) 
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According to the Fig. 2, it can be seen that in both of 
the cases, amount of the precipitated CaCO3 increase 
with the bacteria concentration. However, 
considerable amount of increment can be seen only 
up to the OD600=0.2 after that, rate of the 
precipitation of CaCO3 was getting decrease and it is 
almost become constant for further increase of the 
concentration of bacteria. So, higher concentration 
of bacteria inhibits the formation of calcium 
carbonate. It may be due to the lack of bacteria 
growth due to higher concentration of the bacteria. 
 System with the poly-L-lysine gave higher 
amount of precipitate compared with that without 
biopolymer. However, for higher bacteria 
concentration, amount of precipitated CaCO3 with 
and without biopolymer were approximately similar.  
At higher bacteria concentration significant 
influence from the biopolymer couldn’t be 
identified. However, it can be seen that poly-L-
lysine has positive effect on the MICP process. 
 Figure 3 shows the Scanning Electron 
Microscopy (SEM) images for the various bacteria 
concentrations.  
 
 
 
 

 
 
 
 
 
 

 According to the SEM images, lower 
concentration of bacteria gave well-developed 
rhombohedral calcite crystals. At higher bacteria 
concentration, agglomeration of rhombohedral 
crystals can be seen and size of the crystals reduced 
with the increase of the bacteria concentration. 
Higher concentration of bacteria inhibits the growth 
of CaCO3 crystals. In the presence of the poly-L-
lysine, morphology of the crystals change to 
ellipsoidal shape as shown in Fig. 4. At higher 
bacteria concentration both of the rhombohedral and 
ellipsoidal crystals can be seen. This morphology 
changes may be due to the adsorption of the poly-L-
lysine on the crystal surface and formation of new 
crystal faces. 
 
Effect of the Amount of Poly-L-Lysine 
 
 Variation of the amount of the CaCO3 precipitate 
with the increase of the amount of the poly-L- lysine 
is given in the Fig. 5.  
 
 

 
 
 
 

 
 
 
 
 
 

Fig.  3  SEM images of the CaCO3 precipitate for different bacteria concentration without poly-L-lysine 
(a) OD600 = 0.01 (b) OD600 = 0.1(c) OD600 = 0.2 (d) OD600 = 0.3 

(a) (b)

(c) (d) 
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 The amount of precipitate increase with the poly-
l-lysine concentration and further increase of the 
poly-l-lysine concentration leads to reduce the 
amount of precipitate. This may be due to the 
excessive amount of poly-L-lysine would reduce the 
activity of the bacteria. Highest amount of 
precipitate was obtained at the poly-L-lysine 
concentration of 10 mg/L. According to the SEM 
images given in Fig. 6, crystal size was larger 
compared with the other concentrations when the 
concentration of the poly-L-lysine was 10mg/L.  At 
lower concentration of poly-L-lysine, combinations 
of polyhedral crystals were predominant. With the 
increase of the concentration, morphology of the 
crystals changed to ellipsoidal shape aggregates. At 
higher concentration of poly-L-lysine agglomeration 
of ellipsoidal shaped crystals were obtained. 
  
 
 

(a) 

(d)

(b)

(c) 

Fig.  4  SEM images of the CaCO3 precipitate for different bacteria concentration in the presence of 
poly-L-lysine (a) OD600 = 0.01 (b) OD600 = 0.1(c) OD600 = 0.2 (d) OD600 = 0.3 

Fig. 5 Variation of the amount of carbonate 
precipitate with the poly-L-lysine concentration 
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Similar relationship between the amount of 
precipitate and the poly-L-lysine concentration was 
found from the previous researches, which reported 
the precipitation of calcium carbonate using 
chemical reaction of CaCl2 and Na2CO3 solutions in 
the presence of calcite seed and poly-L-lysine. They 
have explained that the increase of the calcite 
growth at low concentration of poly-L-lysine and 
growth reduction at higher concentration of poly-L-
lysine is a typical behavior of the additives that were 
weakly, non- selectively, bonded to the surface. This 
explanation is identical to our research work. 
Furthermore, they have concluded that the 
interaction between the poly-L-lysine and the calcite 
is pure electrostatic and it is between the positively 
charged polypeptide and the negatively charged 
calcite surface [6] [9]. 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
 
FTIR Analysis 

 
 Results of the FTIR analysis with and without 
poly-L-lysine are shown in Fig 7. Both graphs look 
like similar. However, small peak can be seen at 
1200 cm-1 in the graph with poly-L-lysine. This peak 
represents the C-N bond and we can conclude that 
some amount of poly-L-lysine present in the CaCO3 
precipitate. 
 
CONCLUSION 
 
 Effect of the cationic organic biopolymers on the 
MICP process was investigated by using poly-l-
lysine. The results shows that, 

 Poly-L-lysine has a positive effect on the 
MICP process. However with the presence 
of higher concentration of bacteria 
significant influence from the poly-L-lysine 
on the MICP process couldn’t be seen. 

(a) 

(c)  (d)

(b) 

Fig. 6  SEM images of the CaCO3 precipitate for different poly-L-lysine concentration (a) 1 mg/L (b) 
10 mg/L (c) 30 mg/L (d) 50 mg/L 
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With the increase of the bacteria 
concentration, the rate of the formation of 
calcium carbonate decrease. So, higher 
bacteria concentration will reduce the 
crystal growth.  

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Relationship between the amount of 
precipitate and the poly-L-lysine 
concentration is bell shaped and higher and 
lower concentrations of the poly-L-lysine 
concentration inhibit the calcium carbonate 
precipitation but intermediate concentration 
give higher amount of precipitate. 

 With the increase of the bacteria 
concentration morphology of the crystals 
change from well-developed rhombohedral 
crystals to agglomeration of the 
rhombohedral crystals and size of the 
crystals reduces. 

 Presence of the poly-L-lysine produces 
ellipsoidal shape crystals. Morphology of 
the crystals changes from the polyhedral 
crystals to agglomeration of ellipsoidal 
crystals with the increase of the poly-L-
lysine concentration. 
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ABSTRACT 

 
Sufficiently accurate and reliable prediction of saltwater intrusion processes can help ensure sustainable 

groundwater abstraction from coastal aquifers. In this study, a surrogate model based on combination of multi-
signal discrete wavelet transforms (MDWT) and adaptive neuro-fuzzy inference system (ANFIS) is proposed to 
approximate and predict density dependent coupled flow and salt transport processes in a multi-layered coastal 
aquifer system. MDWT is used as a pre-processing step to improve the ability of the ANFIS model by capturing 
relevant important information at different resolution levels. The variables used to train and validate the proposed 
prediction model are the transient groundwater extractions as inputs, and the resulting saltwater concentrations at 
the end of the simulation period as outputs. To reduce dimensionality of the input space, an additional step of data 
compression is utilized to prepare data required for ANFIS training. Therefore, input space is divided into a number 
of clusters by using fuzzy c-mean (FCM) clustering algorithm. The performance of the proposed surrogate model 
is evaluated for an illustrative study area. It is demonstrated that MDWT in conjunction with FCM can improve 
accuracy of ANFIS based surrogate model for saltwater intrusion processes prediction. The results of the present 
study indicates the potential applicability of the proposed MDWT-FCM-ANFIS based surrogate model in 
approximating and predicting coupled flow and salt transport processes in an illustrative multi-layered coastal 
aquifer system. 

 
Keywords: Saltwater Intrusion, Multi-signal Discrete Wavelet Transforms, Adaptive Neuro-fuzzy Inference System, 
Fuzzy C-mean Clustering 
 
 
INTRODUCTION 

 
Unplanned groundwater extraction is considered 

as one of the major drivers of saltwater intrusion 
processes in coastal aquifers [1, 2]. Accurate and 
reliable prediction of saltwater intrusion processes 
can be adopted to develop long-term planning and 
management policy for coastal groundwater 
resources. Saltwater intrusion phenomena can be 
predicted by simulating density dependent and non-
linear coupled flow and salt transport processes. 
Saltwater intrusion management models are 
developed by using repetitive simulation of these 
complex processes within an iterative simulation-
optimization (S/O) approach. Use of the original 
simulation model is computationally prohibitive 
(because of multiple calls of the simulation model by 
the optimization algorithm) in such a linked S/O 
methodology. Sufficiently accurate approximations 
of saltwater intrusion processes can be used for 
developing a regional scale management model to 
control saltwater intrusion [3]. Present study proposes 
a fuzzy logic based prediction model to approximate 
density dependent coupled flow and solute transport 
processes in a multi-layered coastal aquifer system. 
Multi-signal discrete wavelet transforms (MDWT) 

and fuzzy c-mean (FCM) clustering algorithm are 
used as preprocessing steps for training of the 
proposed adaptive neuro-fuzzy inference system 
(ANFIS) based saltwater intrusion prediction model.  

Generalization capability of a trained model to 
produce similar results from a new pattern of unseen 
test dataset is an important evaluation criterion. Based 
on this criterion, quite a few prediction models have 
been used successfully to predict saltwater intrusion 
processes in coastal aquifers. Artificial Neural 
Network (ANN) [4-7], Genetic Programming (GP) 
[6-8], Evolutionary Polynomial Regression (EPS) 
[9], Fuzzy Inference System (FIS) [10], Multivariate 
Adaptive Regression Spline (MARS) [11] and cubic 
Radial Basis Function (RBF) [12] are the commonly 
used approximation models for saltwater intrusion 
prediction. Despite simplicity and reasonable 
prediction accuracy, most of the surrogate models 
proposed recently have certain limitations. Therefore, 
there is still a substantial scope of developing a 
reliable prediction model with better prediction 
accuracy. Recently, ANFIS based prediction models 
have achieved considerable attention as an effective 
tool to model non-linear systems by capturing non-
linear relationships between predictors and response 
variables [13, 14]. ANFIS combines the concepts of 
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both neural networks and fuzzy set theory [15]. 
Present study seeks to propose a MWDT transformed 
and FCM based ANFIS model as a computationally 
efficient substitute of complex numerical simulation 
model to overcome some of the limitations of the 
commonly used prediction models.   

Wavelet transforms (WT) have become a popular 
preprocessing step for time series analysis in various 
application domains of water resource engineering 
and hydrology [16-19]. Wavelet transformed data 
enhances the prediction capability of a model by 
extracting important features on various resolution 
scales of the original data [17]. Discrete wavelet 
transformation provides approximation (low-
frequency) and detail (high-frequency) components 
after decomposition of the original data to a desired 
level. Different wavelet components characterize 
distinct properties of the original data. For instance, 
high-frequency components capture discontinuities, 
ruptures, and singularities of the original data. On the 
other hand, low-frequency components characterize 
the overall gross structure of the data that helps 
identify long-term trends. Several previous studies 
demonstrated the potential benefits of discrete 
wavelet transforms in improving the capability of 
prediction models for time series prediction in the 
domain of river flow forecasting [17], streamflow 
prediction [19], and lake water level prediction [18]. 
Wavelet transformed ANFIS has also been used 
previously in the time series analysis of lake water 
level prediction [18], precipitation prediction [20], 
groundwater level prediction [21], and 
evapotranspiration estimation [22], etc. However, 
wavelet transformation has not been utilized 
previously as a preprocessing step to train ANFIS 
based surrogate models for predicting saltwater 
intrusion processes resulting from spatial and 
temporal pumping stresses applied to a multi-layered 
coastal aquifer system.  

However, a major challenge in the application of 
ANFIS based prediction models to approximate 
saltwater intrusion processes is to handle high 
dimensionality of data associated with spatial and 
temporal groundwater extraction values as input 
variables. FCM provides a solution to this issue by 
dividing the high dimensional input space into 
identical clusters that makes ANFIS generation 
feasible by limiting the number of rules in the initial 
FIS for ANFIS generation. This study utilizes FCM 
clustering approach to generate initial FIS structure 
for building the final ANFIS model.  

Therefore, the contribution of the present study is 
to develop a reliable and accurate prediction model to 

approximate saltwater intrusion processes in a multi-
layered coastal aquifer system. Transient input-output 
patterns generated by using a numerical simulation 
model are used to train the proposed ANFIS model. 
MSWT and FCM are used as preprocessing steps of 
ANFIS model formulation. The performance of the 
proposed MSWT-FCM-ANFIS based approach is 
evaluated for an illustrative multi-layered coastal 
aquifer system. The stratified aquifer system consists 
of four distinct layers of aquifer materials with 
different hydraulic conductivity values. Aquifer 
materials within each layer are considered 
homogeneous. 
 
METHODOLOGY 

 The proposed methodology consists of utilizing a 
numerical simulation model for simulating aquifer 
processes; and using an ANFIS based prediction 
model trained and validated using MSWT 
transformed and FCM clustered modified inputs of 
transient groundwater extraction values. The 
following paragraphs provide a brief description of 
the methodologies. 

Numerical Simulation Model 

A finite element based numerical simulation model, 
FEMWATER [23] was used to simulate three 
dimensional coupled flow and salt transport processes 
for generating input-output datasets. Governing flow 
and transport equations are expressed as [23]  
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where ρ represents water density at chemical 
concentration C, ρo is referenced water density at zero 
chemical concentration, F indicates storage 
coefficient,  stands for del operator, K symbolizes 
hydraulic conductivity tensor, h is pressure head, z 
indicates potential head, ρ* represents density of 
injection fluid or that of the withdrawn water, and q 
indicates either a source or a sink. 
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in which θ represents moisture content, C 

indicates chemical concentration, b is the bulk 
density of the medium, V represents discharge, D 
indicates Dispersion coefficient tensor, α′ and β′ are 
respectively the modified compressibility of the water 
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and the medium, S stands for saturation, Kw is the first 
order biodegradation rate constant through dissolved 
phase, Ks is the first order biodegradation rate through 
adsorbed phase, Kd is the distribution coefficient, and 
t represented time.   

Dataset Preparation 

Input-output datasets were obtained from the 
solution results of the numerical simulation model 
through repeated simulation of the aquifer processes 
using a set of transient groundwater extraction values. 
The input transient groundwater extraction values 
were generated from a uniform distribution within the 
range between 0 and 1300 m3/day through Latin 
Hypercube Sampling (LHS) [24], and is presented in 
Fig.1. Saltwater concentration values at specified 
monitoring locations (ML) at the end of the 
simulation period obtained as solution from the 
simulation model constitute the output part of the 
input-output pattern. The study area selected for this 
research is similar to the one developed in Roy and 
Datta [10] as shown in Fig.2. The aquifer system has 
an aerial extent of 4.35 km2. The depth of aquifer is 
80 m divided into four distinct layers of materials 
having different hydraulic conductivity values. 
Materials within each layer were considered 
homogeneous. Combined operation of a set of 
production and barrier wells was considered 
symbolized by PWs and BWs, respectively in Fig. 2. 
Water was extracted from the 2nd and 3rd layers of the 
aquifer using the wells, which were assigned a 
practical extraction limit of 0–1300 m3/day. Saltwater 
concentrations due to the transient pumping stress 
applied to the aquifer at the end of the simulation 
period of five years were monitored at five MLs. 

Fig. 1 Three dimensional view of the transient 
groundwater extraction values 

Transient groundwater extraction values and the 
resulting saltwater concentration at the end of the 
management period constitute one set of input-output 
pattern. A set of such patterns was used to train and 
validate the proposed prediction models. Properly 
trained models were then presented with a new 

realization of the validation sample to check 
validation performance with new unseen data. For 
consistency, this validation part was done for all the 
developed models using the original input values.  

 

Fig. 2 Three dimensional view of the study area (after 
Roy and Datta [10]) 

Multi-signal Discrete Wavelet Transforms 
(MDWT) 

WT is an effective tool in the field of analyzing 
non-stationary time series data. WT allows 
decomposition of the original data series into several 
components with different resolution levels. Each 
component of the wavelet transformed data has 
certain characteristics. Present study utilizes Discrete 
WT (DWT), which is suitable for analyzing signals 
by decomposing them into progressively finer octave 
bands. This multi-resolution signal processing 
enables to recognize unseen patterns of the raw data. 
Multiple one dimensional signals of input transient 
pumping variables of same length are stored in a 
matrix before being decomposed using a one 
dimensional MDWT. In DWT, the original data series 
(S) is decomposed into low frequency approximation 
coefficients (A) and high-frequency detail 
coefficients (D) after passing through a low-pass and 
a high-pass filter, respectively. The low-pass filtered 
signal of any decomposition level acts as input to the 
next step of decomposition, and the iteration process 
continues until the specified decomposition level is 
reached. The A components contain the general trend 
of the original data series whereas the D components 
characterize the original signals’ local variations. 
MDWT was performed using Wavelet toolbox of 
MATLAB [25]. 

Adaptive Neuro-fuzzy Inference System (ANFIS) 

Despite having simple architecture, Sugeno type 
ANFIS structures have good learning capabilities 
[26] suitable for non-linear mapping of input-output 
patterns of non-linear systems [13, 14]. Therefore, a 
Sugeno type ANFIS has been adopted in the present 
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study to approximate density dependent coupled flow 
and salt transport processes in a multi-layered coastal 
aquifer system. Final ANFIS structure was achieved 
by tuning the parameters of an initial FIS structure 
using hybrid algorithm. For a first order Sugeno FIS, 
the generic form of the fuzzy if-then rule set for two 
inputs, one output, and two rules can be expressed as 

Rule 1: If is 1P and is 1Q then

,1111 rqpf      (3) 

Rule 2: If is 2P and  is ,2Q then

2222 rqpf      (4) 

in which 1P  and 2P  represents membership 
function values for input variable  whereas values 
of membership functions for input variable  are 

denoted by 1Q  and 2Q . Parameters of the output 

functions 1f  and 2f are symbolized by 111 ,, rqp  

and 222 ,, rqp , respectively. Gaussian and linear type 
membership functions are used as the input and 
output membership functions, respectively for the 
initial FIS structure. 

The proposed ANFIS consists of five layers, 
namely, an input fuzzy layer, a product layer, a 
normalized layer, a defuzzification layer, and an 
output layer. Detailed description of each of these 
layers are described in Jang, Sun and Mizutani [26], 
and is not repeated here. 

Fuzzy C-mean (FCM) Clustering 

Fuzzy C-mean (FCM) [27] clustering technique was 
used to reduce dimensionality of the input dataset for 
generating initial FIS structure. FCM is an important 
tool for compressing the dataset into a group of 
identical clusters within the input space. FCM 
clustering helps reduce number of fuzzy if-then rules 
as well as limits the number of linear and nonlinear 
modifiable parameters of a FIS. Desired number of 
clusters is achieved by minimizing fuzzy overlap 
between clusters using Eq. 5 
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where, Om = function to be minimized, m = fuzzy 
partition matrix exponent, K = sample index, N = 
number of clusters, αi = ith data point, cj = center of 
the jth cluster, µij = membership degree of αi in the jth 
cluster. 

Optimum number of clusters was selected by 
observing the Root Mean Square Error (RMSE) (Eq. 
6) between the actual and predicted data. The 

optimum number of clusters was chosen for which the 
RMSE value was minimum, and the difference in 
RMSE between the training and test dataset was 
minimum as well. Based on this criterion, two 
clusters were found optimal for generating the initial 
FIS for final ANFIS development. Therefore, this 
study considered 160 Gaussian input membership 
functions (80 input variables × 2 clusters) and 2 (1 
output variable × 2 clusters) linear output 
membership functions for all developed ANFIS 
models at each ML.  

Conjunction Model (MDWT-FCM-ANFIS) 

    The hybrid model (MDWT-FCM-ANFIS) 
developed in the present study utilizes wavelet 
transformed and FCM clustered input variables. Input 
variables are the spatial and temporal groundwater 
pumping values obtained from a uniform distribution 
using LHS.  

Selection of appropriate WT involves adjustment 
of the three basic parameters, such as selection of a 
mother wavelet family, an order within that family, 
and the number of levels of decomposition. 
Daubechies (db4), Haar (haar), and Symlet (sym4) 
mother wavelets were used and compared in the 
present study. Number of decomposition levels was 
decided based on the number of sample index of the 
input data. Generally, DWT requires that the 
decomposition at level k of the input dataset should 
be an integer value such that 2k divides evenly into the 
length of the dataset. As the number of input-output 
patterns is 1500 in the present study, the number of 
decomposition levels was restricted to ten [210 = 
1024; 211 = 2048]. In the case of 10 levels of 
decomposition, the original data signal was 
transformed into an approximation component (A) 
and 10 detail components (D1, D2,…, D10).  

Thirty five different conjunction models based on 
ANFIS, FCM, and MDWT have been developed by 
using the specified mother wavelet families (db4, 
haar, and sym4). In first step, all the decomposed 
components from these mother wavelets were 
separately correlated with the output variables at five 
MLs. Decomposed details components with lowest 
correlation coefficients were removed while the 
remaining details components and the respective 
approximation components were summed to obtain 
the input variables for the proposed models. In the 
second step, all the approximations and details 
components were summed for obtaining the input 
datasets. This step is executed because all 
components of the decomposed signals have certain 
characteristics of the original data. Therefore, 
removing any one of them from the input dataset 
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based on the linear correlation may deteriorate the 
model performance. The correlation coefficient 
measure only provides an indication of linear 
relationship between input and output variables, 
which is not the case in the present study. In addition, 
two variables that have a small or no linear correlation 
might have a strong nonlinear relationship. Present 
study deals with a highly non-linear relationship 
between the groundwater pumping input variables 
and the corresponding saltwater concentration values. 
Therefore, combining all decomposed components to 
obtain input variables for the ANFIS models is logical 
in the context of the present study. Finally, models 
developed with wavelet transformed input datasets 
were compared with those obtained by using the 
original groundwater extraction values. 

Performance Indicators 

The performance of the proposed prediction models 
was evaluated using RMSE, Correlation Coefficient 
(R), and Mean Absolute Percentage Relative Error 
(MAPRE) criteria. 

Root mean square error (RMSE) is given by 
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Mean absolute percentage relative error (MAPRE) is 
expressed as 
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where, oiC , and piC , are the observed and predicted 

saltwater concentrations; oC and pC  denotes the 
mean of the observed and predicted saltwater 
concentrations; and n represents the number of data 
points.  
 
RESULTS AND DISCUSSION 
 
Wavelet Decomposition of the Original Data 
 

Transient groundwater extraction datasets were 
broken down into several sub-sets with different 
resolution levels by using MDWT. The original 
dataset S was decomposed into an approximation 

coefficient A and details coefficients D1–D10 at 
decomposition level 10. Each component of the 
decomposed dataset carries different characteristics 
of the original dataset. While some researchers used 
those decomposed components of the original dataset 
that have highest correlations with the original output 
variable [19, 20], others argued that all of the 
decomposed components should be summed to 
prepare the final inputs for the prediction models [18, 
28]. The approximate coefficient A captures only the 
major trends whereas the detail components D1–D10 
carry abrupt changes, outliers, and short 
discontinuities in transient groundwater extraction 
values. Present study chose input data for the ANFIS 
models by looking at the correlation coefficients 
between each input subsets and the original saltwater 
concentration values at specified MLs. However, the 
correlation coefficients only determine linear 
correlations, and the datasets are obtained from a 
highly non-linear system in which non-linear relation 
exists between the input pumping variables and the 
output concentration values. For this reason, 
summing all components of the decomposed datasets 
were also considered so that non-linearity of the 
datasets is included in the final inputs. All 
components (A and D1–D10) were summed by 
reconstructing the decomposed subsets. The 
reconstruction error was computed, which was 
negligible in this present study for all considered 
wavelet families. Summed components all together 
constitutes a dataset very similar to the original data 
sets except that the features of the wavelet 
decomposed datasets are different, which may help 
improve training of the prediction model compared to 
when using the original data series. For each 
monitoring location, seven ANFIS based prediction 
models (One model developed using the original data, 
three models are developed using summing all 
decomposed wavelet components each for three 
different wavelet families, three models are 
developed for three mother wavelets based on 
correlation between the decomposed series and the 
original output variable) were developed. Therefore, 
a total of 35 ANFIS based prediction models were 
developed and compared. At this stage of the model 
development, all developed models were checked for 
their prediction error and model overfitting by 
dividing the dataset into a training (80%) and a test 
(20%) set. Once the models were developed, they 
were presented with a new realization of the original 
test dataset for validation of the prediction results. 

 
ANFIS Models 

ANFIS models were developed for each ML using 
the original input-output patterns obtained from 
simulation of the aquifer processes as a result of 
spatial and temporal pumping stress applied to the 
aquifer. Table 1 shows the performance measures of 
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the five ANFIS models developed for predicting 
saltwater concentrations at MLs ML1–ML5. In 
general, all models produced R values very close to 
one. This is attributed to very high degree of 
correlation between the actual and predicted saltwater 
concentration values. The developed models also had 
smaller values of RMSE and MAPRE. This indicates 
the potential ability of the models to capture the trend 
of the data quite precisely. The MAPRE criterion was 
used to measure the distribution of errors. The results 
obtained from these models at five MLs were used as 
benchmark for comparison with the wavelet-ANFIS 
models presented in the following sub-section. 

Table 1 Performance measures of ANFIS models 
trained on original data and validated with new test 
dataset 

MPs 
Performance Indices 

RMSE MAPRE, % R 
MP1 0.242 0.458 0.9986 
MP2 5.185 0.281 0.9994 
MP3 3.787 0.274 0.9996 
MP4 6.541 0.073 0.9998 
MP5 3.416 0.043 0.9999 

 

Wavelet-ANFIS Models 

Statistical performance measures of the wavelet 
transformed ANFIS models developed at five MLs 
were calculated. Totally, 30 different ANFIS 
structures were developed based on the use of three 
different mother wavelet families and on the selection 
of decomposed components. It was observed that R 
values were very close to 1 for all developed models. 
Therefore, an R criterion did not provide a good 
measure of comparison among models in this case. 
RMSE and MAPRE criteria were used for comparing 
ANFIS models developed using original data (Table 
1) and those using wavelet transformed components 
of the original datasets. As the input-output patterns 
come from a highly non-linear system, wavelet 
decomposed components selected based on linear 
correlation between decomposed components and the 
original output may not be the logical way of 
selecting input variables for the ANFIS models. 
Moreover, each decomposed components carries 
distinct and essential characteristics of the original 
datasets. In this viewpoint, present study used both 
types of datasets as inputs to the ANFIS models. To 
make a valid comparison and to reproduce the 
prediction of the models, random number generator 
of MATLAB was set to its default value (Mersenne 
Twister with seed 0). Also, for consistency, all 
developed models were presented with a totally 
unseen set of original test data. Results suggested that 
models developed with different datasets based on 

three different mother wavelets produced higher 
values of R and lower values of RMSE and MAPRE. 
This implied a good generalization capability of the 
developed models on unseen datasets. A more precise 
investigation on RMSE and MAPRE values indicated 
that for monitoring location ML1, ANFIS model 
developed using all decomposed components of sym4 
decomposed datasets produced the lowest value of 
RMSE (0.230 mg/l). This result was also better than 
the RMSE values for ANFIS model developed when 
original dataset was used for training. Possible 
explanation for this trend is that WT improves the 
quality of data at different regions of the input space 
that helps better training of the ANFIS model. At this 
monitoring location, db4 decomposed datasets 
selected using linear correlation produced the worst 
result (highest RMSE value of 0.560 mg/l). At ML2, 
haar decomposed datasets produced the lowest 
RMSE compared to the original datasets. At ML3 and 
ML5, sym4 decomposed and original datasets 
produced the similar results. At ML4, all the 
components decomposed using db4 provided the 
lowest RMSE (5.898 mg/l) compared to the original 
datasets (RMSE = 6.5405 mg/l). 

CONCLUSION 

ANFIS models were developed for approximating 
and predicting density dependent coupled flow and 
salt transport processes in a multi-layered coastal 
aquifer system. Solution results of a numerical 
simulation model were used for training and 
validation of all developed ANFIS models. Original 
datasets as well as the wavelet transformed datasets 
using db4, haar, and sym4 mother wavelets were used 
to develop a total of 35 ANFIS models at five MLs. 
Validation of all the models was carried out by using 
a new unseen original test data. The results revealed 
that wavelet transformed datasets helped improve the 
training of proposed ANFIS based prediction models. 
Moreover, FCM made it possible to use high 
dimensional dataset (80 input variables) for 
developing ANFIS based prediction models. The 
results also showed that types of mother wavelet 
selection depended on the actual original non-linear 
relationship between the transient groundwater 
extraction values and the resulting saltwater 
concentration values at different MLs. Wavelet 
transformed data provided better learning capabilities 
of the ANFIS based prediction models by capturing 
important features of the data on different resolution 
levels. Future research may be directed towards the 
investigation of possible improvement in the Pareto 
optimal solution of a saltwater intrusion management 
model using these wavelet transformed trained 
ANFIS models.  
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ABSTRACT 
 
Hydraulic Water Retaining Structures (HWRS), such as dams, weirs and regulators are important projects and necessary 

for water management. Seepage analysis under HWRS substantially influences the design of HWRS. One of the biggest 
challenges in design of HWRS is to determine the accurate seepage characteristics with complex flow conditions, and 
simultaneously to find the optimum design considering safety and cost. Therefore, this study concentrates on developing a 
linked simulation-optimization (S-O) model for non-homogenous anisotropic soil properties. This is achieved via linking 
the numerical seepage simulation (Geo-Studio/SEEPW) with the Genetic Algorithm (GA) evolutionary optimization solver. 
Since, a direct linking of numerical model with optimization model is computationally expensive and time consuming, 
accurate surrogate models are integrated instead of a numerical simulation model within the S-O model. A Support vector 
machine (SVM) based surrogate model is linked with the optimization model to achieve the optimum hydraulic design of 
HWRS. The seepage characteristics of optimum design obtained by S-O are evaluated by comparing these with the 
numerical seepage modeling (SEEPW) solutions. The comparison, in general, shows good agreements. Accordingly, the S-
O methodology is potentially applicable for providing safe, efficient and economical design of HWRS constructed on a 
complex seepage flow domain.   
 

Keywords: Support vector machine, Genetic algorithm, Seepage modeling, Hydraulic structures design 
 

INTRODUCTION 
 

Construction of Hydraulic Water Retaining Structures 
(HWRS) is the strategic aim for the most communities 
around the world to build a strong water management system. 
Seepage analysis related to HWRS is a critical step   of 
HWRS design [1]. In addition to the direct impacts of 
hydrostatic water pressures on   the structural system of the 
HWRS, the seepage design parameters such as uplift 
pressures and exit gradient are the other fundamental factors 
needed to be incorporated in HWRS design.  

  The earliest theories and methods, such as Bligh’s creep 
theory, Lane’s weighted creep theory, Flow-net method, 
fragment method and Khosla’s theory  [1] used to analyse 
seepage related to HWRS involve many simplifications and 
are based on many empirical assumptions. These methods   
are applicable only for simple, symmetrical cases and quite 
general soil conditions (homogeneous and isotropic), which 
are rarely found in field soils[2]. Moreover, the solutions of 
theses method are approximation solutions, and these 
generally display noticeable error compared with 
experimental observations and the numerical solutions [3].  

In contrast, the numerical seepage analysis methods such 
as  the finite element method (FEM)  provides accurate 
solutions for a wide range of the  seepage problems 
encountered in the real field [4, 5].  However, these solutions 
might not be useful, as the resulting designs may not satisfy 
the safety requirements and also not optimize the 
construction costs. Therefore, employing the optimization 
technique could provide a reliable and optimum solution, 
especially when accurate numerical seepage simulation 
responses are integrated in the optimization model. 
Accordingly, based on linked simulation-optimization S-O 
methodology [6-8], an ideal HWRS design could be 

achieved. This methodology involves developing a 
constrained optimization model based on Genetic Algorithm 
(GA) to integrate all design safety factors regarding the wide 
range of applied forces, i. e. , hydrostatic pressure, uplift 
pressure, exit gradient, and considering, the  minimum cost 
as the  objective function.  

  The developed optimization model must be linked with 
the numerical seepage analysis model to concurrently 
evaluate the candidate designs (solutions) of the HWRS. 
However, the direct linking of optimization model with the 
numerical seepage model is a computationally demanding 
and time consuming task. This is because, the GA calls the 
simulation model numerous times to evaluate the objective 
function and the constraints in order to achieve an optimal 
solution.  Alternatively, machine learning technique is used 
to build a well-trained model (surrogate model), which could 
be efficiently used instead of the numerical model. A well 
trained surrogate model can expeditiously and accurately 
predict the responses of the numerical model for complex 
problems within the linked S-O model. 

Many machine learning techniques could be used in 
building  the surrogate models, such as artificial neural 
network (ANN), fuzzy logic, multivariate adaptive 
regression splines (MARS), genetic programming (GP) and 
support vector machine SVM. In this study, SVM is selected, 
because SVM is considered a powerful deep-learning tool. 
SVM is utilized in the classification, function approximation 
and prediction by which a nonlinear and complex civil 
engineering problems can be efficiently modeled. Moreover, 
in addition to the efficiency and predictive accuracy, SVM 
has a generalization ability to accurately predict data beyond 
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the training range. Additionally, SVM can overcome the 
noisy data in the training phase by integrating the most 
governing support vectors. Hence, SVM has the  ability to 
overcome the over-training phenomena  [9] . 

Recently, SVM has been utilized to model complex civil 
engineering problems to provide an extensive understanding  
of the variables  involved in  the model [9-16].In the majority 
of the conducted researches, SVM is utilized to predict 
specific responses depending on the input variables or to 
simulate performance of a particular engineering system with 
special conditions. For example, in hydraulic structure 
design,  SVM has been used to predict the forecasting of the 
tangential  shift  of a concrete dam[14], and  to predict future 
dam responses with environmental variables [17].  
Nonetheless, SVM has been rarely utilized as a surrogate 
model within the optimization model in the hydraulic 
structure design problems. Application of other machine 
learning techniques for solving optimization problems 
related to hydraulic structures design incorporating complex 
soil properties has been very limited as well.  

This paper concentrates on developing a linked S-O model 
based on two different models. The first model is the 
constraint optimization model based on GA as the 
optimization solver. The objective function is the minimum 
construction cost of HWRS and the constraints reflect the 
HWRS design requirements. The second model is the 
surrogate model which is based on the SVM. The surrogate 
model is extensively trained using numerically simulated 
data generated by a numerical seepage modeling software 
(Geo_Studio2012/ SEEPW) [18]. The seepage design 
parameters obtained as the solution of the optimal design by 
the S-O model are evaluated using SEEPW to investigate the 
prediction accuracy of the SVM within an S-O model.  

 

NUMERICAL MODEL SOLUTION AND TRAINING 
DATA GENERATION  

 

  In contrast to an experimental study, the numerical model 
could provide accurate and quick solutions even for complex 
problems, especially by using high speed processors. The 
optimization model incorporates the numerical responses, 
either obtained directly using the numerical model code or 
approximately by the surrogate models. As it is difficult and 
computationally very costly to directly link the optimization 
model with the numerical model,   a surrogate model needs 
to be developed.  

To train the surrogate model, Input–output data sets must 
be generated and solved by the numerical model. Also, a 
conceptual comprehensive numerical HWRS model shown 
in Fig.1 is assumed with different variables. These variables 
represent the decision variable in the optimization model to 
find the best variables values and best combinations of these 
variables, which provide the optimum solution. 

The conceptual model comprises different sets of deign 
variables randomly varied within assumed ranges. In this 
study, the proposed design variables are the dimensions and 
inclination of ten sheet piles (S1-S10) (cut-off) and the spacing 
between them. The symbols   for   the sheet pile depths are 
(d1, d2 … d10), for the angles are (β1, β 2,… β 10)  and for the 
width between the sheet piles (b1, b2,…. b10). The subsoil 
foundation consists of three layers (DL1, DL2, DL3) and their 

hydraulic conductivities are (kx1, kx2, kx2) with the 
anisotropy ratio (Ky/Kx)1, (Ky/Kx)2, (Ky/Kx)3 respectively. 
The total upstream water head (H) is also considered a 
variable. 

Fig. 1 Conceptual numerical model 
 
 All the input sets (1700 sets) are randomly generated using 

Latin hypercube sampling method (LHS) within specified 
ranges. LHS provides a uniform periodic random data by 
which robust training  could be achieved in the  machine 
learning process[19]. Each set of input data represents one 
scenario of the HWRS design. The SEEPW software is 
utilized to find the resulting seepage characteristics for each 
scenario. The seepage characteristics include the uplift 
pressure in front (θEi) and behind (θCi) each single sheet pile 
in addition to the exit grained at the end of the floor of 
hydraulic structure (toe). The seepage characteristics 
resulting from the numerical seepage modeling represent the 
output data used for training the SVM models. 

 

SUPPORT VECTOR MACHINE 
 

Support vector machine is a deep learning technique used 
for classification and regression problems. Recently, SVM 
has been implemented in wide academic applications and 
engineering problems because the SVM has a good 
generalization ability, and is less impacted by overfitting 
phenomena. Generally, the SVM algorithm selects from the 
training data   the best hyperplane (vector) which provides an 
efficient classification. The SVM algorithm maximizes the 
distance between the center of the hyperplane and its 
boundary (margin) to attain the best SVM model. therefore, 
the ideal SVM must have wider margins, then the SVM 
model could provide accurate prediction and high 
generalization ability [20, 21]. 

The SVM technique is applied to build the models that 
could accurately predict the numerical responses. Matlab 
programing language is utilized to develop the SVM models, 
because Matlab is a versatile tool and provides many options 
that can be modified to build perfect SVM models. 1700 sets 
of the simulated data obtained by solving SEEPW numerical 
code are used to train and build the SVM models. Twenty one 
models are built to determine the uplift pressure in front, and 
behind each sheet pile, and the exit gradient near the end of 
the structure. The SVM is trained on the simulated data where 
90% of the data are utilized for training and 10% are used for 
testing. The coefficient of determination (RSQ) and mean 
square error (MSE) for the training and testing phases are 
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listed in the Table A2.  The parameter for each SVM model 
are carefully selected after several iterations of trial and 
errors until best RSQ and smaller MSE are achieved. It could 
be concluded that the most influencing parameter on SVM 
performance is the kernel function type, and the constraint 
box. The kernel function used in this study is the polynomial 
kernel with varied order, which provide precise prediction 
compared to the other kernels.   

 
 

OPTIMIZATION MODEL  
 
The optimization model integrated in the S-O model is 

formulated to find the best design of HWRS at a minimum 
cost. Because of the complexity of the optimization task, the 
GA is used in this study. GA evaluates the fitness value and 
the constraints based on the surrogate models responses. 
Additionally, GA is likely to provide a global optimum 
solution and has the ability to deal with a complex problem 
as it does not rely on differentiating the performance 
equations to find the optimum solution.  Instead GA is based 
on a natural selection principle[22, 23]. The GA is efficient 
in finding the global solution in such a problem, where the 
performance function is based on the surrogate model 
responses. In the S-O model, GA calls the surrogate models 
(SVM) huge number of times to evaluate the fitness value 
and the constraints for each individual until the optimum 
design is achieved. Matlab programing language is used to 
implement the optimization model. The GA parameters 
specified in this study are: Population Size 2000, Elite Count 
10, Crossover Fraction 0.8, Function Tolerance 1e-6, 
Constraint Tolerance1e-3, and the rest of GA options are left 
to default Matlab options.  

The decision vector (X) involved in the optimization model 
represents the most important design variable of the HWRS 
model (conceptual numerical model). The X is modified 
many times by GA to find the minimum construction cost of 
the design, and simultaneously to provide safe design that 
satisfies all design requirements (constraints).  

The decision vector is listed as shown below, where the 
design variables from x1 to x11 represent the width between 
sheet piles (b1, b2…b11), variables form x12 to x22 represent 
the depth of the sheet piles (d1, d1,…d10) the variables from 
x23 to x32 represent the inclination angle for the cutoffs ( β1, 
β2,… β 10) . The optimization problem is formulated as shown 
below:                 

         Find   ܺ ൌ 	

ە
ۖ
ۖ
ۖ
۔

ۖ
ۖ
ۖ
ۓ
	ଵݔ
ଶݔ
.
.
.
.
.
.
ଷଶۙݔ

ۖ
ۖ
ۖ
ۘ

ۖ
ۖ
ۖ
ۗ

ൌ

ە
ۖ
ۖ
ۖ
ۖ
ۖ
ۖ
ۖ
ۖ
۔

ۖ
ۖ
ۖ
ۖ
ۖ
ۖ
ۖ
ۖ
ۓ
b1
b2
.
.
.
b11
d1
d2
.
.
.

	d10
β1
β2
.
.
.
β10ۙ

ۖ
ۖ
ۖ
ۖ
ۖ
ۖ
ۖ
ۖ
ۘ

ۖ
ۖ
ۖ
ۖ
ۖ
ۖ
ۖ
ۖ
ۗ

 

Which minimizes the objective function shown in Eq. (1) 

 

Minimize:  
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Where: Ti represent the average thickness  of the floor 
between two sheet piles,	ܿ	 ൌ	The cost of constructing the 
body of the HWRS per cubic meter ($500/m3), ܿ	 ൌ The 
construction cost of the sheet pile per cubic meter 
($1000/m3), ݐ		 ൌthe thickness of the sheet pile, which is 
constant = 0.5m . 

The decision vector is subjected to the following 
constraints:  

Flotation constrain: The uplift pressure on the foundation 
of the HWRS along all width of HWR must be safe [24, 25]. 
Therefore, the value ØC and ØE near each sheet pile must be 
sufficiently counterbalanced by the floor thickness at these 
points.   The safety factor assumed is 1.3 as shown in Eq. (2).  

 

ݐ  1.3 ቀ
Ø ୭୰ Øେ

ୋୡିଵ
ቁ   , i = 1,2,3...20 (2) 

 

   Where Gc is the specific gravity of the concrete. 
Exit gradient constrain: If the exit gradient is equal or 

more than the critical gradient, piping failure is likely. 
Therefore, it is  recommended that the exit gradient value 
must be at least 3 to 5 times less than critical gradient [26, 27] 

Usually, the shortest stream line or the closest point to 
HWRS toe is the most critical point at which the largest value 
of exit gradient could be seen. The safety factor of exit 
gradient is determined by Eq. (3) 

F. S ൌ
iୡ
iୣ

 (3) 

Where ic is critical exit gradient and given by Eq.(4) 
 

iୡ ൌ
γୱ୳ୠ
γ୵

 (4) 

Where	γୱ୳ୠis the submerged soil density, γ୵  is the weight 
density of water. The soil properties are considered mixed 
grained sand, which has γsat =21.2 kN/m3 and that results in 
icr=1.15 [28]. 

 

Other constraints: Many other constraints are also 
considered in the optimization model, such as sliding 
constraint and overturning constraint. The preventing 
eccentric loading state constraints is incorporated also to 
ensure uniform distribution of  the loads on the soil surface.  

    It is interesting to note that the value ØC and ØE for each 
sheet pile, and ie values involved in the S-O model are 
determined based on the   surrogate models responses.   The 
surrogates models within the optimization model are also 
represents the binding constraints where the decision vector 
must satisfy the simulation constraints in addition to the 
design constraints. 

 
RESULTS AND DISCUSSION  

 
The developed methodology was applied to optimize the 

conceptual model based on the surrogate models responses. 
Ten different cases having different H values   starting from 
10 m to 100 m were solved by S-O model as shown the table 
A1. The other parameters value are left constant,  such as 
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hydraulic conductivity for each layer is 5 m/day, the 
anisotropy ratio is 1 and the depth of each subsoil layer is 50 
m for all cases.  For all implemented cases the solution 
obtained by S-O model satisfy the design requirement and the 
safety factors. 

 Generally, the contribution of the variables b1to b8 and d1 
to d8 on the safety of the HWRS is neglected, where the 
optimum values for these variables is almost zero.  
Consequently, as the length of d1 to d8 reach their minimum 
value, their inclination angle become meaningless. 
Nonetheless, the inclination angle has a noticeable effect on 
reduction of uplift pressure, especially when β value is less 
than 90 degrees. In contrast, when β value is more than 90 
degree it has a significant effect in reduction of the exit 
gradient value.  

However, the optimum solutions obtained for each case are 
based more on increasing the width of HWRS to reduce the 
uplift pressure on the body of HWRS, and less based on    the 
sheet piles lengths to decrease the PWP. This could be 
attributed to two reasons. First, the uplift pressure value must 
be counterbalanced by the weight of the construction material 
of HWRS. Accordingly, even if it is costly solution, it is 
necessary to provide safe thickness against the uplift 
pressure.  Secondly, some design requirements significantly 
influenced the design features. For example, to ensure the 
stability of HWRS against overturning condition, the GA 
increases the total width of HWRS to provide more stability 
against the overturning forces and the huge amount of the 
active moments. Besides, preventing eccentric load state   in 
the foundation of HWRS is another critical design 
requirement, therefore GA restricts the loads resultant to be 
located within the second third of the total width. Hence,   GA 
increases the total width to ensure uniform distribution of 
stress on the soil foundation. Additionally, the construction 
cost of the sheet piles is more expensive than the construction 
cost of the HWRS floor. 

 On the other hand, because of the crucial impact of the exit 
gradient on the design of HWRS, the d10 length has a 
significant control in reduction of the exit gradient value. As 
a result, for all optimum solutions the d10 values have a 
considerable length, as shown in Table A3.   Additionally, 
the optimum sheet pile inclination angle of β10 is 150 degree 
toward downstream.   The increase of β10 value effectively 
decreases the exit gradient value, as the streamline length of 
seeping water significantly increases and in turn the exit 
gradient value decreases.   Moreover, another factor which 
might affect the exit gradient is the length of b10, because 
increasing the b10 reduces the uplift pressure and 
consequently decreases the exit gradient value.  

Mainly, the exit gradient value for all cases reach the 
maximum allowable value to satisfy a minimum safety factor 
of five with respect to the critical gradient. Accordingly, the 
exit gradient parameter plays a critical role in the selection of 
optimal decision variable values in the optimization process.  

 Additionally, an extensive evaluation was conducted for 
validating the S-O optimum solutions. The seepage design 
variables (θE, θC, exit gradient) were evaluated by solving 
the optimum solutions using SEEPW, then compared the 
seepage characteristic obtained by SEEPW with the same 
values obtained from the S-O model.  In general, the 

evaluation results showed that maximum percentage of error 
between the S-O model and SEEPW solutions is around 10%. 
This figure demonstrates that the SVM generalization ability 
with unseen and extreme data is good. On the other hand, the 
prediction of SVM for exit gradient is less accurate, which 
could be attributed to the large number of input variable for 
exit gradient surrogate model. However, the most of the exit 
gradient safety factor for the optimum solution is still within 
the standard and safe limit, and not less than 3.  

 
CONCLUSION 

 
The optimization based searching process is an expensive 

and computationally demanding task, especially when the 
optimization model linked to a numerical simulation to 
evaluate the fitness value and the constraints. Therefore, the 
linked S-O model based on SVM surrogate models was 
implemented to find the optimum design of HWR. Many 
SVM surrogate models were precisely built to predict the 
seepage analysis results. Based on the accurate responses of 
the surrogate models, GA evaluate the fitness value and the 
constraints. Therefore, a reliable and optimum design of 
HWRS could be achieved.  

The seepage design variable values (θE, θC, exit gradient) 
obtained as optimum solutions were validated using 
numerical solutions. The validation process showed that the 
surrogate models predictions were accurate, even in the 
solution range beyond the training data range.   

In general, the optimum and safe hydraulic design of 
HWRS must include sufficient floor width (more than H 
value) and one of the end sheet piles with the optimum length        
( not less than 0.5H),  with inclination angle attaining up to 
150 degrees. Finally the methodology is potentially 
applicable for funding find the optimum design of HWRS at 
minimum cost for different scenarios, within the specified 
training data range. Future studies may include expanded 
training ranges, and use of different machine learning 
techniques and optimization solvers to achieve more 
accuracy. 
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APPENDIX  
 
 

Table A1 optimum solution and the objective function value for different value of H  
  H (m) 100 90 80 70 60 50 40 30 20 10 
Objective 
Function 
value ($) 

4385022 3763560 3326936 2236865 1578883 1098975 631827 497585 130951 53324 

b1 0.0 3.1 0.0 0.7 0.6 0.0 0.0 0.3 0.1 0.7 
b2 15.1 3.7 0.6 0.3 1.5 1.4 2.6 0.0 1.3 1.2 
b3 0.5 2.6 1.5 0.7 0.6 0.5 7.1 0.0 1.4 1.1 
b4 0.1 2.5 1.6 0.9 0.5 0.5 5.8 0.0 1.3 0.2 
b5 0.7 2.2 0.6 2.3 0.8 0.1 0.0 0.0 0.6 0.5 
b6 0.7 2.9 1.2 1.6 1.5 0.6 0.1 0.0 1.0 0.5 
b7 3.9 3.5 4.3 2.3 2.9 0.7 0.3 0.4 0.1 0.5 
b8 0.1 1.9 1.1 2.7 2.5 2.3 0.7 1.0 3.2 6.0 
b9 31.2 21.2 36.0 33.4 22.5 15.1 0.9 9.2 2.0 2.8 
b10 113.2 113.1 111.9 72.6 62.7 59.6 37.2 54.6 14.7 7.7 
b11 10.3 11.1 11.3 6.3 6.1 5.8 5.0 8.3 1.0 2.4 
d1 7.4 1.7 0.2 0.0 0.4 0.0 0.8 0.0 0.0 0.0 
d2 0.1 0.2 0.1 0.0 0.3 0.0 0.5 0.0 0.1 0.0 
d3 0.0 1.0 0.4 0.2 0.0 0.0 2.7 0.0 0.0 0.0 
d4 0.0 0.1 0.2 0.3 0.2 0.0 0.0 0.0 0.2 0.1 
d5 0.0 0.0 0.0 0.7 0.0 0.0 0.0 0.0 0.0 0.1 
d6 0.2 0.2 0.3 0.0 0.3 0.2 0.0 0.0 0.0 0.1 
d7 0.0 0.3 0.0 0.9 1.1 0.0 0.1 0.0 0.0 0.0 
d8 0.0 0.4 0.5 0.4 0.0 0.0 0.0 0.0 0.0 0.0 
d9 0.4 0.0 0.5 1.7 0.4 0.0 0.0 0.0 0.0 0.0 
d10 56.2 56.5 55.4 34.4 31.0 29.8 17.5 27.0 7.3 2.5 
dd 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
β1 65.3 67.4 64.4 63.1 66.9 66.2 70.0 70.6 77.9 46.3 
β2 85.9 85.6 83.8 77.9 84.9 69.0 83.7 84.3 81.6 31.3 
β3 91.9 89.3 90.0 87.5 88.3 82.1 91.8 89.4 85.9 30.0 
β4 70.7 70.7 71.6 81.4 79.8 73.3 78.7 79.8 142.9 30.0 
β5 44.1 46.9 46.1 57.2 61.5 88.4 77.7 30.0 60.0 30.0 
β6 67.6 76.2 78.1 85.3 89.5 91.8 98.8 117.4 136.0 30.0 
β7 73.1 61.3 77.0 76.3 83.6 76.0 95.7 30.0 78.8 30.4 
β8 32.5 100.4 45.0 43.7 93.8 30.0 103.0 30.0 149.5 104.8 
β9 44.6 30.0 30.0 30.0 30.0 30.0 30.0 30.0 30.0 30.0 
β10 150.0 150.0 128.5 150.0 149.7 135.3 150.0 110.9 121.6 101.9 
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Table A2 Properties of the developed SVM models  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Note: AB equal to [DL1 DL2 DL3 kx1 ( ky/kx)1 kx2 ( ky/kx)2  kx3 ( ky/kx)3 H ] 
 
 
Table A3 Evaluation results of the S-O model for different value of H  

Seepage 
design 
variable 

  ΘE1  ΘC1 ΘE2 ΘC2 ΘE3 ΘC3 ΘE4 ΘC4 ΘE5 ΘC5 ΘE6 ΘC6 ΘE7 ΘC7 ΘE8 ΘC8 ΘE9 ΘC9 ΘE10 ie 

H=100 
 

 S-O 98.7 93.6 91.0 89.4 88.9 88.3 87.3 87.0 86.7 83.2 83.0 81.4 80.9 80.3 77.1 77.2 66.1 65.6 38.7 0.23
SEEPW 100.0 86.4 81.4 81.2 81.1 80.9 80.9 80.7 80.5 80.4 80.2 80.0 78.6 78.5 78.4 78.3 68.5 68.3 39.7 0.28
% Error -1.3 8.3 11.8 10.0 9.6 9.1 7.9 7.8 7.7 3.5 3.5 1.8 2.9 2.3 -1.8 -1.4 -3.5 -4.1 -2.6 -17.94

H=90 
 

 S-O 88.3 85.3 83.2 81.4 80.8 80.0 78.9 78.6 78.1 74.9 74.5 73.2 72.6 71.9 69.1 68.3 60.8 60.9 35.7 0.21
SEEPW 85.5 83.0 81.1 80.7 79.7 78.6 77.7 77.5 76.5 76.3 75.2 74.9 73.6 73.4 72.8 72.5 65.5 65.4 37.7 0.25
% Error 3.3 2.8 2.5 0.9 1.4 1.8 1.5 1.4 2.1 -1.9 -0.8 -2.3 -1.4 -2.0 -5.0 -5.8 -7.2 -6.9 -5.2 -16.32

H=80 
 

 S-O 79.0 76.3 74.3 72.5 72.0 71.2 70.3 69.9 69.4 66.5 66.3 65.1 64.5 63.7 61.4 61.1 53.4 53.5 32.4 0.21
SEEPW 80.0 78.1 77.2 76.5 75.4 74.5 73.7 73.1 72.9 72.6 72.1 71.7 69.7 69.6 69.3 68.8 57.9 57.7 36.1 0.19
% Error -1.3 -2.3 -3.8 -5.3 -4.6 -4.3 -4.5 -4.4 -4.8 -8.4 -8.1 -9.2 -7.6 -8.4 -11.4 -11.3 -7.8 -7.4 -10.3 9.89

H=70 
 

 S-O 69.0 66.6 64.6 63.0 62.6 61.9 61.1 60.6 60.0 57.5 57.1 56.2 55.6 54.7 52.9 52.6 46.7 46.3 30.2 0.23
SEEPW 67.7 67.0 66.6 66.0 65.3 64.6 64.1 63.3 62.2 61.2 60.5 60.2 59.4 58.4 57.6 57.2 46.1 45.4 26.8 0.30 
% Error -1.3 8.3 11.8 10.0 9.6 9.1 7.9 7.8 7.7 3.5 3.5 1.8 2.9 2.3 -1.8 -1.4 -3.5 -4.1 -2.6 -17.94

H=60 
 

 S-O 59.2 56.8 55.0 53.5 53.1 52.5 51.8 51.3 50.7 48.6 48.3 47.5 46.9 46.0 44.5 44.0 40.0 39.8 27.7 0.23 
SEEPW 59.0 56.5 55.4 54.6 54.3 54.0 53.8 53.1 52.7 52.4 51.7 51.2 50.2 49.1 48.3 48.1 40.2 40.1 23.9 0.30
% Error -1.3 8.3 11.8 10.0 9.6 9.1 7.9 7.8 7.7 3.5 3.5 1.8 2.9 2.3 -1.8 -1.4 -3.5 -4.1 -2.6 -17.94

H=50 
 

 S-O 49.4 47.3 45.7 44.3 44.0 43.3 42.8 42.2 41.7 40.0 39.7 39.0 38.5 37.8 36.7 36.7 33.7 33.3 24.3 0.23 
SEEPW 50.0 48.7 46.6 46.2 45.8 45.4 45.1 44.8 44.8 44.5 44.2 43.8 43.4 43.2 42.0 41.8 36.2 36.0 22.4 0.26
% Error -1.3 -3.0 -2.0 -4.0 -3.9 -4.6 -5.2 -5.9 -6.9 -10.0 -10.3 -10.8 -11.4 -12.6 -12.7 -12.3 -6.9 -7.6 8.7 -11.47

H=40 
 

 S-O 39.5 37.6 36.2 35.0 34.6 33.8 33.2 32.6 32.1 30.8 30.5 30.0 29.5 28.8 28.1 27.7 25.8 25.1 19.8 0.23
SEEPW 40.0 36.3 34.8 34.1 31.4 29.2 27.7 27.6 27.6 27.5 27.5 27.3 27.2 27.0 26.9 26.7 26.4 26.3 15.6 0.30
% Error -1.3 -3.0 -2.0 -4.0 -3.9 -4.6 -5.2 -5.9 -6.9 -10.0 -10.3 -10.8 -11.4 -12.6 -12.7 -12.3 -6.9 -7.6 8.7 -11.47

H=30 
 

 S-O 29.6 28.0 26.9 26.0 25.7 25.0 24.5 23.8 23.4 22.8 22.4 22.0 21.6 21.4 20.8 20.8 19.0 18.1 14.1 0.16
SEEPW 29.4 28.8 28.8 28.4 28.3 28.0 28.0 27.7 27.7 27.4 27.4 27.2 26.9 26.7 26.3 26.1 23.3 23.2 15.1 0.22
% Error 0.7 -2.8 -6.4 -8.3 -9.1 -10.5 -12.2 -14.0 -15.4 -16.8 -18.3 -19.1 -19.8 -19.9 -20.9 -20.5 -18.5 -21.7 -6.7 -27.57

H=20 
 

 S-O 19.8 18.5 17.7 17.0 16.7 16.0 15.5 15.0 14.7 14.2 13.7 13.4 13.1 12.7 12.3 12.2 11.0 10.3 8.1 0.23
SEEPW 19.8 18.8 17.5 17.1 16.2 16.0 15.4 15.1 14.9 14.7 14.3 14.2 14.1 14.0 12.8 12.7 12.0 11.9 8.1 0.36
% Error -0.2 -1.9 1.1 -0.4 3.1 0.1 0.8 -0.6 -1.7 -3.7 -4.1 -5.4 -7.0 -9.0 -3.8 -3.8 -8.5 -13.4 0.0 -36.17

H=10 
 

 S-O 9.9 9.0 8.5 8.4 8.1 7.7 7.2 6.6 6.3 6.5 6.0 6.2 6.2 6.0 5.7 5.6 4.8 4.4 3.2 0.23
SEEPW 9.2 8.8 8.2 8.1 7.7 7.6 7.5 7.4 7.2 7.1 7.0 6.8 6.7 6.6 5.2 5.1 4.5 4.4 2.9 0.32
% Error -1.3 -3.0 -2.0 -4.0 -3.9 -4.6 -5.2 -5.9 -6.9 -10.0 -10.3 -10.8 -11.4 -12.6 -12.7 -12.3 -6.9 -7.6 8.7 -11.47
 
 

model RSQ 
TRAIN  

MSE 
TRAIN  

RSQ 
TEST  

MSE 
TEST  

function  ORDER  box 
constraint  

training input variables  

Exit 
gradient   

0.95 0.1 0.91 0.17 polynomial 4 1 x8 x9 x10 x11  x19 x20 
x21 x22 x30 x31 x32 AB * 

θC10 0.97 1.22 0.97 1.08 polynomial 4 10 x11 x21 x32 AB 
θE10  0.96 4.57 0.97 3.64 polynomial 3 10 x10  AB 
θC9   0.95 7.66 0.95 6.35 polynomial 3 20 x20 x31 AB    
θE9    0.99 1.32 0.99 0.96 polynomial 3 15 x9   AB 
θC8    0.98 3.74 0.98 2.93 polynomial 4 1 x19  x30  AB 
θE8    0.99 0.82 0.99 0.97 polynomial 3 3 x8   AB 
θC7    0.99 2.12 0.99 1.59 polynomial 3 1.5 x18  x29  AB 
θE7    0.98 5.25 0.99 0.77 polynomial 2 10 x7  AB 
θC6    0.99 1.74 0.99 1.46 polynomial 4 5 x17 x28   AB 
θE6    0.99 1.08 0.99 0.65 polynomial 3 17 x6 x22  AB 
θC5    0.99 0.99 0.99 1.13 polynomial 3 4 x16 x27  AB   
θE5    0.99 0.63 0.99 0.54 polynomial 2 4 x5  AB 
θC4    0.99 1.21 0.99 1.2 polynomial 3 2.1 x15 x26  AB 
θE4    0.99 0.77 0.99 0.74 polynomial 2 1.6 x4   AB 
θC3    0.999 0.95 0.99 0.94 polynomial 3 4 x14 x25   AB 
θE3    0.999 0.94 0.99 0.93 polynomial 3 2.8 x3   AB 
θC2    0.99 1.92 0.99 1.94 polynomial 4 2.7 x13 x24  AB 
θE2    0.99 1.11 0.99 1.13 polynomial 3 1.5 x2  AB 
θC1  0.99 2.75 0.99 3.2 polynomial 3 8 x12 x23  AB 
θE1  0.99 3.2 0.99 2.8 polynomial 2 20 x1  AB 
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ABSTRACT 
 

 This research aimed to develop the sustainable performance of swine production through joint 
benchmarking and eco-efficiency. The economic and environmental performance of fifteen swine farms in 
Thailand between 2011 – 2013 were evaluated by Gate to Gate sector boundary. The results showed the highest 
and lowest values of eco-efficiency in the swine farming sector were feed and water consumption respectively. 
Benchmarking of eco-efficiencies in all indicators demonstrate that best practice for swine farms was obtained 
with average feed consumption of 1 kg/head-day, average water consumption of 1.17 L/head-day, use of 
renewable energy from bio-gas of 0.014 kWh/head-day, use of swine fever vaccination and anthelmintics, 
greenhouse gas emissions of 0.00875 tonCO2eq/head-day and total amount of waste produced was 6.25 kg/head-
day. Lastly, the sustainable development master plan for swine production in Thailand, which includes breeding 
selection, husbandry management, farm management and attendance, and the environmental management of 
farms was developed using material flow analysis concepts, in-depth interview and brainstorming with best 
practice swine farmers. 
 
Keywords: Benchmarking; Eco-Efficiency; Sustainable Performance; Swine Production; Thailand. 
 
INTRODUCTION 
     The concept of environmental sustainability 
applies to operations management within food and 
agricultural systems [1].In Southeast Asia, Thailand 
is the largest producer of swine with13.07 million 
heads in 2013 [2]. Nuengjamnong and Rachdawong 
[3] investigated environmental impact issues within 
the industry, noting that the size of swine farms has 
shifted from small to large scale operations. 
Additionally, consumers in developed countries 
demand safe food of high quality produced with 
minimal adverse environmental impact [4-7]. 
     A feasible approach to measure sustainability at 
an individual level, increasingly adopted, is 
represented by eco-efficiency, which appeared in the 
1990s as a practical tool to measure sustainability. 
The World Business Council for Sustainable 
Development [8] introduced the term “eco- 
efficiency”, identifying a management philosophy 
aimed at encouraging businesses to search for 
environmental improvements that yield parallel 
economic benefits. Eco-efficiency studies were used 
to assess performance and identify opportunities for 
improvement [9]. This concept, together with 
integrative design, offers an opportunity to 
substantially improve eco-efficiency. Various 
reports [10-11] studied effective methods of linking 

benchmarking and eco-efficiency to improve 
agricultural operations. This study uses 
benchmarking and the concept of eco-efficiency 
with the objective of performing an eco-efficiency 
assessment of swine farms in Thailand. In addition, 
a joint study was conducted to identify the best 
performing farms for use in public policy to improve 
the eco-efficiency of swine farm production. 
 
 
METHODS  
The swine farm production process 
      According to the previous study [3], verified in a 
swine farm in the southern part of Thailand, the first 
step of swine farm production is swine breeding. 
Pregnant swine are given water and feed for four 
months. Then, vaccines, energy, water, and feed are 
needed to care for piglet for one month, or till they 
have reached 16 kilograms in body weight. Piglets 
are separated into two groups, those directly sold, 
and swine grown for a further forty days. In 
addition, this step in swine production produces 
significant wastes from swine feces and wastewater 
from floor and corral cleansing, which can be 
directed to a biogas system or preliminary treatment 
before environmental discharge (Figure 1). 
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Figure 1. The swine farm production process 
 
Eco-efficiency indicator and data collection 
procedure 
     The eco-efficiency assessment of swine farm 
production required the conclusion of the literature 
review and farm survey including inputs, outputs 
and by-products. Eco-efficiency indicators consisted 
of economic and environmental indicators (Table1). 
A questionnaire was developed to collect data on the 
selected indicators, based on a questionnaire 
developed by the National Round Table on the 
Environment and the Economy [12]. This 
questionnaire was approved by the Social Ethical 
Committee of Mahidol University. 
     The environmental and economic performance of 
fifteen swine farms in the southern and central parts 
of Thailand between 2011 - 2013 were collected 
based on farm size recommendations of the 
Pollution Control Department, Thailand, including 
small (50-500 pigs), medium (500-5,000 pigs), and 
large (more than 5,000 pigs) farms.     
 
Table 1 Eco-efficiency indicator of swine production     
             in Thailand 

Indicators    Unit  
Economic indicator  
      Net sale  Baht/year 
Environmental indicator   

Feed consumption Ton/year 
Drug and vaccine  
consumption  

ML/year 

Electricity    
consumption  

Kwh./year 

      Water consumption  m3/yea 
      Waste production  Yon/year 

Greenhouse gas  
emission  

Ton CO2-eq/year 

 
Eco-efficiency Assessment  
     The eco-efficiency assessment of swine farm 
production was modified from key concepts of the 
World Business Council for Sustainable 
Development [8] and previous studies [13], with the 
ratio between swine production value and total 
environmental impact from the production process. 

The eco-efficiency calculation is shown in equation 
(1).  

 
	 	  (1)   ݊ܧΣ /ܸܧ = ܧ

 
Where: E is Eco-efficiency value; EV is the 
economic value of swine production; Σ݊ܧ is the 
total environmental impact from the material and 
resource use of swine production. 
 
The master approach of swine production toward 
sustainable development by joint benchmarking 
and eco-efficiency concept  
     The eco-efficiency values of swine farm 
production were used to identify best practice by 
benchmarking the value of each indicator. Firstly, 
indicator units were normalized before 
benchmarking, then, the eco-efficiency value of each 
indicator was benchmarked to identify best practice 
performance. The concept of material flow analysis 
[13] was used to confirm the process of best practice 
farm in each indicator. Finally, in-depth 
interviewing and brainstorming with farm owners 
were included for approach verification by and then 
the master plan of swine production toward 
sustainable development in Thailand was developed. 
 
RESULTS AND DISSCUSSION  
Eco-efficiency value of swine farm production  
     The resulting eco-efficiency values of swine farm 
production are shown in Table 2. The eco-efficiency 
values of small size farms are highest and lowest for 
electricity consumption and greenhouse gas 
emissions respectively. Additionally, the trend for 
eco-efficiency values increased annually for small 
farms. However, the net sale of swine production 
slightly increased due to the increased cost of feed. 
The main advantage of small size farms was 
identified as labor cost savings because they are 
family-run. 
      The highest and lowest eco-efficiency values for 
medium size farms were electricity and water 
consumption respectively (Table 2). These findings 
show that the swine production process, including 
heating, ventilation and water pumping in medium-
sized farms, requires significant electricity supply. 
Additionally, the water consumption trend increased 
annually due to the processes of swine drinking and 
twice daily corral cleaning.   
       The highest and lowest eco-efficiency values for 
large-size farms were water and electricity 
consumption respectively (Table 2). This finding is 
consistent with the medium-size farms in the issue 
of water consumption. Vu et al [14] found that the 
volume of water consumption was 40 liters/swine 
for corral and floor cleaning, which was similarity 
with the result of this study. However, the water 
supply system and the reuse of treated wastewater 
were applied in this farm size for reducing water 
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consumption. Additionally, biogas production 
systems can be used to reduce electricity 
consumption in large-size farms with the lowest eco-
efficiency value in this study.   
 
Benchmarking value of eco-efficiency for swine 
production  
     The results of the eco-efficiency assessment of 
fifteen swine farms were used to identify best 
practice performance by benchmarking. This data is 
shown in Table 4. Regarding feed consumption, the 
best practice swine production with eco-efficiency 
values of 58,159.70 baht/ton was farm K, as the 
tablet type of feed and feed limitation and control at 
0.12 ton/head-year with twice daily feeding was 
used. Regarding water consumption, farm C had the 
best practice with eco-efficiency values of 14,679.94 
baht/m3 and 1.17L/head-day water consumption, as 
well water was pumped to a large storage tank for 
supplying swine drinking water needs and once-
daily cleaning. Farm O had the best practice 
regarding electricity consumption, with eco-
efficiency values of 5,642.25 baht/kWh and 
1.72kWh/head-year. A biogas system using farm 
wastewater provided all energy needed at a cost of 
394 Baht/month. In the case of drug and vaccine 
consumption, farm A had the best practice with eco-
efficiency values of 2,208.77baht/ml and 8.38 
ml/head-year. Concerning waste production, an 
average eco-efficiency of 12,998.90 baht/ton and 
6.25 ton/head-year were found in Farm O, as biogas 
production supported by the government was used to 
treat both wastewater and solid waste to cover the 
energy consumption costs of this farm.  Finally, 
farm O also presented the best practice in 
greenhouse gas emissions, with eco-efficiency 
values of 9,260.22 baht/ton CO2-eq and 0.00875 ton 
CO2-eq/head-year. 
 
 
Master approach of swine production toward 
sustainable development  
      Using the results of swine production eco-
efficiency benchmarking to identify best practices, 
the master approach of swine production toward 
sustainable development was developed using 
material flow analysis, in-depth interviews and 
brainstorming with the best practice farms within 
each indicator. The master approach consisted of 
two paradigms including a technique approach with 
process improvement and a management approach 
with farm improvement. The details of the master 
approach of swine production toward sustainable 
development are shown in Figure 3 and consist of 
four components. Firstly, breeding selection should 
be based on rapid growing, disease-resistance 
animals. Secondly, the master approach of 
husbandry management consists of animal health, 
and feed and water consumption management. For 

animal health management, swine farmers should 
provide drug and vaccine doses based on 
government regulations. Additionally, pathogen 
contamination prevention techniques should be 
implemented as standard. Feed and water 
consumption management should provide for the 
demands of swine based on the growing stage. 
Swine feed can be prepared by farmers, reducing 
cost. Moreover, feed storage buildings should be 
separate, protecting from human, insect and 
pathogen contamination. To provide clean water for 
drinking, water storage tanks and pipes with nozzles 
are recommended to reduce water consumption.  
Thirdly, farm management and attendance including 
corrals, staff, and document management are 
proposed as part of the master approach to swine 
production. The master approach to corral 
management should be to provide clean, dry, orderly 
housing, and should be cleaned and sterilize done to 
two times daily. Regarding staff management, a 
suitable ratio between personnel/swine is 1 person 
per 200 swine, together with 1 veterinary specialist. 
The documentation management of farms, including 
administration, productivity management, and 
product and by-product volumes should be 
developed for data backup and use. Lastly, sound 
environmental management of farms should be 
included in the master plan of swine management. 
All wastewater and feces produced should be 
collected and treated before environmental 
discharge. Biogas production systems are 
recommended as part of the waste management of 
swine farms, as they produce environmentally 
friendly energy from waste by-products. The reuse 
of solid waste in swine farm should be implemented. 
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Table 2. Eco-efficiency value of swine production 
 

Indicators 
 

Unit 
Eco-efficiency value

Large Farm Middle farm  Small farm  
2011 2012 2013 2011 2012 2013 2011 2012 2013 

Feed consumption Ton/year 26,148.99 22,270.51 23564.67 12,868.14 14,060.16 16,802.43 7,269.69 8,716.32 11,759.55
Drug and vaccine 
consumption  

 
ML/year    992.49 824.06    1008.67 

 
999.33 

 
1,098.99 

 
1,322.49 

 
460.15 

 
558.26 

 
773.48 

Electricity consumption  Kwh./year 3,243.52 2,724.78 3,289.61 333.81 367.55 441.91 196.54 238.96 333.70
Water consumption  m3/year 327.12 272.64 332.15 1,046.05 1,150.09 1,379.83 2,468.17 2,985.72 4,103.77 
Waste production  Yon/year 11,390.58 9,559.36 11,594.21 5,522.60 6,045.79 7,224.13 2,559.34 3,105.30 4,242.03 
Greenhouse gas emission  Ton CO 2- eq/year 5,323.36 4,471.99 5,399.00 547.85 603.23 725.27 322.57 329.19 547.61
 
 
 
Table 3. Benchmarking of eco-efficiency for swine production 

Indicators Swine farms 
A B C D E F G H I J K L M N O 

Feed 
consumption 
(Baht/ton) 

31147.90 2529.94 17973.95 2630.20 12011.69 3320.59 4038.11 3415.81 11262.90 19595.18 58159.70 12254.52 22495.51 38930.39 9846.50 

Drugand vaccine 
consumption 
(Baht/ml) 

 
2208.77 

 
233.67 

 
1095.81 

 
182,83 

 
332,71 

 
713.06 

 
700.29 

 
888.17 

 
1396.84 

 
727.58 

 
1960.98 

 
1071.90 

 
368.44 

 
1499.96 

 
2208.77 

Electricity 
consumption  
(Baht/kwh) 

1208.78 84.11 487.30 87.77 337.48 29.24 147.72 135.75 582.84 242.39 526.53 388.13 1781.87 1285.11 5642.25 

Water 
consumption 
(Baht/m3)  

5594.65 729.10 14679.94 605.94 7649.04 5419.89 1511.32 1004.24 3513.56 5160.11 3851.03 791.61 7495.14 164.18 232.05 

Waste production  
(Baht/ton) 11326.88 1090.28 6136.69 907.34 2300.12 2255.68 3783.69 1172.60 5433.88 6359.17 7429.58 6964.70 8340.94 7342.65 12998.90 

Greenhouse gas 
emission  
Baht/tonCO2-eq) 
 

1983.88 138.05 799.77 144.04 553.89 3675.28 2680.97 220.80 956.57 397.82 864.15 637.00 2888.38 2109.16 9260.22 
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Figure 2. Master approach of swine production toward sustainable development 
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CONCLUSION 
      The research objective was to examine the 
sustainable performance of swine farm production 
in Thailand using joint eco-efficiency and 
benchmarking technique. A suitable measure of 
eco-efficiency values of swine production was 
developed and used to generate a questionnaire for 
collecting data on the economic and environmental 
performance of fifteen swine farms in Thailand. 
Consequently, eco-efficiency values and 
benchmarking were combined to identify best 
practices for a proposed master approach of 
sustainable swine production. The results showed 
an evident difference, as small and medium-size 
farms were concerned with water consumption, and 
large farms were most concerned with heating and 
cleaning issues. Then, joint benchmarking and eco-
efficiency values were used to ascertain the best 
practices in swine production. These results 
identified that best practice attained 1.17 L/head-
day water consumption, 0.014kWh/head-day 
electricity consumption,0.00875 ton CO2-eq/head-
year greenhouse gas emission, and 6.25 ton/head-
year waste production. Finally, best practice in 
breeding selection, husbandry management, farm 
management and attendance and the environmental 
management of farms were identified by material 
flow analysis, in-depth interviews and 
brainstorming, then included as part of the master 
approach to sustainable swine farm production. 
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ABSTRACT 
 
Japan has possessed main concrete agriculture irrigation canals that are total length of about 50,000km. These 

canals are becoming deterioration over time. Therefore concrete surface of canals have been becoming rough. One 
method of the roughness measurement is using the aerial ultrasonic sensor. However previous research	have	been	
not study about attenuation of ultrasonic during propagation the air using the 42 kHz sensor. The purpose of this 
study were to evaluate attenuated value of the ultrasonic wave and to correct attenuated value of the ultrasonic 
wave. Reflected wave of the aerial ultrasonic was measured under the different condition of temperature, humidity 
and atmospheric pressure with smooth board and roughness board. These were compared measurement value and 
correction value by ISO9613-1 equation. The relative error of correction value was smaller than measurement 
value. The result of this study reveal that correction using ISO9613-1 equation for attenuation of ultrasonic wave 
42 kHz is effective method. 
 

Keywords: attenuation of aerial ultrasonic, ISO9613-1, concrete surface roughness, aerial ultrasonic sensor 
 
 
INTRODUCTION 
 

Japan has possessed many concrete irrigation 
canals mainly used for agriculture that have a total 
length of 49,239 km. Including lateral canals are 
about 400,000 km. These canals were constructed 
since the high economy era of 1954 - 1973 and 
became too old for work. Reconstruction of canals 
costs too huge. The government are necessary to be 
repaired old canals, on other word, they were 
promoting policy “stock management” in japan. 
Stock management mean to improve the life of the 
facility by appropriate inspection.  

The concrete surface of canal is worn out by flow-
water and flow-sand, and become rough. The 
roughness of concrete surface causes decline of the 
water flow function. If canals become decline of the 
water flow function, causes decreasing the flow 
velocity and raising the water level. As a result, 
irrigation water will not reach the end of some lateral 
canals. However, method of measurement roughness 
concrete surface of irrigation canals has not been 
established yet. Roughness of concrete surface is 
generally by arithmetical mean roughness (ISO 
25178). 

Over the years, considerable attention has been 
paid to the study of measurement of the arithmetical 
mean roughness. Scientists are proposed the 

following methods to measure the arithmetical mean 
roughness.  

Sand patch test: This method is one of the most 
commonly methods used for examination of 
macrotexture depth of concrete surfaces. This direct 
volumetric method consists in careful application of 
a given volume of granular materials (a glass spheres 
or sand) of given granulometry onto surface and 
subsequent measurement of the total area covered. 
The sand patch test is exposed to a greater probability 
of human error; it is a test that cannot be performed 
quickly without comprising accuracy [1], [2]. 

Concrete Surface Profiles: This method is based 
on the visual inspection of the prepared surface, being 
this compared with nine standard Concrete Surface 
Profiles (CSP) of increasing roughness [3]. 

Outflow Meter: This is a volumetric method used 
to assess the surface roughness of asphalt and 
concrete road pavements. The method gives an 
average value for the surface roughness but no other 
additional information [1], [4]. 

Moulage gauge Method: This method is possible 
to measure the arithmetical mean roughness. This is 
the simple measurement method, since managers’ 
only pushes the moulage gauge to the concrete 
surface. However, managers need complication 
analysis that read displacement from one by one the 
moulage gauge [5], [6].  
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Laser Displacement Sensor Method: This method 
is possible to measure the arithmetical mean 
roughness. Measurement range of this method is line 
information of the concrete surface. This method is 
high precision, but high price to measure irrigation 
canal [7], [8]. 

Aerial ultrasonic sensor: This method is possible 
to measure the arithmetical mean roughness. This was 
developed by the authors. The frequency was used 42 
kHz. Measurement range from 1000 mm can measure 
diameter 600 mm and from 550 mm can measure 
diameter 300 mm. This sensor uses to be bought 
about 25 $, therefor this is economical to measure 
canals [10].  

Method of the aerial ultrasonic sensor is 
economical, wide range and simple. However, the 
amount of the aerial ultrasonic wave during 
propagation an air is declined by wind velocity over 
6 m/s. In the similar, the authors considered that the 
aerial ultrasonic wave during propagation an air is 
caused attenuation under different atmosphere 
condition. The theory of this phenomenon is defined 
by ISO9613-1 [11]. However, the applicable range of 
the frequency is defined 50 Hz to 10 kHz.  Therefore, 
the authors have been used sensor 42 kHz is over 
range in ISO9613-1. Further there is no study focus 
on reflected wave. The attenuation of the aerial 
ultrasonic is problem to measure roughness of 
concrete surface. It is reason that the measurement 
value change under different condition. The purpose 
of this study were to evaluate attenuated value of the 
ultrasonic wave and to correct attenuated value of the 
ultrasonic wave. 

 
MATERIALS AND METHOD 
 
Aerial Ultrasonic Sensor 
 

The LZ-Maxsonar-EZ1 (MaxBotic, Inc) was used 
as the aerial ultrasonic sensor. The sensor is designed 
the ultrasonic range finder. Frequency was selected 
42 kHz. Sensitivity of the open type (the sensitivity: 
min. -80.5dB) and the waterproof type (the 
sensitivity: min. -58.2dB) were compared. The open 
type has 13 times higher sensitivity than the 
waterproof type at each output voltage. So, the open 
type was selected. But measurement of the aerial 
ultrasonic wave must limit not to get wet. Other 
specification shows Table 1. The aerial ultrasonic 
sensor was attached the horn. The horn was attached 
due to increase the sound of the aerial ultrasonic. It 
was made of resin and was made by 3D printer. The 
Fig.2 shows an example with the horn attached sensor. 
Measurement value was acquired by the digital 
oscilloscope TBS1152 (Tektronix, Inc).  

 
 

Table 1 Specification of the aerial ultrasonic sensor 
 

Frequency   42 kHz 
dimension   
                   

A 16.4 mm 
B 15.5 mm 

                   C 19.9 mm 
                   D 22.1 mm 
weight   4.3 grams 

 

 
Fig. 1 The aerial ultrasonic sensor 
   

Fig. 2 The horn attached and this size 
 
Thermometer and Hygrometer 
 
    The TR-73U and TR-72wf-H (T&D Corporation, 
Inc) was used as the thermometer and hygrometer. 
Measuring range of the thermometer is -30 to 80°C, 
and the hygrometer is 0 to 99 humid. These sensors 
can record internally and send it to PC with USB 
connection. 
 

 
Fig. 3 TR-72wf-H  

A

B

C

D 
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Concrete Board  
 
    The concrete board was made for this experiment 
by the cooperation of the Maruei concrete industry 
Co., Ltd. The size of this board is length 700 mm, 
width 700 mm, height 50 mm. The weight of this 
board is 45 kg. We prepared two types of roughness. 
First type of arithmetical mean roughness was 0.04 
mm. The condition of concrete surface is smooth. In 
this study, first type was called smooth board. Second 
type of arithmetical mean roughness was 1.04 mm. 
The condition of concrete surface is roughness. In this 
study, second type was called roughness board. 
 
Experiment Method 
 
    Measuring materials was set as Fig.4. The aerial 
ultrasonic sensor was set 1000 mm height from 
concrete board. The hygrothermograph was set 0 mm 
and 500 mm height from concrete board. The 
ultrasonic data was acquired under different condition 
of temperature and humidity. We got measurement 
value of reflected wave, temperature, humidity and 
air pressure. The measurement value was voltage 
mV of peak to peak of reflected wave. The 
roughness of concrete was estimated by the 
measurement value of reflected wave. Preceding 
study (2016) showed between the measurement value 
and roughness of concrete [10].  
 

 
Fig.4 Experiment system  
 
THE ATTENUATION OF ULTRASONIC 
DURING PROPAGATION THE AIR 
 
    The Attenuation of sound during propagation the 
air has been to be standardized by ISO 9613-1 at 1993. 
This standard aims noise problems about urban 
environmental noise and airplane noise. This standard 
specifies an analytical method of calculating the 
attenuation of sound as a result of atmospheric 
absorption for a variety of meteorological conditions 
when the sound from any source propagates through 
the atmosphere the air. Absorption of sound through 
the air is due to shear viscosity, thermal conductivity 

or heat dissipation, and molecular relaxation due to 
oxygen, nitrogen, and water vapor vibrational, 
rotational, and translational energy. The attenuation 
of sound varies significantly with temperature, water 
vapor content and frequency. The range of the 
standard specifies is as follows. 
－Frequency from 50 Hz to 10 kHz 

  －Temperature from -20°C to +50°C 
  －Relative humidity from 10% to 100% 
  －pressure of 101,325 kPa (one atmosphere) 

Equation are provided for wider ranges suitable 
for particular, however frequency 42 kHz of using the 
aerial ultrasonic is over range.  
 
Symbols 
 
 Frequency of the sound, in hertz  :   ࡲ     
ࢎ        : Molar concentration of water vapour, as a 
percent 
 Reference ambient atmospheric pressure, in :  ࢘     
kilopascals 
 Initial sound pressure amplitude, in pascals :      
 Sound pressure amplitude, in pascals :   ࢚   
 Ambient atmospheric pressure, in kilopascals :  ࢇ   
 Distance, in metres, through which the sound :    ࢙   

propagation 
 Ambient atmospheric temperature, in kelvins :     ࢀ  
    : Reference air temperature, in kelvinsࢀ  
 Pure tone sound attenuation coefficient, in :   ࢻ  

decibels per metre, for atmospheric absorption 
 
Calculation  
     
 The equation (1) is basic equation of attenuation. 
The sound pressure ࢚  is exponentially attenuated 
from the sound pressure  by absorption in the air. 
  

࢚ ൌ .ሺെ	ܘܠ܍ ࢙ࢻሻ                                (1) 
 

The attenuation of pressure level ઼ۺ  is described 
using coefficient ࢻ and distance of propagation in the 
air. 

ۺ઼ ൌ  ܗܔ ൬



࢚
൰ ൌ  ۰ሿ                            (2)܌ሾ	࢙ࢻ
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     The attenuation is the function of the relaxation 
frequency of molecular oxygen ࡻ࢘ࡲ  and the 
relaxation frequency of molecular nitrogen ࡺ࢘ࡲ. 
 
ࡻ࢘ࡲ  ൌ ቀࢇ

࢘
ቁ ቀ  .  ൈ ࢎ .ାࢎ

.ૢାࢎ
ቁ        (5) 
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ቁ
ି
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    The ࢎ  is molar concentration of water vapor in 
percent.  The ࢎ is calculated from the relative 
humidity  as follows. 
 
ࢎ  ൌ ࢙ ቀ

࢘ࢎ
࢙
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ቁ  ሾ%ሿ                                   (7) 
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Fig.5 Relation between ࢻ	and	temperature 
 
RESULTS AND DISCUSSION 
 
Measurement Result of Attenuated Ultrasonic 
Wave 
 

The Fig.6 and Fig.7 shows 71 data under different 
atmosphere condition. Since the aerial ultrasonic 
sensor can’t measure with rainy weather, the data 
were acquired mainly with fine weather. 
     The measurement value was acquired using the 
aerial ultrasonic with smooth board and roughness 
board. The measurement value was the peak to peak 
of reflected wave and was calculated 15 times 
average. Since the measurement value depended on 
the temperature, the temperature was taken on the 
horizontal axis.  

The Fig.8 and Fig.9 show that the measurement 
value was fluctuated by attenuation. When 

temperature of atmosphere was under 20°C, 
attenuation tended to be small. When temperature of 
atmosphere was over 20°C, attenuation tended to be 
large. The Fig.6 and Fig.7 shows that when the 
temperature was over 20°C, the humidity was under 
60%. The Fig.5 shows that when the humidity is low, 
the attenuation coefficient ࢻ	tend	to	increase	as	the	
temperature	 increase. There	 is	 no	 research	 that	
the	phenomenon	changes	with	boundary	of 20°C. 
It is considered to be the relationship between 
humidity, atmospheric pressure and features of sensor.  

The slope of approximation with smooth board is 
larger than roughness board. It was because the 
measurement value of smooth board was large than 
the measurement value of roughness board. 

The attenuation rate of change was investigated to 
due to difference in roughness of concrete. The 
reference temperature was set to 20° C, and the rate 
of change was calculated by equation (9). The Fig.10 
shows the rate of change was similar between smooth 
board and roughness board. So the degree of the 
roughness is not related to the amount of the 
attenuation of the aerial ultrasonic. 

 

 
Fig. 6 Atmosphere condition with smooth board 
 

 
Fig. 7 Atmosphere condition with roughness board 
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Fig. 8 Measurement data using the aerial ultrasonic 
with smooth board 

 
Fig. 9 Measurement data using the aerial ultrasonic 
with roughness board 

      	
࢘					 ൌ ሻ܄ܕሺࢋࢍࢇ࢚ࢂ	࢚ࢋࢋ࢛࢙࢘ࢇࢋࡹ

ሻ܄ܕሺࢋ࢜
                               (9)  

 
ࢋ࢜ ,Rate of change :࢘ : Average voltage mV at 
temperature 20±0.5°C 
 

 
Fig. 10 Relation between rate of change and 
temperature with smooth board and roughness board 
 
Correction Result of Attenuated Ultrasonic Wave 
 
     The Attenuated ultrasonic wave was corrected by 
ISO9613-1 equation (10). The correction voltage  ࢂ 

become approach initial voltage. Fig.11 and Fig.12 
shows that the slope of approximation with the 
correction value become small. This phenomenon 
was also similar with the roughness board. The 
relative error was calculated. The theoretical value 
was taken as the average of all. Table 2 shows that the 
relative error of the correction value was less than half 
of the measurement value. This result shows that 
correction data did not depend on atmosphere 
condition. However, when it was temperature over 
25°C, the correction value tended to become small. 

 
ࢂ ൌ  ሻ                                              (10)࢙ሺെ	࢞ࢋࢂ

 
 : Correction value mVࢂ ,Masurement value mV :ࢂ
 

 
Fig. 11 Correction data by equation ISO9613-1 with 
smooth board 
 

 
Fig. 12 Correction data by equation ISO9613-1 with 
roughness board 
 
Table 2 Compere correction value and measurement 
value with relative error 
 

  Correction value Measurement value 

Average of all mV 2970 2319 

Relative error % 2.7 6.4 
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CONCLUSION 
 
    The measurement value was measured using the 
aerial ultrasonic sensor with 71 data under different 
atmosphere condition. The measurement value was 
fluctuated by attenuation. The measurement value 
depended on the temperature. The attenuation 
increased at boundary of 20°C. The degree of the 
roughness is not related to the amount of the 
attenuation of the aerial ultrasonic. 
    The measurement value was corrected using 
ISO9613-1 equation. The slope of approximation 
with the correction value was smaller than the 
measurement value. The relative error of the 
correction value was less than half of the 
measurement value. 
    The result of this study reveal that correction using 
ISO9613-1 equation for attenuation of ultrasonic 
wave 42 kHz is effective method. 
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ABSTRACT 

 
The present study analyzed public opinion data from free-text descriptive responses obtained by administering 

a questionnaire on green spaces to local residents. Maebashi City, the capital city of Gunma Prefecture, was 
selected as the subject for the study. Maebashi is a standard-sized city in Japan, thus the opinions of its residents 
can be analyzed and compared to other standard-sized cities. The present study adopted a text mining method for 
analysis. Text mining can discover the characteristics of words and examine the relationships between words in a 
large amount of text data objectively and quickly. By exploring the residents’ thoughts on green spaces using the 
data from their free-text descriptive responses, the present study extracted problems with existing green spaces 
from the viewpoint of the public.  
 
Keywords: Text data, Text mining, Tract, Image 
 
 
INTRODUCTION 
 
Background 
 

At present, depopulation, low birthrates, aging 
citizens, and decreased financial resources are serious 
social problems in Japan, and the appropriate 
development, maintenance, and management of 
urban facilities are urgently required. To deal with 
these social problems and related requirements, new 
policies on green and open spaces contain strategies 
to enhance the stock effects of nature spaces, to 
accelerate the cooperation between the government 
and private sectors, and to make further use of urban 
parks. 
 
Social situation 
 

To this end, the Ministry of Land, Infrastructure, 
Transport and Tourism published an interim 
summary of the “Review Meeting for the Nature of 
Urban Parks Corresponding to Urban Management of 
a New Era.” This summary contains three main points. 

First, in this new era, green and open spaces that 
help support cities, including urban parks and private 
gathering places, must be strategically secured and 
used. 

Second, the multifunctional properties of urban 
parks must be advertised and exhibited using 
cooperation between the government and private 
sectors in order to draw on the power of individual 
towns and citizens.  

Finally, a new framework must be constructed in 
which the quality of urban parks can be improved 
through this collaboration between the government 

and the private sector, including a wide range of 
entities such as local councils to support flexible 
urban park management. 
 
SUTUDY AREA AND STUDY METHODS 
 
Position of this study 
 

Maebashi City, which is a study area, is shown in 
Fig. 1. Maebashi City is the prefectural capital of 
Gunma Prefecture, with a population of 340,000 
people and a local city located about 100 km from 
Tokyo. In Maebashi City, motorization is progressing 
even among local cities, and Maebashi City is 
studying toward realization of compact city.  

Maebashi is a standard-sized city in Japan, thus 
the opinions of its residents can be analyzed and 
compared to other standard-sized cities. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Location of Maebashi City 
 

Gunma Prefecture 

Maebashi City 
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Table 1 Details regarding the questionnaire survey 
 

Date of survey 

- Distribution:  
October 14-16,2015 

- Collection: 
October 31,2015 

Data collection Maebashi city area 
Gunma Prefecture 

Data collection 
method 

- Distribution: 
putting mail box 

- Collection: 
Mailing 

Question 

Please enter your thoughts 
about the green spaces 
surrounding you, and your 
opinions and desires regarding 
Maebashi City’s future 
policies on green spaces, 
parks, and street trees. 
in Maebashi-area 
(free answer) 

Distribution 
and collection 

- Number of questionnaire 
cards distributed: 1,500 

- Number of questionnaire 
cards collected: 402 

- Recovery: 26.8% 

 
 
Overview of the study 
 

We will review the existing studies related to this 
study. There are many studies on the quality of life 
given by green. Morita, Kogure, Sugita, Baba, 
Tsukada and Miyazato [1] focus on the environment 
of the water and green for Maebashi City, and 
evaluate the quality of life.  In addition, Tsukada, 
Morita and Yuzawa [2] analyzed the Relationship 
between consciousness and environment including 
water and green of the Tenguiwa-Irrigation in 
Maebashi City. 

There are also many that analyzed free text data 
as a similar study. Text data must be processed using 
a particular method so that the data can be analyzed 
objectively and quantitatively. The field of natural 
language processing has developed specific software 
for text mining. As the text mining method can 
objectively extract important trends in words from 
statements and free-text descriptive responses, this 
method has been used in previous studies. 

Sasaki, Maruishi [3] studied about Traffic Policy 
towards the introduction for Fuji-yoshida City, 
Yamanashi Prefecture. Sasaki attempted to visually 
analyze public opinions using statements made in 
workshops transformed into text data. 

Kobayashi, Terada and Sato [4] analyze residence 
selection behavior based on resident preference of 
residential attribute in for Saiki City, Ooita Prefecture. 
Kobayashi applied the text mining method to free-text 
descriptive responses obtained via a questionnaire to 
analyze the problems peculiar to a local community. 
 
Purpose and method of this study 
 

The present study analyzed public opinion data 
from free-text descriptive responses obtained by 
administering a questionnaire on green spaces to local 
residents, and evaluate the quality of life.  

The present study adopted a text mining method 
for analysis. Text mining can discover the 
characteristics of words and examine the 
relationships between words in a large amount of text 
data objectively and quickly. 

By exploring the residents’ thoughts on green 
spaces using the data from their free-text descriptive 
responses, the present study extracted problems with 
existing green spaces from the viewpoint of the public. 
Comparing the problems identified by the study with 
those recognized by an administrative organization 
allowed the present study to better examine future 
policies regarding green spaces. 
 
KH Coder software 
 

The present study used KH Coder software, the 
technical information of which has been published 
and which has been used for several existing papers. 
A morphological analysis function has been 
incorporated into this software. 

Morphological analysis is an operation to divide a 
statement or a sentence into minimal units that have a 
syntactic function, and to discriminate each part of 
speech. This is used instead of artificial data 
processing to analyze data objectively. 

In the present study, we conducted a questionnaire 
survey on the Table 1. The present study analyzed 
free-text descriptive answers to the question, “Please 
enter your thoughts about the green spaces 
surrounding you, and your opinions and desires 
regarding Maebashi City’s future policies on green 
spaces, parks, and street trees”. 

The responses were encoded as text data and then 
analyzed in order to understand the image that the 
residents have of green spaces, and evaluate the 
quality of life. 

The initial questionnaire on green spaces was 
administered by the Maebashi Institute of 
Technology on October 16, 2015, in which 1,500 
questionnaires were randomly distributed to 
households in Maebashi City. 402 completed surveys 
were collected by mail. The present study analyzed 
181 samples, in which the free-text descriptive 
responses were examined as text data. 
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RESULTS AND DISCUSSION 
 
Result of extracted words 
 

The present study examined free-text descriptive 
responses regarding green spaces, obtained from 
residents via questionnaire and analyzed as text data. 

The researcher performed morphological analysis 
on the data and created a list of top 50 words with 
higher frequencies of appearance (Table 2). 

Of the nouns and adjectives extracted from these 
responses, “park” (first place, Fig.2), “suppose” 
(second place), “greenery” (third place), “roadside 
tree” (fourth place, Fig.3), “ management” (fifth 
place), “environment” (sixth place), “Maebashi” 
(seventh place), “many” (eighth place), “ tree” 
(ninth place) and “construction” (tenth place), all 
symbols of greenery in cities, were the most common. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 Small scale-park, Maebashi-city 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 Roadside-tree, Maebashi-city 
 
 
 
 

Table 2 Result of extracted words 
 

No Extracted Ward Frequency 

1 Park 102 
2 Suppose 80 
3 Greenery 68 
4 Roadside tree 43 
5 Management 35 
6 Environment 30 
7 Maebashi 28 
8 Many 26 
9 Tree 26 
10 Construction 24 
11 Road 24 
12 Maintenance 21 
13 Good 21 
14 Near 19 
15 Place 19 
16 Necessary 18 
17 Rose 17 
18 Child 17 
19 People 17 
20 Plant 16 
21 Cleaning 15 
22 Resident 15 
23 Nature 14 
24 Tree and shrubs 14 
25 Can 14 
26 Urban 13 
27 Feel 13 
28 Cut 13 
29 Think 12 
30 Few 12 
31 Increase 12 
32 District 12 
33 Flower 11 
34 Do 11 
35 Go 10 
36 Walk 10 
37 City 10 
38 Citizen 9 
39 Live 9 
40 Very 9 
41 Absent 9 
42 Greening 9 
43 Beautiful 8 
44 Advanced age 8
45 Surroundings 8 
46 Housing 8 
47 Grass 8 
48 Money 7 
49 Refuse 7 
50 Bad 7
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Result of Co-occurrence network 
 

It was revealed that the residents were more 
interested in having parks and street trees installed 
and managed by the public sector rather than in 
greenery kept on private land. Since “environment,” 
“Maebashi,” and “many” were extracted in sixth, 
seventh, and eighth place, respectively, the residents 
were revealed to feel that the environment of 
Maebashi City is rich in greenery. 

To understand the residents’ opinions on green 
spaces in detail, a co-occurrence network diagram 
was created using KH Coder, which visually 
expressed the correlations between words that 
appeared in the responses.  

From this diagram, the rough groups “concerning 
the use of green spaces” and “concerning the 
maintenance and management of green spaces” were 

created. 
First, the group “concerning the use of green 

spaces” was strongly connected with the words 
“walk,” “near,” “child,” and “play,” centering on 
“park.” The trends of these words revealed that the 
situation of using a park, such as “I can walk in a 
nearby park,” and the desire for a park, such as “there 
is no place for my child to play in a nearby park,” 
were related. 

Next, the group “concerning the maintenance and 
management of green spaces” was strongly connected 
with the words “management,” “maintenance,” 
“cleaning,” “resident,” and “cost,” centering on 
“greenery.” By studying the tendencies of these 
connections, the desire for maintenance and 
management of greenery was extracted as, “resident 
participation and costs are required to maintain and 
manage abundant greenery in Maebashi City.” 

Fig. 4 Co-occurrence network 
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CONCLUSION 
 

The results obtained in the present study can be 
summarized as follows: 
(1) The present study administered a questionnaire on 

greenery in Maebashi City, used free-text 
descriptive responses obtained in the survey as 
text data, applied the text mining method to the 
text data, and perform morphological analysis of 
the residents’ opinions on green spaces expressed 
by word choices in the responses. 

(2) When the residents’ opinions on green were 
visually analyzed using a co-occurrence network 
diagram, the groups “concerning the use of green 
spaces” and “concerning the maintenance and 
management of green spaces” were extracted. 
Subsequently, opinions such as “there is no place 
for my child to play in a nearby park” and 
“resident participation and costs are required to 
maintain and manage abundant greenery in 
Maebashi City” were extracted. 

(3) These opinions of the residents were related to 
political issues, which administrative 
organizations have attempted to address 
themselves. Words related to the development of 
dog runs and the management of greenery by 
community residents appeared in the minority of 
responses.  

The whole parks in Maebashi City is obsolete and 
needs renovation. Meanwhile, due to the population 
decrease and aging, the financial situation of 
Maebashi City will be severe.  

Thus, I think that highly efficient collection is 
necessary. I think that it will be a new tool to support 

quality of life and renovation of parks for the citizen. 
As mentioned above, the present study will be able to 
reflect public opinions on the development of parks.  

By exploring the residents’ thoughts on green 
spaces using the data from their free-text descriptive 
responses, the present study extracted problems with 
existing green spaces from the viewpoint of the 
public. 
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ABSTRACT 
      The Sahel, a transition zone between the humid tropics and the great desert of northern Africa, faces 
major challenges regarding the survival of its human population and the preservation of its ecosystems. The 
Niger River, whose source is in Guinea and which crosses much of the Sahel, is a lifeline for humans and 
biodiversity. Over the past three decades because of climate change and population increase, the inhabitants 
of the Sahel are witnessing a significant reduction in resources, particularly in the Inner Niger Delta. The 
main water intake from this river in Mali is the Markala dam, which is located upstream of the Inner Niger 
Delta. This dam irrigates 118,000 ha of paddy fields and 16,276 ha of sugar cane fields. During the dry 
season (December - May) some of the paddy fields are used for double cropping (paddy, vegetable etc.). In 
the recent years, because of the government’s policy of developing irrigated agriculture particularly on the 
land of Office du Niger, a sustained rate of expansion has been seen with an average of 5,000 ha of new land 
irrigated for agriculture each year. This expansion of agriculture, poor management of water resources, and 
reduction of the river’s hydrologic regime downstream are limiting factors in achieving food self-sufficiency 
and conservation of the wetland ecosystem in the Inner Niger Delta. The delta covers an area of 41,800 km² 
with a total catchment area of 130,000 km². In 1987, this Delta was selected as a Ramsar Site because of its 
wealth of waterfowl. 

Key words: Office du Niger, Niger River, Inner Delta, Water Allocation, Irrigation, Ecosystems 

INTRODUCTION 

   The republic of Mali is a landlocked country in West 
Africa. It is the eighth-largest country in Africa, with 
an area of 1,241,190 km² and a population of 
approximately 16.8 million (2013). According to the 
UNDP 1 report (2015) 50.6% of the population lives 
below the income poverty line ($1.25/day) and 10.8% 
are near multidimensional poverty [1]. With 80% of 
its population engaged in agricultural activities, this 
sector is the cornerstone of Mali’s economy and 
shows great potential to drive economic growth. Over 
31% of the population is exposed to food insecurity 
[2] and only 7% of 43.7 million hectares arable land is 
currently cultivated. Potential irrigable lands that are 
currently developed correspond to 2.2 million hectares 
or 14% of the total [3]. 

   The landlocked territory of Mali is very close to the 
Tropic of Cancer and as result, it has a tropical climate. 
Mali has distinct periods of summer and winter with 
three main seasons. Average temperatures range 
between 24 and 32°C. During the last 50 years, the 
average temperatures have increased significantly. 
The annual rainfall is approximately 1400 mm in the 
south, 1120 mm at Bamako, and 127 mm in the 
northern part of the country. Central Mali (where 

1 United Nations Development Program 

Office du Niger and Inner Delta are located) receives 
most of its rainfall between June and August. 

   Around half of Africa’s total wetland area comprises 
floodplains. These include famous large-scale 
examples that cover several thousand square 
kilometers such as the Inner Niger Delta in Mali, the 
Okavango Delta in Botswana, the Sudd of the Upper 
Nile in Sudan and the Kafue Flats in Zambia [4]. 

   Beyond the town of Ségou, the Niger River forms a 
vast inland delta (41,800 km²). It joins with its main 
tributary the Bani at Mopti then forms several lakes. 
The watershed area of this Inner Delta covers 130,000 
km².  

     The vast majority of the Inner Niger Delta 
ecosystems are in a state of continuous degradation 
due to climate change and anthropogenic activities. 
The rapid expansion of irrigation upstream in the area 
of Office du Niger (mainly due to paddy and sugar 
cane production) has had a significant impact on the 
availability of water resources in the Niger River and 
associated delta.    

     To address this problem, this investigation analyzes 
the historical variation of the Niger River hydrology 
and the evolution of irrigation areas and crop patterns 
in Office du Niger. As a result of this analysis, it is 
hoped that a solution to save water resources and to 

Seventh International Conference on Geotechnique, Construction Materials and
Environment, Mie, Japan, Nov. 21-24, 2017, ISBN: 978-4-9905958-8-3 C3051 
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overcome the reduction in the floodplain of Inner 
Niger Delta can be proposed.  

 

 

ANALYSIS 

Climate conditions  
   The 1960s coincided with a period of increased 
rainfall. However, during 1970s and 1980s a large 
rainfall deficit was recorded and this corresponded to 
a great drought in the Sahel countries. Sahel rainfall 
has been linked to Atlantic as well as Mediterranean 
SSTs via evaporation rate and supply of moisture 
(Giannini et al., 2003; Rowell, 2003). Recently, the 
variability of rainfall in the Inner Niger Delta has 
improved, although the level remains below the 
average of 646 mm/year with a minimum of 390 mm 
recorded in 1980 and a maximum of 957 mm recorded 
in 1999  (Figure 1). 
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Fig.1  Rainfall and rainfall anomaly shown in relation 
to average rainfall from 1961 to 2014 (data from 
Mopti Meteo Station). 

   The daily ET0 (Reference Evapotranspiration) in the 
Inner Delta is very high particularly during the dry 
season (March to May). The annual ETP ranges from 
4.72 mm/day in August to 8.63 mm/day in April 
(Figure 2).  

 

Fig.2  :   Reference Evapotranspiration at Mopti 
Station (Inner Niger River Delta) during 2015 (Source 
FAO CLIMWAT). 

The Niger River and its hydrological potential in 
Mali 
   The Niger is the main river in western Africa. It 
extends approximately 4,185 km (2,600 mi) with 
1,700 km (1,060 mi) in Mali (Figure 3). The source is 
located in the southeastern part of the Guinea 
Republic and the total catchment area of the Niger 
River is    2,117,700 km² (817,600 mi²).  

   In the 1960s, the independent countries of the Niger 
River Basin decided to coordinate their efforts to 
exploit natural resources with a priority on water. The 
Commission of the Niger River was renamed the 
Niger Basin Authority (NBA) on 21 November 1980. 
The member countries are: Benin, Burkina Faso, 
Cameroon, Côte d’Ivoire, Republic of Guinea, Mali, 
Niger, Nigeria and Chad. 
 

 

Fig.3   Niger River in Mali 

Dams, reservoirs and other water users  
   The Upper Niger has four dams (Sélingué, Sotuba 
weir, Markala and Talo) and four dams that are under 
construction or in the project (Fomi in Republic of 
Guinée, Kandadji in Republic of Niger, Taoussa and 
Djenné in Mali).  

The Sélingué dam on the Sankarani River has been 
used for hydropower since 1982. It has a total volume 
of 2.17 km3, an effective volume of 1.9287 km3 and a 
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design flood discharge of 3600 m3/s. The Sotuba weir, 
which has been in operation since 1929, is another 
very small hydropower plant located directly 
downstream from Bamako. Because of the limited 
storage volume of the Sotuba weir, this reservoir does 
not have a significant hydrological impact on the 
Niger River flow. The Markala dam which opened in 
1947 is a diversion dam just downstream of Ségou 
with a storage volume of 0.17 km3. This dam is used 
to irrigate the surrounding area of the Office du Niger. 
There are two diversion dams on the Bani (tributary of 
the Niger River), namely Talo which was constructed 
in 2007 with a storage volume of 0.18 km3 and Djenné, 
which is under construction.  

   Data is available for five gauging stations from 
upstream to downstream of the Inner Delta (Koulikoro, 
Ke-Macina, Mopti, Akka and Diré) for the period 
1960 to 2015. Variation in water flow allows an 
evaluation of water used and lost between different 
points (as shown in Figure 4).   

 

Fig.4  Water flow rate from Koulikoro to the Inner 
Niger Delta. 

   From 1960 to 1982 the data recorded by the stations 
represents the natural flow of the Niger River before 
the construction and operation of the Sélingué dam in 
1982 (Figure 5). This dam is located approximately 
200 km upstream of Koulikoro on the Sankarani River, 
a tributary of the Niger River. It has a catchment area 
of 33,460 km2. The Sankarani River contributes 
significantly to water supplies during dry periods. This 
is accomplished through the Sélingué, which regulates 
the flow of the Niger River provides water to the 
Office du Niger and other irrigated schemes 
downstream. 
 

 
(Q: flow) 

Fig.5  Hydraulicity of the Niger River before and after 
construction of the Sélingué dam  

Agricultural land of Office du Niger 

   The Government of Mali has adopted several 
irrigation policies and strategies, in which the 
development of the Office du Niger land is a priority 
[5]. At the Second Ordinary Assembly of the African 
Union (AU) in July 2003 in Maputo, African Heads of 
State and Government endorsed the “Maputo 
Declaration on Agriculture and Food Security in 
Africa” (Assembly/AU/Decl. 7(II)). The Declaration 
contained several important decisions regarding 
agriculture, but the most important among these was 
the “commitment to the allocation of at least 10% of 
national budgetary resources to agriculture and rural 
development policy implementation within five years 
[6]. Moreover, the ministers’ council of 3thAugust 
2015 of the Malian government decided to allocate 
15% of the budget to the rural sector [7]. 
   The irrigation area of Office du Niger is located at 
the death Delta “delta mort” an ancient branch of the 
Niger River in the westerly region of the Inner Niger 
Delta “delta vif”. This irrigation zone covers a gross 
area of 2,458,506 ha with an irrigable area of 
1,947,406 ha. Of this total, 1,445,000 ha is fed by 
gravity from the Markala dam, and by 2015 only 
138,000 ha was developed. 
   Historically, the regime of paddy field construction 
in Office du Niger has changed significantly as 
dictated by the political situation (that is, a change 
from colonial rule to the present government) (Figure 
6). In 1979, because of a high degree of degradation of 
paddy fields, the Malian government and its technical 
and financial partners decided to focus efforts on old 
land improvement. From 1979 till the present, 48,600 
ha of paddy fields have been improved. This land 
improvement has allowed a reduction in water 
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consumption from 35,000 m3/ha to 15,000 m3/ha with 
the implementation of new water control equipment, 
land leveling, land consolidation and water turn 
between farmers. 
   In 1965, sugarcane was introduced in Office du 
Niger with an initial 5,800 ha under cultivation by this 
crop. This total has increased to 16,276 ha by 2015 
with a total of 20,000 ha planned by 2018. Cotton, 
which was previously the main crop during colonial 
rule, was banned in 1970. 

 
Fig.6  Evolution of irrigated land construction in 
Office du Niger (Data source: Office du Niger). 
 
   Between Koulikoro and Ke-Macina stations there 
are two main irrigation areas: Office Riz Ségou (ORS) 
which is comprise of 44,718 ha land irrigated by 
flooding during the rainy season and Office du Niger 
(ON) which has 138,000 ha under gravity irrigation 
(100% of the land is in use during rainy season and 10 
to 25% is in use during cool and dry seasons). From 
1995 to 2015, which represents the second average 
hydraulicity period, 17% of the Niger River annual 
average volume (36 km3) is used mainly by 
agriculture. The annual flow can be classified as 
follows: High flow period from June to February and 
low flow period from March to May.  

   Crop water production is only governed by 
transpiration. As it is difficult to separate the effect of 
transpiration from that of evaporation from the soil 
surface, defining crop water productivity using 
evapotranspiration rather than transpiration makes 
practical sense at field and system level (FAO, 2003). 
In the Office du Niger area which is characterized by 
large earthen canals and significant drainage, the 
amount of water lost is important and the global 
efficiency is 60% (Adama et al. 2011). This efficiency 
is used to define the water productivity for different 
crops. Using, crop evapotranspiration, irrigation 
efficiency, crop yield and crop price, a comparison is 

made between principle crops in term of water 
productivity and profit-water ratio during the dry 
period (March to May). 

  WP = CP/ WR (1)     PWR= WP * CP  (2) 

         WR= (ETC+Per - R)*10*Eff   (3) 

WP: Water Productivity [kg/m3], CP: Crop 
Production [kg/ha], WR: Water Requirement [m3/ha], 
PWR: PWR: Profit-Water Ratio [$/m3], CP: Crop 
Price [$/kg], ETC: Crop Evapotranspiration [mm], 
Per: percolation & seepage [mm], R: Effective 
Rainfall [mm] and Eff: Efficiency 

Ecosystems of the Inner Niger Delta 

   Some plant species have become very rare such as 
Acacia albida, Adansonia digitata, Boscia senegalensis, 
Balanites aegyptiaca and Echinochloa stagnina locally 
known as bourgou (Figure 7). Bourgou is distributed 
in areas persistent flooding with water level 2-5 m in 
depth. According to Jerome Mari, the bourgou 
superficies represent 10% (1,613 km²) of the plant 
material in the floodplain of the delta. Since the great 
drought of the 1970s and 1980s to the present, 85% of 
the coverage due to bourgou has disappeared. 
Bourgou fulfills multiple roles in terms of human and 
animal populations of the Delta. The seeds of this 
plant act as a food source for humans while the stems 
have medicinal applications. Its grass production of 15 
to 30 tons/ha, feeds almost 2 million cattle and 3 
million small ruminants for 5 to 7 months a year. The 
vast pastures of bourgou are also favorable zones for 
the reproduction and growth of the numerous species 
of fish of the Delta. Furthermore, the large number of 
Herons species are present owe their survival to the 
plentiful supply of juvenile fish. 
 Cattle in the borgou field

 

A fisher boat near bourgou field

 

Waterfowls in bourgou field 

  

Fig.7  “A vital resource”: Echinochloa stagnina 
(bourgou) in Inner Niger Delta (credit photo OPIDIN) 

   This wildlife capital was previously the home of 
wide variety of fauna and flora which included: large 
herbivores such as gazelle, Hippopotamus amphibious, 
manatee (Trichechus senegalensis), large reptiles such 
as the Nil Crocodile (Crocodylus niloticus), Python 
(Python sebae) and Nile Varan (Varanus niloticus) [8]. 
At present, these floodplains are now poor in animal 
and plant species as a result of strong human pressure 
and environmental degradation. Evidence of this is the 
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fact that large herbivores and large reptiles have 
almost disappeared.  
 
   The number of fishermen in the Inner Niger Delta is 
estimated at 65,000. This corresponds to an 
approximate population of 240,000 including children, 
women and elders depend on fishing as an important 
part of their livelihood. A large fraction of these 
fishermen move from their villages to the lakes 
between December and March and this coincides with 
the time that the shoals of fish migrate. Due to lack of 
data it has not been possible to estimate the evolution 
over a long period. However, according to the Malian 
National Statistics Institute report on fishery and 
aquaculture 2010-2015 [9], the quantity of fish caught 
in the Inner Delta has decreased significantly during 
this period (Figure 8).  

 

Fig.8 :  quantity of fish caught in the Inner Delta 
(adapted from Ministry of fisheries report 2010-2015)    

The Analysis of remote sensing data  
   Remote sensing data (Landsat images, 2014) and 
aerial photographs from 1970 (provided by the Malian 
government hydraulic Service) were analyzed by 
ArcGIS. As result we found 16,041 km² of maximum 
flooded area between the period 1970 and 2014 of the 
Inner Niger Delta with 20,851 km² of flood area, the 
lost represent 23% during the last four decades (map 
in Annex). During the same period the irrigated area 
of Office du Niger increased by 67% (from 58,287 ha 
to 138,418 ha). 

RESULTS  
   To characterize the hydrological regime of the Niger 
River, the Koulikoro station was selected for statistical 
analysis. It is located approximately 200 km upstream 
from the Markala dam. Koulikoro station has been 
operational since 1907 and as a continuous data set 
since its inception. This station therefore allows 
characterization of the hydrology of the Niger River 
with an acceptable level of precision.  
 
   In the period 1907-1982 before construction of 
Sélingué dam, the highest flow rate recorded was 
7,586m³/s in 1928. After the dam construction 

between 1982 and 2014, the highest flow rate recorded 
was in September 2001 with a corresponding value of 
5,500m³/s. According to the historical variation of the 
hydraulicity of the Niger River from 1960 to 2015 
may be classified as follows (Figure 9): 
 
• A period of high hydraulicity for 1960 to 1969 

with an annual average flow rate 1,654 m3/s. 
• Two periods of average hydraulicity  (1970 to 

1981 and 1995 to the present) with an annual 
average flow rate between 1,226 and 1 301 m3/s; 

• A period of low hydraulicity from 1982 to 1994 
with an annual average flow rate 776 m3/s. 
 

 

Fig.9 : Hydraulicity of the Niger River before and 
after construction of the Sélingué dam in Koulikoro 

   Figure 10 (b) clearly shows the increase in water 
intake and water lost between Koulikoro and Ke-
Macina during the period of low flow despite the 
improvement in Niger river hydraulicity in 
comparison with the situation in the 1970’s and 
1980’s. The water loss gap between water inflow and 
outflow in this section of the river changes from less 
than 20% in 1960’s to 70% today.  
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Fig.10  Inflow and outflow of the Markala Dam (for 
the period 1960 to 2015) 

   A minimum flow rate of 40 m³/s was established 
downstream of the Markala Dam through an 
agreement between the Governments of Niger Basin 
Authority countries. Despite this agreement, recent 
hydrometric surveys at the Markala-downstream 
station show that at the present the minimum flow 
conditions are not maintained continuously. For the 
last five years (2011 to 2015), the flows recorded at 
downstream of the Markala dam is less than 40m³/s 
for average of 73 days per year (source Office du 
Niger). 
 
   The percentage of water Levy by Office du Niger 
River ranges from 3% in September to 69% in May. 
This illustrates the pressure on Niger River water 
resources during dry periods when the upstream flow 
rate is below 200m3/s (Figure10b). Despite this 
situation the cultivation of paddy rice and sugarcane 
(both high water consumption crops) increases during 
this period instead of diversification crops (DC) 
(onion, garlic, tomatoes, corn, potatoes etc.) as shown 
in the Figure 11. In 2000 the total cultivated area 
during the dry period increased from 17,102 ha (34% 
DC, 32% of rice and 34% Sugarcane) to 43 703 ha 
(24% DC, 39% rice and 37% Sugarcane).  

 

Fig.11 : Evolution of diversification crops, sugarcane 
and rice cultivation field surface during dry period 
from 2000 to 2014 (data source, Office du Niger 
annual activities reports from 2001 to 2014) 

   From the evapotranspiration, efficiency of irrigation 
system, crop yield, and crop price data for the dry 
season 2014, a comparison was made between some 
principle crops through water productivity and profit-
water ratio (Figure 12). 

 

 Fig.12 : Profit-water ratio and water productivity for 
paddy, sugarcane and vegetables (onion, tomato, 
sweet potato during dry period 2014. 

   From the Figure 12 it can be clearly seen that paddy 
and sugarcane are less profitable in terms of water 
productivity (WP) and profit-water ratio (PWR) than 
diversification crops. The Paddy rice has the lowest 
benefit (WP=0.24 kg/m3 and PWR=0.09$/m3) while 
onion and potato have the highest water productivity 
(WP=3.86 and 3.51 kg/m3) and garlic the highest 
profit-water ratio (PWR=3.13 $/m3).   

DISCUSSION       

     The rapid development of the large-scale schemes 
in the area of Office du Niger which is irrigated 
upstream may have a significant impact on the Niger 
River’s hydrology as well as the floodplain and the 
ecosystem of the Inner Niger Delta. In this study, 
changes in the Inner Niger Delta are evaluated as a 
result of the expansion of the irrigated area and 
cropping pattern of Office du Niger.  

   During the high flow season from June to February, 
almost all the crop is paddy rice in Office du Niger 
(118 418 ha in 2014) and other irrigated areas 
upstream of the Inner Niger Delta. Despite the high 
demand of water for paddy rice and sugarcane, the 
impact on the Niger River flow remains very low and 
can reach more than 5 500 m3/s (Figure 10a). 

   The impact of irrigation is very significant during 
the low flow season from March to May. This 
corresponds to a period with flow rate below 250m3/s; 
(Figure 10b). In the past, the paddy rice cropping was 
avoided during this season. However, from the year 
2000 the Malian government decided to introduce 
paddy rice double cropping per year. The sugarcane 
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cultivation area also increased from 5 800 ha to 16 
276 ha in 2014.  

   The cultivated area of diversification crops 
(vegetables and others) which is the alternative to 
paddy during the dry season has the highest profit 
economically and in terms of water saving does not 
follow the trend, as more farmers prefer paddy. There 
are four main reasons for this: The farmers use 
calabash and other container (manual labor) for 
irrigation and it is very difficult to irrigate a large farm, 
the access to market is very difficult, the harvest 
occurs at the same time and prices are very low, there 
is a lack of refrigerated storage and there is no 
processing and packaging industry.    

 How to reverse the trend: 

   To minimize the impact of Office du Niger 
particularly and other small-scale irrigated areas 
located upstream of the Inner Niger Delta, the 
following actions are required:  

• Limitation of rice cultivation during the dry
period (March to May )

• Limitation of the extent of sugarcane fields
• Changing of crop pattern during the dry period

and opting for diversification crops  (vegetable
& others)

• Reducing the length of rice growth stage
through the use of new varieties.

SUMMARY 

At present, It is clear that water has become a 
constraining factor in the development of irrigated 
agriculture in Mali and the preservation of the Inner 
Niger Delta ecosystem.   

• After the major drought in 1970’s and 1980’s,
rainfall in the Inner Delta region has improved
over the last decade. This condition remains fragile
as it is impacted by climate change (Figure 1).

• Despite the recent improvements in upstream
hydraulicity of the Niger River, less and less water
reaches the Inner Delta. This occurs mainly during
the dry season (March to May) and is largely due
to water withdrawals for irrigated as a result of
paddy cultivation located between Koulikoro and
Markala as well as between the recently

constructed dams of Talo and Djenné on the Bani 
(tributary river)(Figures 5&10).  

• During the last three decades, the floodplain of the
Inner Niger Delta has been reduced by 23% and
the irrigated area increased by 51%. In the
Government program for the development of
100,000 ha of irrigated land between 2014 and
2018, 67,850 ha will be realized upstream of the
Inner Delta (see sections 2.3 & 2.5).

• To formulate a balance between Inner Niger Delta
floodplain and the development of irrigated
agriculture, some action needs to be taken.
Suggestions include: limiting of rice cultivation
especially during the dry period, limiting of area
available for sugarcane, changing or reducing rice
to vegetable crops during the dry period and the
reduction of rice growth stage through the
introduction of new varieties (Figures 11 & 12).
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ABSTRACT 

 
In Maebashi City, Gunma Prefecture, Japan like other regional cities, motorization is progressing year by year. 

Dependence on automobiles has become a major cause of urban sprawl. In Maebashi City, the DID (Densely 
Inhabited District) is expanding year by year, but the population density is decreasing. In this study, in solving 
these various problems of local cities, we will consider "Compact City" as one future image of local cities and 
consider the consolidation of cities. The purpose of this study is three as shown below. The first aim is to analyze 
the factors of resident consciousness to live in Maebashi City. The second aim is to analyze the reasons for 
settlement by resident, and to clarify the settlement factors. The third aim is to analyze the factors that define the 
awareness of residence selection by migrant-oriented persons.  
 
Keywords: Personal Attribute, District Characteristic, Selection Factor of Residence, Maebashi City  
 
 
INTRODUCTION 
 
Background and purpose of this study 
 

In Maebashi City, Gunma Prefecture, Japan like 
other regional cities, motorization is progressing year 
by year. In 2015, 78% of transportation in the central 
metropolitan area of Gunma prefecture is occupied by 
automobiles [1]. Dependence on automobiles has 
become a major cause of urban sprawl. In Maebashi 
City, the DID (Densely Inhabited District) is 
expanding year by year, but the population density is 
decreasing. In this study, in solving these various 
problems of local cities, we will consider "Compact 
City" as one future image of local cities and consider 
the consolidation of cities.  

The purpose of this study is three as shown below. 
The first aim is to analyze the factors of resident 
consciousness to live in Maebashi City. The second 
aim is to analyze the reasons for settlement by 
resident, and to clarify the settlement factors. The 
third aim is to analyze the factors that define the 
awareness of residence selection by migrant-oriented 
persons.  
 
Review of literature 
 

Fujii [2] studied about Traffic Policy towards the 
introduction of Compact City for Takasaki City, 
Gunma Prefecture. Nishiyama et al. [3] analyze 
residence selection behavior based on resident 
preference of residential attribute in Utsunomiya 
metropolitan area. Morita et al. [4] analyzed the living 
consciousness in the mountainous area of Gunma 
prefecture and proposed compact area creation. In 

addition, Morita et al. [5] focused on the environment 
of the water and green for Maebashi City, and 
evaluate the quality of life.  

As mentioned above, this study is on the line of 
research on residence selection in local cities. The 
characteristic of this study is to divide it into people 
who intend to settle down and those who intend to 
emigrate, and analyze the factor of choosing a place 
of residence.  
 
Study Area 
 

The study area, Maebashi City, is shown in Fig. 1. 
Maebashi City is the prefectural capital of Gunma 
Prefecture with a population of 340,000 people, and a 
local city located about 100 km from Tokyo. In 
Maebashi City, motorization is progressing even 
among local cities, and Maebashi City is studying 
toward realization of compact city.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Location of Maebashi City 

Gunma Prefecture 

Maebashi City 

Tokyo 

100km 
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RESIDENT CONSCIOUSNESS IN MAEBASHI 
CITY 
 

The Gunma Person Trip Survey was carried out 
in 2015, and this data is used in this study. Fig. 2 
shows resident consciousness. The percentage of 
those who want to continue living in the current place 
is 86.0%, and the proportion of people planning to 
move to other places or to move is 14.0%. Looking at 
the proportion of residence by type of age group, 
those who want to continue living are over 60% in 
their 10’s and 20’s. As the age group goes up, the 
composition ratio of those who want to continue 
living in the current place tends to be higher.  

The reason for continuing living (excluding 
unknown) is shown in Fig. 3. From this figure, it is 
found that 19.0% is "easy to go to commercial 
facility", 16.8% is "easy to go to medical and welfare 
facility", and 3.3% is "easy to go to child care support 
facility". The reason for accessibility to daily-related 
facility accounts for 39.1%. Also, "rich in green and 
nature" is 12.5%. 7.5% "easy to use railroad and bus", 
12.3% "easy to move on foot and by bicycle", 18.9% 
"easy to move by car".  

Figure 4 shows the items that people who want to 
move and people planning to move from the current 
location emphasize when choosing a place of 
residence. Importance degree 1 means "absolutely not 
important", importance degree 2 means "not very 
important", importance degree 3 means "neither", 
importance degree 4 "slightly important" and 
importance degree 5 means "very important".  

When looking at the composition ratio of 
importance degree 4 (slightly important) and 
importance degree 5 (very important), the highest is 
90.8% in the "district with less risk of natural 
disasters and fires", 84.0% is district easy to go to 
medical and welfare facility ". Regarding 
accessibility to facilities, 73.2% are "easy to go to 
central shopping area" and 64.6% are "easy to go to 
shopping center in suburb". Regarding mobility, 
74.3% are "district easy to move by car", 73.0% are 
"district easy to move on foot and by bicycle ", 67.4% 
for "district easy to use railway and bus". From the 
above, it is assumed that there are people who 
emphasize mobility by car and accessibility to 
suburban shopping centers, and people who emphasis 
mobility on foot and by bicycle and accessibility to 
central shopping areas. 

Next, we will grasp the relationship between the 
district characteristics of the residential area and the 
resident consciousness. Fig. 5 shows the resident 
consciousness by distance range to station, and Fig. 6 
shows the resident consciousness by distance range to 
bus stop. As a result, there is no difference in the 
consciousness by any district characteristics. There is 
an influence of individual attributes such as age group  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 Resident consciousness by age group in 

Maebashi City (excluding unknown)  
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Reason for continuing living (multiple 
answers)  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 Items to be emphasized in selecting 
residence (people who want to move, people 
planning to move)  
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Fig. 5 Resident consciousness by distance range to 
station  

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6 Resident consciousness by distance range to 
bus stop 

 
in resident consciousness, and multivariate analysis 
considering individual attributes and district 
characteristics is considered necessary. 
 
DISCRIMINANT ANALYSIS ON RESIDENT 
CONSCIOUSNESS 
 

The analysis results are shown in Table 1 
(variable quantification II analysis).  

The explanatory variable which most affects 
resident consciousness is age group, and both the 
category range and the partial correlation coefficient 
are higher than other explanatory variables. The 
explanatory variable that most affects the resident 
consciousness is age group. The category range and 
partial correlation coefficient are both higher than 
other explanatory variables.  

Looking at the category score, the higher the age 
group, the higher the intention of "wanting to 
continue living" (hereinafter referred to as settlement 
intention) tends to be higher. Looking at other 
personal attributes, the variable with the greatest 
influence after age group is occupation. The 
settlement intention for people in the primary industry 
is high, and the intention to "want to move" 
(hereinafter referred to as migration intention) of 
students and unemployed people is high. The next 
most influential variable is car ownership, and there 
is a certain relationship between car ownership and 
resident consciousness.  

Table 1 Discriminant analysis on resident 
consciousness (Variable quantification II 
analysis)  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Regarding district characteristics, the explanatory 
variable with a great influence is city planning area. 
People living in urbanization control area and area 
where urbanization promotion area and urbanization 
control area are not distinguished are highly likely to 
settle down. Residents urbanization area and area 
outside urban planning areas are highly motivated to 
migrate. It is assumed that residents of urbanization 
control area, area where urbanization promotion area 
and urbanization control area are not distinguished 
have a long residence age and are highly attached to 
the district. Also, since outside urban planning area is 
the mountainous area of Mt. Akagi, it seems that there 
is an intention to migrate to the area with high 
lifestyle convenience.  

Regarding the distance to station, less than 1km 
tends to settle down, less than 1km tends to be more 
likely to emigrate. The distance to bus stop is less 
influential compared to all the other variables, but 
when it is close to the bus stop, the intention to settle 
is seen.  

87.1

85.4

86.0

12.9

14.6

14.0

0% 20% 40% 60% 80% 100%

less than 1km to station(N=6384)

1km or more to station(N=13386)

total(N=19770)

peaple who want to continue living

peaple who want to move,peaple whi planning to move

85.6

87.2

86.0

14.4

12.8

14.0

0% 20% 40% 60% 80% 100%

less than 300m to bus stop(N=6384)

300m or more to bus stop(N=13386)

total(N=19770)

peaple who want to continue living
peaple who want to move, peaple whi planning to move

10's 273 -1.970
20's 741 -2.221
30's 1191 -1.215
40's 1597 -0.320
50's 1453 0.195
60's 2104 0.602
70's 1576 0.880
over 80 1035 1.163
primary industry 371 0.187
secondary
industry 1231 0.066

tertiary industry 3985 0.021
other occupation 54 -0.166
student 375 -0.071
housewife
/husband

1365 -0.034

unemployed 2589 -0.060
always necessary 470 -0.072
necessary
according to
circumstances

539 -0.126

unnecessary 8961 0.011
myself only 7041 0.044
family shared 1022 -0.064
none 1907 -0.129
less than 1km 2656 0.158
1km or more 7314 -0.057
less than 300m 7814 0.023
300m or more 2156 -0.084
urbanization
promotion area 6474 -0.062

urbanization
control area 2080 0.076

area where
urbanization
promotion area
and urbanization
control area are
not distinguished

1006 0.282

outside city
planning area 410 -0.101

peaple who want
to contine living

8585 0.120

peaple who want to
contine living,
planning to move

1385 -0.746

number of
samples

category
score

range
(rank)

partial
correlation
coefficient

(rank)

individual
attribute

age group
3.384
 (1)

0.294
(1)

occupation
0.353
 (3)

0.018
(5)

necessity of
attendance

0.137
(6)

0.010
(6)

car ownership
0.173

(5)
0.020

(4)

explanatory variable category

[objective variable]
resident consciousness

correlation ratio
0.300

district
characteristic

distance range
to station

0.215
(4)

0.030
(2)

distance range
to bus stop

0.107
(7)

0.009
(7)

city planning
area

0.384
(2)

0.021
(3)
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ANALYSIS OF THE INTENTION OF 
RESIDENTS OF SETTLERS (SETTLEMENT 
INTENTION) 
 

As a result of discriminant analysis of the resident 
consciousness, it became clear that the variables that 
greatly influence the residence intention are the age 
group. For that reason, we analyze the relationship of 
settlement reasons by age group. For the analysis, we 
use samples of people who have settlement intention. 
Correspondence analysis was performed to visualize 
analysis data.  

In conducting correspondence analysis, a 
composition frequency table of the settlement reasons 
of people who intend to settle down by age group 
(respondents who want to continue living) was 
prepared. The analysis results are shown in Fig. 7.  

With respect to the horizontal axis, since it is 
arranged in the positive direction that "easy to move 
on foot and by bicycle" and "easy to go to medical 
and welfare facility" are arranged, " living area is 
narrow ". The negative direction, "easy to move by 
car" is arranged, so "living area is wide" named. The 
vertical axis is named "natural" because "rich in green 
and nature" is a large positive value. We named the 
negative direction "urban".  

Looking at each age group, the area of living 
becomes narrower as the age group goes up, with 
respect to the horizontal axis. Looking at each age 
group individually, the 30’s cited it as reason for 
“easy to move by car". The 40’s and 50’s cited the 
reason for "easy to go to commercial facility". The 
60’s cited the reason for “rich in green and nature". 
The 70’s cited the reasons for "easy to go to medical 
and welfare facility " and " easy to move on foot and 
by bicycle”. From the above, it became clear that the 
reasons for settlement differ according to age group. 
Young people want the convenience of life, people in  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7 Analysis of the intention of residents of 
settlers (Correspondence analysis) 

their 60’s want to have rich green and nature, people 
over the age of 70 want to go to medical and welfare 
facilities and to live on foot or bicycle. 
 
ANALYSIS OF THE INTENTION OF 
RESIDENTS OF MIGRATION (MIGRATION 
INTENTION) 
 

In this study, we analyze the intention of persons 
who intends to migrate ((people who want to move, 
people planning to move). In the survey, people who 
intend to emigrate are questioned about the degree of 
importance of choosing a place of residence 
(hereinafter referred to as residential preference). 
Table 2 shows the results of applying principal 
component analysis to these data. 

There were two principal components whose 
eigenvalues exceed 1. The accumulation contribution 
ratio of the two main components is 52.3%.  

Looking at the principal component loading 
amount of principal component 1, since all variables 
are positive values, it is regarded as a comprehensive 
evaluation for selecting residences, and the name of 
principal component 1 was taken as "living 
environment". The principal component 2 is positive 
value for "district easy to move by car" and "easy to 
go to shopping center in suburb". Also, negative 
values are "district easy to move on foot and by 
bicycle" and "district easy to use railroad and buse". 
Therefore, the name of principal component 2 was 
"suburb". The negative direction is "city".  

By using the principal component scores obtained 
by principal component analysis, residential 
preference maps for each attribute were created (Fig. 
8). In the residential preference map, the horizontal 
axis is defined as the principal component 1 "living 
environment", and the vertical axis as the main 
component 2 "suburban - urban". By calculating the 
average value of the principal component scores by 
attribute and plotting the values on the coordinates, 
we can visually ascertain the difference of the  
 
Table 2 Principal component analysis on residential 

preference 
 
 
 
 
 
 
 
 
 
 
 
 
 

principal
component 1

principal
component 2

living
environment

suburban
(- urban)

district easy to go to central shopping area 0.672 -0.233
district easy to go to shopping center in suburb 0.611 0.251
district easy to go to medical and welfare facility 0.744 -0.022
district easy to go to child care support facility 0.474 0.414
district rich in green and nature 0.595 0.234
district easy to use railroad and bus 0.630 -0.520
district easy to move on foot  and by bicycle 0.662 -0.524
district easy to move by car 0.533 0.510
district with less risk of natural disasters and fires 0.682 0.128
eigenvalue 3.542 1.167
contribution ratio 39.4% 13.0%
accumulation contribution ratio 39.4% 52.3%

variable
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residential preference by the attribute.  
Car ownership has great influence on "suburban - 

urban". People who do not own cars are strongly 
urban oriented, and those with their own car tend to 
be suburban oriented. In terms of gender, female tend 
to have strong feelings for living environment. 
Looking at by age group, young people are more 
suburban-oriented, weak in their living environment, 
the elderly are more urban oriented, and their habitat 
is strong. However, the tendency of the 10’s is urban 
oriented, and there are trends of students who do not 
possess cars or students who go to school outside the 
prefecture. By occupation, people in the primary 
industry and secondary industry are oriented towards 
the suburbs, students and unemployed people are 
urban oriented. People who need attendance 
depending on circumstances when going out are 
urban oriented, and those who always need 
attendance tend to have weak consciousness to living 
environment.  

By the above principal component analysis, we 
were able to grasp the tendency of intention to 
migrate by individual attribute. 
 
CONCLUSION 
 

Maebashi citizen's intention to settle is higher, 
and the tendency is higher for elderly people. People 

who want to continue living in the current place give 
accessibility to facilities and mobility by means of 
transportation as a reason for settlement. Some people 
who intend to emigrate are emphasizing mobility by 
car and accessibility to suburban facilities. On the 
other hand, there are people who place emphasis on 
mobility of walking and bicycle and accessibility to 
the city center.  

Maebashi citizens, as a whole, are aiming for 
automobile use. On the other hand, there is a tendency 
that people who intend to settle live in the vicinity of 
station, and the elderly desire "easy to go to medical 
and welfare facility" and "easy to move on foot and 
by bicycle". From this, it is thought that there are a 
certain number of people who are oriented towards 
public transportation. Among those who intend to 
emigrate, there are those who do not possess cars, 
those who need attendance when going out, and urban 
oriented students. It will be necessary to support the 
lives of such citizens from the transportation side and 
to form compact cities that are easy to use for public 
transportation.  
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Fig. 8 Residential preference maps for each attribute s (Principal component analysis) 
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REMOVAL OF RADIOACTIVE CESIUM FROM OCEAN SULUDGE 
BY THE BACTERIUM USING PURIFICATION SYSTEM OF 

CIRCULATION TYPE 
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ABSTRACT 

 
The Fukushima nuclear accident of March 11, 2011 resulted in soil and water contamination by radioactive 

cesium. Radioactive cesium transported by rivers was also found in the ocean sludge of Tokyo Bay. Cesium 
adsorbed on the sludge is not easily removed. One of the authors has developed an ocean sludge decomposition 
system that employs micro-bubble circulation. The circulation of micro-bubbles creates an aerobic state that 
activates aerobic bacteria, facilitating decomposition and purification of the sludge. The objective of this study 
was to investigate the effect of the addition of bacteria to the micro-bubble circulation system on the efficient 
removal of radioactive cesium from ocean sludge. We tested the water purification effect of the system by 
adding bacteria directly. Results confirmed that the decomposition of the deposited sludge using our system 
facilitates the elution of the radioactive cesium. Any cesium eluted in the water can be remedied using existing 
technology such as zeolites. Purification efficiency seems to be greatest when additional bacteria are added 
directly to the process. With time, bacterial concentration doubles, and 76% of cesium in the liquid phase (dried 
sludge) and 51% of cesium in solid phase (water) is removed. 

  
 
Keywords: Decontamination, Radioactive Cesium, Ocean Sludge, Micro-bubble, Bacteria 
 
 
INTRODUCTION 

 
The 2011 accident at the Fukushima Daiichi 

nuclear power station led to radioactive cesium 
contamination of soil and water. Rivers flowing into 
the Tokyo Bay have transported radioactive cesium 
into the ocean sediments of the bay [1]. 

Cesium is reportedly easily adsorbed onto the 
microscopic particles that constitute soil [1-2]. Most 
cesium adsorbed by sediments is difficult to remove 
by external factors, and persists over long timescales. 
Moreover, closed water environments such as river 
and bay systems make accumulated organic sludge 
difficult to decompose. Therefore, radioactive 
cesium is predicted to be deposited in the sediment 
of the seabed over time, extending radioactive 
contamination into the ocean. It is important to 
decontaminate the sediment. 

Okamoto, one of the authors, developed a 
decomposition system for ocean sludge that employs 
the circulation of micro-bubbles to promote aerobic 
conditions that activate aerobic bacteria, facilitating 
decomposition and purification of the sludge [3]. 
Moreover, sea-sludge particles were observed to 
decrease in size through the course of the treatment 
with our micro-bubbles system and bacteria addition 
[4]. 

Radioactive cesium can thus be eluted after the 
deposited sludge is decomposed by our system. If 
the cesium is eluted into water, it can then be 

remedied using existing technology such as zeolites 
[5]; resulting in the complete decontamination of 
sediment.  

In this study, to effectively remove radioactive 
cesium, we added bacteria to break down sludge in 
the micro-bubble circulation system, and 
investigated the effect of the addition of 
microorganisms. 

 
 
MATERIALS AND METHODS 
 
Decomposition System of the Micro-Bubble 
Circulation Type 
 

The micro-bubble circulation system comprises 
two parts, as shown in Fig. 1. The water circulates 
through two tanks. In one tank (length 40 × width 28 
× height 28 cm), highly soluble, micro-bubbles are 
generated. Consequently, water rich in dissolved 
oxygen (DO) circulates through these tanks. The 
experimental tank is 60 × 29 × 35 cm. We used 30 L 
of seawater and 1 kg of sludge. The micro-bubble 
generator was based on [6] and the flow rate was 
900 L/h. The flow rate of the water pumps 
connected to each tank was 300 L/h. A cooler for the 
tank that generates the micro-bubbles was set to 
30 °C. 
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Fig. 1 Circulation purification system 
 
 
Experiments on Decomposition of Deposited 
Sludge for Cesium Removal 
 

Fig. 1 illustrates the system used to 
experimentally remove cesium from ocean sludge. 
The ocean sludge samples and seawater were 
obtained from Funabashi Port in Chiba Prefecture, 
Japan. The first 10 cm of sludge from the seabed 
was discarded before the samples were taken. 

Model sludge was prepared using one kg of 
ocean-sludge, 30 L of seawater, cesium chloride was 
mixed. The cesium chloride was included to become 
100 mg/L. The model sludge was poured into the 
system and stirred for 24 h. 

Zeolites 4A were placed in the second tank (Fig. 
2), and micro-bubbles were generated by a micro-
bubble generator using a flow rate of 900 L/h. The 
flow rate of the water pumps connected to each tank 
was 2400 L/h. The cooler was set to 30 °C. 

After 24 h, bacterial species “Alcaligenes fecalis” 
(15 × 108 cells) [5,7,8] and Glutamic acid (100 ppm) 
as an activator [9] were added. The activator was 
added to the experimental tank after 24 and 60 h 
periods. At 0, 12, 24, 48, 60, 72, 96, and 120 h, DO, 
water temperature, and pH were measured by a 
multi-parameter water quality meter. A digital pack 
test (Kyoritsu Chemical-Check Lab. Corp., Japan) 
was used to measure ammonium ion (as ammonium 
nitrogen, NH4-N), nitrite ion (as nitrite nitrogen, 
NO2-N), nitrate ion (as nitrate nitrogen, NO3-N), 
total nitrogen (T-N), and hydrogen sulfide (H2S) 
concentrations. The seawater was then filtered.  

Seawater and sludge samples at 0, 12, 24, 48, 72, 
96, and 120 h were collected for DNA concentration 
and cesium concentration measurements. DNA was 
extracted from sludge and measured by 
spectrophotometry. Cesium was measured with 
energy dispersive X-ray analysis (EDX) in dried 
sludge and atomic absorption spectrometry in 
seawater.  

Experimental conditions are given in Table 1. 
 

 
Fig. 2 Zeolites 4A set in experiment tank 
 
Table 1 Experimental conditions 

 
 
RESULTS AND DISCUSSION 
 
Decomposition of Deposited Sludge for Cesium 
Removal 
 
Results of water temperature, pH, DO and H2S 
under varying environmental conditions 
 

Figures 3 and 4 show the pH and DO 
respectively, resulting from the environmental 
conditions prevalent in cases 1 and 2 (Table 1). 
After 24 hrs, the pH of case 1 and 2 was constant at 
about 8.0. The initial concentrations of DO are 4.9 
mg/L and 3.7 mg/L in cases 1 and 2 respectively. 
The DO of case 1 is saturated at about 7.3 to 7.8 
mg/L after 24 h, because the concentration of 
oxygen saturation is 8.1 mg/L-pure water. The DO 
of case 2 is saturated at about 3.5 to 4.2 mg/L after 
24 h. 
 
 
 

 
Fig. 3 Change in water pH over time in case 1 (●) 

and case 2 (∆). 
 

 Micro- 
bubble 

Additive amount  
of bacteria 

Activator  

Case 1 ◯ 1.5 × 108 cell 100 ppm 
Case 2 — − − 
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Fig. 4 Change in DO concentration over time in 

case 1 (●) and case 2 (∆). 
 

H2S concentration is shown in Fig. 5. In case 1, 
H2S decreases up to 24 h; after which it is no longer 
detected, before the addition of A. fecalis to the 
experimental tank. A. fecalis is not inhibited by H2S. 
In case 2, H2S decreased slightly and remained at 
0.16 mg/L at 120 h. 
 

 
Fig. 5 Change in H2S concentration over time in 

case 1 (●) and case 2 (∆). 
 
 
Results of NH4-N, NO2-N, NO3-N and T-N 
 

Figure 6 shows the change in NH4-N 
(ammonium nitrogen) concentration in the 
experimental tank over time. In both cases (Table 1), 
initial concentrations of NH4-N are approximately 
1.5 mg/L. In case 1, NH4-N decreases and is no 
longer detected at 72 h. The effect of A. fecalis on 
NH4-N concentration could not be ascertained 
because A. fecalis was added at 24 h. In case 2, NH4-
N increases to 1.8 mg/L at 120 h. 

 

 
Fig. 6 Change in NH4-N concentration over time 

in case 1 (●) and case 2 (∆). 
 

Figure 7 shows the change in NO2-N (nitrite 

nitrogen) concentration in the experimental tank 
over time. In case 1, initial concentrations of NO2-N 
are approximately 0.28 mg/L. Subsequently NO2-N 
constant at 0.01 mg/L up to 48 h, after which it is 
decreases and remained at 0.02 mg/L at 120 h. In 
case 2, initial concentrations of NO2-N are 
approximately 0.28 mg/L. NO2-N decreases to 0.13 
mg/L at 48 h, then increases to 0.24 mg/L at 120 h. 
 

 
Fig. 7 Change in NO2-N concentration over time 

in case 1 (●) and case 2 (∆). 
 

Figure 8 shows the change in NO3-N (nitrate 
nitrogen) concentration in the experimental tank 
over time. In case 1, initial concentrations of NO3-N 
are approximately 3.7 mg/L. Following this, NO3-N 
increases to 4.6 mg/L at 6 h, then decreases to 0.60 
mg/L at 120 h. 
In case 2, initial concentrations are approximately 
4.14 mg/L. Following this, NO3-N increases to 4.7 
mg/L at 24 h, then decreases to 2.2 mg/L at 96 h 
before continuing to gradually increase to 3.3 mg/L 
at 120 h. 
 

 
Fig. 8 Change in NO3-N concentration over time 

in case 1 (●) and case 2 (∆). 
 
In case 1, concentrations of NH4-N and NO2-N and 
NO3-N decreased. Conversely, concentrations of 
NH4-N and NO2-N and NO3-N increased or 
remained constant in case 2. It is assumed that the 
metabolism of the bacteria switched from 
denitrification to nitrification because the condition 
of the experimental tank water changed to saturated 
dissolved oxygen concentration (Fig. 4). Therefore, 
we assume that the nitrogen source shifts to NH4

+ → 
NO2

− → NO3
− and that this trend of NO3-N 

concentration is similar to NO2-N. 
In case 1, dissolved inorganic nitrogen (DIN; 

NH4-N + NO2-N + NO3-N) shows a 90 % decrease 
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(Fig. 9). While T-N (total nitrogen, and inorganic 
and organic nitrogen) decreased and was eventually 
no longer detected (Fig. 10). 
 

 
 
Fig. 9 Change in DIN concentration over time in 

case 1 (●) and case 2 (∆). 
 

 
Fig. 10 Change in T-N concentration over time in 

case 1 (●) and case 2 (∆). 
 
 
Results of Bacterium concentration 
 

DNA concentration in sludge was measured as 
bacterial concentration. Fig. 11 shows the change in 
DNA concentration. In both cases, initial 
concentrations of DNA are approximately 2 ug/g-
sludge. In case 1, DNA doubled, while in case 2, 
DNA increased to 2.6 ug/g-sludge at 24 h, then 
decreased to 1.2 ug/g-sludge at 120 h.   

The effect of the addition of A. fecalis to a 
circulation purification system on T-N concentration 
was investigated. 
 

 
 
Fig. 11 Change in DNA concentration over time in 

case 1 (●) and case 2 (∆). 
 

Results of cesium concentration 
 

Cesium and silica in the sludge were measured 
with energy dispersive X-ray analysis (EDX). The 
weight ratios of cesium to silica (Cs/Si) in dried 
sludge are shown in Fig. 12. The cesium 
decontamination ratio was calculated from the ratios 
of cesium content at 0, 6, 24, 48, 72, and 120 h as 
measured by EDX, using standard values for silica 
after measuring the weight of the dried sludge. The 
decontamination ratio obtained in case 1 was about 
51 %.  

Cesium concentrations in the water are shown in 
Fig. 13. In case 1, initial concentrations of Cesium 
are approximately 40 mg/L. Subsequently Cesium 
decreases to 8.3 mg/L at 120 h indicating that 71 % 
of cesium was removed 

In case 2, cesium concentrations in the dried 
sludge and the water did not decrease. Therefore, 
eluted cesium from the sludge was adsorbed onto the 
zeolites after the sludge was decomposed by micro-
bubbles and A. fecalis. 
 

 
Fig. 12 Change in Cs/Si over time in case 1 (●) and 
case 2 (∆) in dried sludge. 
 
 

 
Fig. 13 Change in Cs concentration over time in 
case 1 (●) and case 2 (∆) in liquid phase. 
 
 

The Model sludge was prepared 100 mg/L 
Cesium chloride in tank and mixed for 24 h. So, at 
the time of experiment start, Cesium concentration 
of water was 39.6 mg/L, cesium adsorbed onto 
sediments was 60 mg/L. After 120 hrs, 31 mg/L 
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(51%) of cesium onto sediments, and 8.3 mg/L of 
cesium in water had been remaining. Accordingly, 
using micro-bubble circulation system with bacteria 
and zeolite, 61 mg/L of cesium was removed and its 
removal ratio was 61%. 

In case 2, using zeolite only, 42.8 mg/L of 
cesium in water was removed, while, cesium on 
sediments was remain unaltered. Therefore, total 
cesium removal ratio was 42.8%. 

Moreover, Okamoto et.al (2015) was reported 
that cesium concentration of water and sediments 
was remain unaltered using micro-bubble circulation 
system with bacteria [4] 
 These results suggest that after the deposited 
sludge is decomposed by our micro-bubble 
circulation system with bacteria and zeolite, the 
cesium is eluted into water, it can then be remove 
using zeolites. 
 
 
CONCLUSION 
 

We carried out elution and fixing of cesium in 
ocean sludge using a micro-bubble and bacterial 
circulation decomposition system. From water 
quality measurements, it can be concluded that after 
adding A. fecalis, T-N decreases and is then no 
longer detected. A. fecalis has a remarkable ability to 
treat samples through denitrification.  
The cesium concentrations in sludge and water 
decreased through treatment with micro-bubbles and 
bacteria for 120 h. 76% of cesium in dried sludge 
and 51% of cesium in water were removed. From 
the results obtained, we can affirm that the system 
proposed would greatly facilitate cesium removal 
from ocean sludge. 
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ABSTRACT 

 
Subsurface contamination of metals and radionuclides are common problems in abandoned mine sites. Metals 

and radionuclides are likely to occur in the mobile phase or may bind to soil particles and geologic framework. 
The transport process for reactive contaminants also include chemical reactions in groundwater aquifers which are 
complex physical and biogeochemical processes. Accurate tools to reliably predict the movement and changes in 
concentration of metals and their daughter products (radionuclides) formations in the subsurface environment is 
important for decision makers to analyze impact, and to evaluate the effectiveness of remediation strategies. An 
advanced numerical model can provide such useful direction of predictions. A 3-D contaminant transport model 
for fluid flow, hydrogeologic transport, and biogeochemical kinetic and equilibrium reactions in saturated and 
unsaturated media was calibrated, validated and implemented to model the hydrogeochemical processes that occur 
in the subsurface at such a complex contaminated site, consisting of  waste rock dumps and flooded mine pits in 
of this an abandoned uranium mine site. The developed flow and transport simulation model for no longer in use 
mine site in Northern Territory of Australia is discussed.   
 
Keywords: Reactive Transport, flow and transport modelling, groundwater contamination, Mine site  
 
INTRODUCTION 

 
Groundwater plays an important role in human 

history and groundwater contamination has attracted 
intensive investigations in the past 30 years. 
Contaminants in the aqueous environment undergo 
changes in concentration resulting from physical, 
chemical, biological processes, and a capability to 
understand and model these processes is at the core of 
assessing the efficacy of environmental remediation 
strategies. The modeling and prediction of the 
complex multiple species reactive transport process 
in mine sites is particularly challenging. The 
development of an accurate model capable of 
predicting the transport scenario is very challenging, 
but a necessity for designing future remediation 
strategies.  Therefore, a robust numerical multiple 
species reactive transport simulation model 
HYDROGEOCHEM 5.0 [1]  has been calibrated and 
validated for a study area comprising of an underlying 
aquifer in a no longer operational mine site in the 
Northern Territory of Australia.  Acid rock drainage 
(ARD) and heavy metal mobilization at the former 
mine site have led to significant environment impacts 
on local groundwater and in the East Branch of the 
Finniss River [2]. 

Acid and metalliferous drainage (AMD) also 
referred to as acid mine drainage or acid rock 
drainage occurs when sulphidic minerals, such as 
arsenopyrite, chalcopyrite and pyrite, are exposed to 
oxygen and water. Although AMD occurs naturally, 

the majority of AMD is anthropogenic and originates 
from reactive sulphide minerals stored in waste rock 
dumps (WRDs), mine pits, and tailings. 
Notwithstanding the fact that extensive rehabilitation 
studies at the mine site exist, a well-defined reactive 
transport model, with a comprehensive suite of 
reaction types and reaction rates incorporated into a 
model aimed at the remediation and rehabilitation of 
the site, has not been implemented yet. These reaction 
types includes but not limited to aqueous 
complexation, adsorption-desorption, ion-exchange, 
oxidation-reduction, precipitation-dissolution, acid-
base reactions, and microbial mediated reactions. 

The main sources of pollutants to the environment 
are the open pit, the waste rock damps and the tailings 
dam. The waste rock damps and tailing dams most 
often consist of several minerals and geological 
matrix which are exposed to weathering conditions. 
Pyrite oxidation is the principle reaction in the 
leaching of metal and radionuclides into environment. 
Accurate prediction of the release rate of metal and 
radionuclides from these sources and their transport 
into the subsurface environment is a critical factor to 
the assessment of environmental impacts and to the 
development of effective remediation strategies.  To 
produce a realistic representation of the system under 
study with the existing real complex problems, 
sophisticated models are required. Reactive transport 
codes are powerful tools in the evaluation of coupled 
hydrological chemical processes and in the prediction 
of the long-term performance of remediation 
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strategies.  
A presentation of the application of a reactive-

transport model to simulate the transport of reactive 
multi-species contaminants in heterogeneous, 
anisotropic, saturated-unsaturated waste rocks damp 
and mine open pits of the first uranium mine site in 
Australia is illustrated in this paper. The computer 
program used to describe the complex 
hydrogeochemical processes that control the 
generation of acid drainage and the distribution of 
solutes between groundwater and waste rock damp is 
the hydrogeochemical transport model, 
HYDROGEOCHEM 5.0. This numerical code has 
been earlier used for modeling a mine site in 
Queensland Australia [3]. The computer program is a 
3-D numerical model of fluid flow, thermal, 
hydrologic transport, and biogeochemical kinetic and 
equilibrium reactions in saturated and unsaturated 
media.   

The purpose of this paper is to focus on the 
solution results of reactive transport geochemical 
modeling to predict the important complex processes 
that control the movement and distribution of 
contaminants in ground water. It is also likely that this 
calibrated and validated transport model will be 
utilized for a contamination source characterization 
study for this contaminated aquifer site. Information 
gained from these investigations should also provide 
insight into processes that occur at other sites 
similarly contaminated.  

 
METHODOLOGY  

 
Study Area Description  

 
The former mine site is located approximately 

105km by road south of Darwin in the headwaters of 
the East Branch of the Finniss River, near Batchelor 
in the Northern Territory, Australia. This former mine 
was one of Australia’s first major uranium mines and 
produced approximately 3,500 tonnes of uranium and 
20,000 tonnes of copper concentrate between 1954 
and 1971 [4].  Uranium was mined from White's and 
Dyson's open pits from 1954 to 1971, while copper 
was extracted from the Intermediate pit in 1964.  The 
site underwent rehabilitation from 1983 to 1986 at a 
total cost of $18.6 million. Several rehabilitation 
works have taken place since 1986 and rehabilitation 
is still on going. [4] 
 
Geological and hydrogeological characterization 
 

The mine areas consist of east branch of the 
Finniss River about 8.5 km upstream of its confluence 
with the West Branch of the Finniss River. Surface 
water enters the mine site from the east via the upper 
East Branch of the Finniss River and from the 
southeast via Fitch Creek. River flows vary in 
response to intra annual variability in rainfall and 

changes over the course of a year [5]. The mine area 
mineral field contains polymetallic ore deposits, such 
as the Ranger and Woodcutters ore deposits. The 
mine site includes the Giant’s reef fault. The main 
lithological units are the Rum Jungle Complex and 
meta-sedimentary and subordinate meta-volcanic 
rocks of the Mount Partridge Group. The Rum Jungle 
Complex consists mainly of granites and the Mount 
Partridge Group consists of sedimentary units: 
Geolsec formation, the Whites formation, the 
Coomalie Dolostone, and the Crater formation [6].  

 

 
 
Fig. 1 Satellite view of the study site 
 
Numerical Simulation 
 
Flow Model 
 

The general equations for flow through saturated–
unsaturated media are obtained based on following 
fluid continuity, solid continuity, fluid movement 
(Darcy’s law), stabilization of media, and water 
compressibility [1]    
























 

qhK
t

h
F

ooo 






 z.      (1) 

Where F = generalized storage coefficient (1/L) 
defined as 

                  F=
dh

dS
n

n e
e

                   (2) 

  K= 

g

 K=
O

O




O

og




 KsKr =
 
  r

o

o ksoK



       (3)                          

 
and V = Darcy’s velocity (L/T), described as: 
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Where: ી: effective moisture content (L3/ L3); h: 
pressure head (L); z is the potential head (L), t: time 
(T); q: source or sink of fluid [(L3/ L3)/T]; ૉ: fluid 
density without biochemical concentration (M/ L3); 
ૉ: fluid density with dissolved biochemical 
concentration (M/ L3); ρ*: fluid density of either 
injection (= ρ*) or withdraw (= ρ) (M/ L3); ૄo: fluid 
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dynamic viscosity at zero biogeochemical 
concentration [(M/L)/T]; μ: the fluid dynamic 
viscosity with dissolved biogeochemical 
concentrations [(M/L)/T]; α’: modified 
compressibility of the soil matrix (1/L); ß: modified 
compressibility of the liquid (1/L); ne: effective 
porosity (L3/L3); S: degree of effective saturation of 
water; G: is the gravity (L/T2); k: permeability tensor 
(L2); ks: saturated permeability tensor (L2); Kso: 
referenced saturated hydraulic conductivity tensor 
(L/T); kr: relative permeability or relative hydraulic 
conductivity (dimensionless).The finite element 
method was used to solve Eq. (1), (2), (3) and (4), and 
the constitutive relationships among the pressure 
head, degree of saturation, and hydraulic conductivity 
tensor, together with the appropriate initial conditions 
and boundary conditions. The temporal-spatial 
distributions of the hydrological variables, including 
pressure head, total head, effective moisture content, 
and Darcy’s velocity were simulated.  
 
Reactive transport Model   
 

Governing equations for the reactive transport of 
the reactive biogeochemical system is discussed 
below. The equations  for  transport  were  derived  
based  on  the  continuity  of  mass  and  Fick’s  flux  
laws.  The  main  transport  and  fate  processes  are  
advection,  dispersion/diffusion and  biogeochemical  
reactions  (including  radioactive  decay).  The  
general  transport  equation  governing  the  temporal-
spatial  distribution  of  any  biogeochemical species 
in a reactive system is described below [1]:  
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      Where L is the transport operator denoting 
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   where Ci  is the concentration of the i-th species in 
units of chemical mass per water volume [M/L3]; ri is 
the production rate of the i-th species because of 
biogeochemical reactions in chemical mass per water 
volume per unit time [M/L3/T]; {M} = {1,2,…,M} in 
which M is the number of biogeochemical species; D 
is the dispersion coefficient tensor [L2/T]; and Mi is 
the source/sink of the i-th species in chemical mass 
per unit volume of media [M/L3/T]. 
   
Conceptualization and Model discretization  
 

A numerical groundwater flow model is 
constructed to simulate variations in the groundwater 
flow system at the mine site from December 2010 to 

November 2014. This numerical flow model is a 
mathematical representation of a conceptual model 
that enables a quantitative representation of real field 
features. The numerical representation is based on the 
following assumptions: The aquifer system at the 
former mine site can be subdivided into 
hydrostratigraphic units that represent either waste 
rock damps or the naturally occurring bedrock aquifer, 
each hydrostratigraphic unit is represented as a single 
model layer with representative hydraulic properties 
and recharge is estimated as a proportion of incident 
rainfall, mine waste is represented by a single model 
layer of variable thickness of the waste rock damps 
and Dyson’s (backfilled) open Pit, whereas the 
geological aquifer units is represented by model 
layers with constant thicknesses across the model 
domain, water movement in the hydrostratigraphic 
units follows Darcy’s law,  the flooded open pits is 
represented by specified head boundary condition 
that is equivalent to observed water levels in the pits 
during the simulation period.  
 
Numerical method 
 

The finite element method is used for temporal 
and spatial discretization of the governing partial 
differential equations in the flow module. The 
Galerkin finite element method was used for spatial 
discretization of the modified Richards equation that 
governs the distribution of pressure fields. For this 
model, the critical assumption of this approach is that 
every element within a particular section of a layer is 
assigned a set of hydraulic properties to account for 
heterogeneity. The layers are discretized horizontally 
into triangular wedge elements but each layer of a 
finite element mesh is one element thick. The flow of 
the groundwater is simulated for the observation 
period 2010 and 2014. Two case scenarios of both 
steady state and transient flow is simulated for the 
flow. 
 
Spatial Discretization 

 
The numerical model domain was spatially 

discretised into a 3-dimensional mesh with a 
triangular wedge mesh. In planar view, each element 
is a triangular wedge, whereas the thickness of the 
elements depends on the number of layers used to 
vertically discretize the model domain. The thickness 
of the elements varies depending on lithology. The 
model is made up of 6 layers and covers a maximum 
elevation of about 110 m. Surface topography from a 
recent terrain elevation data was used to define the top 
of layer 1, including the WRDs and Dyson 
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(backfilled) pit. Figure 2 shows a plan view of finite 
element model domain.  Layer thicknesses are 
allocated in this order.  Layer 1 which consist mainly 
of waste rock damps is assigned variable thickness, 
layer 2 thickness is from 0 to 7.5 m, layer 3m is 7.5m 
to 15 m, layer 4 is 15m to 45 m, layer 5 is 45m to 105 
m, and layer 6 is 105m to 150 m. The tops and 
bottoms of layers 3 to 6 are set to thicknesses values 
listed above which is fixed throughout the model. 
 
Boundary conditions 

 
Specified heads boundary conditions is assigned 

to elements from layers 1, 2, 3, and 4 that intersects 
the perimeters of the flooded pits which includes 
main,  intermediate and brown oxide pits. These 
elements represent the bedrock aquifer that is in 
contact with standing water within the pits and were 
assigned a head that is equal to the measured water 
level in the pits. Flows within the flooded open pits 
themselves are not simulated by the model so 
elements within the head boundary are set to be 
inactive.  Pit water levels and groundwater levels at 
monitoring locations close are used to represent the 
open pit as a head boundary. The browns oxide open 
pit is not completely flooded so heads were only 
specified for elements in layers 3 and 4. Time varied 
constant head nodes are set that simulate water level 
changes in the main, intermediate and brown’s pits 
and the river. The aquifer parameters imputed to 
model area is shown in Table 1 

 

 
Fig. 2    Three dimension finite element representation 
of the study site 
 
To model and simulate the reactive transport 
processes, equations of either the conventional finite 
element methods or the hybrid Lagrangian–Eulerian 
finite element methods were used for spatial 
discretization.  The chemical equilibrium equations 
were solved by the Newton–Raphson method or 
Picard method. This  study   considers  the possible  
hydrogeochemical  transport  of  6  components,  
including  OH-, Cu2+, Fe2+, Fe3+,Mn2+, UO2 2+ and 20 
species are considered  in this study.  These selected 
sets of components are based on the fact that the 
primary mining commodities were uranium and 

copper. Table 2 shows some chemical reactions 
incorporated in the model. 
 
Table 1 Aquifer hydrogeologic properties 
 
Aquifer parameter Value 
Number of nodes 6587 
Number of elements 10704 
Horizontal hydraulic 
conductivity, Kx Ky m/d 
Layer 1 0.01728 - 5.0112 
Layer 2 0.00864 - 0.7776 
Layer 3 0.00864 - 0.84672 
Layer 4 0.00864 -0.84672 
Layer 5 0.00864 - 0.02592
Layer 6 0.0001728 - 0.0648
Vertical hydraulic conductivity, Kz m/d 
Layer 1 0.00864 - 0.24192 
Layer 2 0.00432 - 2.4192 
Layer 3 0.00864 - 0.864 
Layer 4 0.00864 - 1.296 
Layer 5 0.00864 - 0.20736 
Layer 6 0.00864 - 0.0648 
Effective porosity, θ 0.28 
Longitudinal dispersivity, αL 10 m/d 
Transverse dispersivity, αT 0.1 m/d 
Vertical dispersivity (αV): 0.01 
Average rainfall 2372 mm/year 
 
Table 2 Chemical reactions involved in transport 

 
Chemical reactions Constant 

rate 
(log K) 

H2O(aq)  H+ + OH- -13.99
H+ + SO4  HSO4- 1.99 
Cu 2+ + H2O   Cu(OH)+ + H+ -9.19 
Cu2+ + SO4 2-  CuSO4 2.36 
Cu2+ + 2H2O  Cu(OH)2 + 2H+ -16.19 
Cu2+ + 3H2O Cu(OH)3- + 3H+ -26.9 
Fe2+ + H2O  H+ + FeOH+ -9.50 
Fe2+ + SO42-  FeSO4 2.20 
Fe2+ + 2H2O  2H+ + Fe(OH)2 (aq) -20.57 
Fe2+ + 3H2O  3H+ + Fe(OH)3- -31.00 
Fe2+ + 4H2O  4H+ + Fe(OH)42- -46.00
Mn2+ + SO4 -  MnSO4 2.26 
Mn2+ + H2O MnOH+  + H -10.59 
Mn2+ + 3H2O Mn(OH)3-  + 3H -34.08 
UO22+ + SO4 2-  UO2SO4  3.15 
UO22+ + SO4 2-  UO2(SO4)2 2-  4.14 
UO2 +2 +2H2O↔ UO2(OH)2 aq + 2H+ 12.15 

Conceptual Modelling  
 

The transport model for the mine site was built upon 
the flow model by including the necessary transport 
conditions which includes the transport boundary 
conditions, the total number of components and the 
species to be simulated. The assumption is that the 
transport of the contaminants is based solely on the 
flow fields simulated whereby there is a possible rock 
interaction or mineral interactions with the aquifer 
rock bed and formation of daughter products or 
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additional species.  
It is assumed that the oxidative dissolution of pyrite 
is the driving force in the discharge rate of metal and 
radionuclides from waste rock damps. The reactive 
system is completely defined by geochemical 
reactions through a network of reactions specifying 
chemical reactions and the total number of chemical 
species involved in the reaction. The standard 
equilibrium expression with a suitable equilibrium 
constant is used to represent all the fast reactions, 
such as the aqueous complexation reaction and 
precipitation of secondary phases. The slow reactions 
were represented by the kinetic expression and 
associated rate constants to address the dissolution 
reactions of key minerals present in the waste rock 
damps and pits. The reaction network that describes 
the evolution of the geochemical system is shown in 
the Table 2. 

 
 
RESULTS AND DISCUSSION  
 
The flow model calibration is carried out by running 
the forward simulation repeatedly, and manually 
adjusting the input parameters selected for 
calibration, including those used to define initial and 
boundary conditions, at each time, until a satisfactory 
match between model results and field data is 
achieved. The trial and error procedure is used in this 
study.  This is adopted because it is conceptually 
straight forward and requires nothing more 
computationally than making multiple forward 
simulation runs.  This procedure is flexible allowing 
any adjustment in parameter values and parameter 
structures, including changes in mesh designs and the 
representation of the geologic frame work 
The main aim of calibration was to obtain the 
estimation of hydraulic conductivity and groundwater 
levels for the aquifer based on limited field 
measurement data. Hydraulic head measurement data 
from 20 monitoring locations distributed across the 
mining area were used for the simulation model 
calibration. The hydraulic head data used for model 
calibration and validation were recorded in 2010 and 
2014. A portion of the average rainfall intensity per 
year was specified as recharge for calibration of the 
simulation model also using measured head data from 
monitoring locations. Calibration targets for the 
developed model were set to be within 2m intervals 
of the observed hydraulic head value in monitoring 
locations with a confidence level of 90%. Exact 
boundary conditions are difficult to determine with 
very limited observed measurement data. Hence, 
realistic boundary conditions need to be specified that 
matches the site conditions. In the calibration process, 
one of the most difficult issues is to assign 
appropriately the correct boundary conditions. 
Therefore, the boundary conditions need to be 
determined based on preliminarily calibration results 

as well. The model’s boundary conditions are 
adjusted manually to achieve the calibration targets. 
The measured and simulated heads were compared at 
selected points. 
The developed model was calibrated for flow using 
observed head data obtained at monitoring points.  In 
the calibration process, estimates of the values of 
recharge for each recharge zone and the 
representative hydraulic conductivity of each layer 
were calibrated. Results of simulated heads 
calibration are shown in Table 3. 
 
Table 3 Comparison of observed and simulated heads  
 

Location 
ID

observed 
head(m)

computed 
head(m) 

Residual 
(m)

P1a 61.44 62.48 -1.04 
P1b 62.65 63.65 -1 
P2 63.27 63.12 0.15 
P3 60.29 64.9 -0.11 
P4 60.41 60.86 -0.45 
P5 57 57.14 -0.14 
P6 58.33 59.09 -0.76 
P7 56.39 59.05 -2.66 
P8D 53.96 54.68 -0.72 
P9D 56.57 56.69 -0.12 
P10 57.63 58.03 -0.4 
P11 57.16 57.87 -0.71 
P12 56.44 56.91 -0.47 
P13 56.89 56.9 -0.01 
P14 57.06 57.55 -0.49 
P16 56.27 57.16 -0.89 
P17 56.45 57.29 -0.84 
P18 57.28 58.27 -0.99 
P19 57.35 58.23 -0.88 
P20 51.01 51.69 -0.68 

 
The flow model is calibrated first to adjust the model 
input parameters that control the flow process, such 
as hydraulic conductivity and recharge, sink/sources 
stress. When the flow model is calibrated to a certain 
degree, calibration of the transport model is 
initialized to adjust those parameters specific to the 
transport model, such as porosity, dispersivity and 
source concentration. Recalibration of the flow model 
is done to further adjust the initially calibrated flow 
parameters. After readjustment of the flow 
parameters, a new velocity distribution is calculated 
and used in the transport model where further 
adjustments in the transport parameters are made. 
This iterative procedure is repeated until both flow 
and transport related field data are matched by the 
simulation results.  The results of the calibrated heads 
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against the observed heads is shown in Table 3. These 
results show fairly good history matching of the 
hydraulic heads. The reactive transport model 
simulation time is 2 years from 2012 to 2014 as of the 
availability of data. The precipitation/dissolution on 
the changes of porosity, hydraulic conductivity, and 
hydrodynamic dispersion of aquifer media may be a 
key hydrogeochemical mechanism in the transport 
process.  Thus, the  effect  of  precipitation/dissolution  
reactions  on  both  flow  and  reactive  transport  are  
also considered in the simulations. Moreover, to 
evaluate the effect of redox processes influencing on 
the formations of  degradation  materials,  pyrite  
oxidation,  sulfate  reduction  reactions  are  also  
incorporated  in  the  simulation  scenarios.   
Copper (Cu2+), sulphate (SO4

2-), Manganese (Mn2+), 
Uranium (UO2

2+) and Iron (Fe2+) are introduced as 
initial contaminants in the waste damp rocks and the 
open pits, which is assume to be involved in chemical 
reactions listed in Table 2. The assumed initial 
conditions for contaminant concentration are 
specified in the simulation model based on the 
available data and extrapolation within the area. The 
sources considered for this study are dysons waste 
rock damp, dyson open pit, main waste rock damp, 
intermediate waste rock damp, main pit and 
intermediate pit. The objective was to demonstrate 
the flexibility of the model to adapt a known reaction 
network to an abandon mine site setting and to 
demonstrate the capability of the code to simulate 
large complex problems. The results of the simulated 
concentrations are shown in the Figure 4, Figure 5 
and Figure 6. 
 

 
 

Fig. 4 Comparison of observed and simulated copper 
concentrations mg/ l at monitoring points 
 

 
Fig. 5 Comparison of observed and simulated iron 
concentrations mg/ l at monitoring points 

 

 
Fig. 7 Comparison of observed and simulated 
uranium concentrations mg/ l at monitoring points 
 
CONCLUSION 
 

The calibrated flow model, and the developed 
transport simulation model are capable of simulating 
the complex flow and multiple species reactive 
transport processes in the geologically complex 
multiple layer, heterogeneous aquifer comprising of a 
no longer in use uranium mine site in NT, Australia. 
The aquifer processes are considered as 3-
dimentional, geologically layered and heterogeneous, 
with transient flow and transport.  It was possible to 
calibrate the flow model by using sparse spatial-
temporal hydraulic head measurements. The 
contamination simulation scenario resembled the 
field conditions to a certain extent. The 
concentrations predicted for the chosen species match 
with the concentration measurement values available. 
Therefore, the simulation model, based on 
HYDRGEOCHEM once calibrated for site 
conditions, is potentially a good candidate to model 
the complex flow and transport processes in a 
geochemically and geologically complex mine site 
aquifer.  
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ABSTRACT 

 
The aim of this study was to investigate the effect of laser land leveling (LL-leveling) on the vertical movement 

of water through soil (seepage rate). Although we could have discussed the use of LL-leveling for crop yield and 
water efficiency in eastern Afghanistan the difference in seepage was not clear. Therefore, herein, both the water 
balance at the land surface and the impact of LL-leveling on infiltration rates were investigated. The field 
experiments were comprised of two parts: Farm-A underwent LL-leveling; and Farm-B was used as the control 
farm with all other practices maintained the same. The results from Farm-A illustrate that, from a water balance 
perspective, water seepage was reduced due to smaller water inflow, larger farm size or regular farm shape. By 
comparing the two farms, we could confirm the linearity of water input to water seepage based on measurements 
in both areas. Seepage was reduced with increasing field size. In our data, the water input decreased following LL-
leveling. This may be strongly related to the water saving mechanisms employed in Farm-A. Further, the areal 
size of the farm increased following LL-leveling and potentially also contributed to the observed increase in water 
savings. Simultaneously, we could affirm that the seepage is affected by land cultivation practices and the selection 
of crop types. Overall, in Farm-A the seepage rates were reduced with LL-leveling by 18%, 77%, and 25% in plots 
cultivated for wheat, corn, and eggplant, respectively. Thus, it has become clear that LL-leveling will increase 
water savings. 
 
Keywords: Infiltration, Crop Type, Cultivation Age, Irrigation Interval 
 
 
INTRODUCTION 

 
The main challenges faced by the Afghan 

agricultural sector are the shortage of water and the 
high demand for irrigation water [2]. The country is 
not self-sufficient in its water requirements nor is it 
relieved from the impacts of its neighbors’. While 
undeniably land-locked, the country has five river 
basins of which four major rivers flow into 
neighboring countries. However, only a small 
proportion (around one third) of the water that 
originates here is utilized within the country. The 
economy of Afghanistan relies mostly on agriculture, 
particularly on irrigated agriculture. 

Nonetheless, farmers still use traditional farming 
techniques wherein oxen provide the draught power. 
The farmers’ knowledge of new irrigation 
technologies and cultural practices is insufficient. 
Consequently, the efficiency of the irrigation system 
is quite low (25%–30%) mainly due to high 
conveyance losses in the traditional watercourses 
with earth canals, high operational losses in modern 
schemes with lined conveyance canals, and high on-
farm distribution losses (e.g., over-irrigation, poorly 
leveled land) in both traditional and modern irrigation 
schemes. The productivity levels are low even by 

regional standards. About 20% of both the traditional 
and modern irrigation systems require an upgrade of 
the on-farm water management in order to improve 
the low crop yield or to address water logging and 
salinization. In fact, the land production potential 
under low and variable rainfall can be improved by 
promoting technology transfer [8]-[9]. In traditional 
as well as modern irrigation schemes, the dominant 
irrigation method is basin/border irrigation for cereals 
and furrow irrigation for vegetables and grapes. 
Farmers are usually not aware about crop water 
requirements, and over-irrigation is a common 
practice. 

The overall efficiency is only about 25%–30% for 
both modern and traditional irrigation schemes, 
resulting in significant water losses and low 
productivity [4]. The cropping intensity (it is the ratio 
of net area sown to the total cropped area) varies 
widely between irrigation systems depending on 
water availability. It reaches 200% in the upper part 
of the irrigated area, whereas, in the lower parts, up 
to-thirds of the crop area remains fallow each year on 
a rotational basis. In the large schemes supplied by 
rivers, floods often damage irrigated land as a result 
of the frequent change in river course due to the high 
sediment loads and unfavorable geomorphological 
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conditions [8]-[9]. Traditional management 
approaches to irrigation supply and conveyance often 
contribute to high-water losses.  

Moreover, low irrigation efficiency is further 
accentuated by traditional irrigation methods and 
practices used by farmers, as well as inadequate land 
leveling [12]. Water scarcity can be overcome by 
improving water use efficiency at the field level [11]. 
With traditional applications of water to the fields, 
crop yields decrease by 75%–85% on average, a 
percentage that varies widely among farms. 

Furthermore, poor farm designs and uneven fields 
are responsible for 30% of the water losses [6]. About 
18 million acre-feet of water are lost while irrigating 
uneven fields in Pakistan [3]. Due to the low water 
use efficiency and lack of inputs (chemical fertilizer, 
improved seed and so on), crop yields are very low. 
At present, drought has caused a further reduction in 
crop yields, e.g., the average yield of wheat is 0.8 
tons/ha today as opposed to about 1.1 tons/ha in 1978. 
The total area (irrigated and rainfed) cultivated for 
cereal crops is about 3.39 million ha. The total cereal 
production is 4.15 million tons, 2.65 million tons of 
which are from wheat [8]-[9].  

 Irrigated agriculture is the mainstay of food 
security and income for most of the rural population 
in Afghanistan. It accounts for more than half of the 
country’s GDP and 70% of the total crop production; 
moreover, it provides a reliable and sustainable 
production base for several rural communities. The 
total cultivable area of Afghanistan is about 8 million 
hectares, which is 12% of the total area of the country. 
Nearly 3.9 million ha of cultivated land exists in 
Afghanistan, of which 1.3 million ha is rainfed and 
2.6 million ha are irrigated. This irrigated area 
produces almost 85% of the total agricultural 
production [10]. LL-leveling and agricultural 
technology transfer programs were implemented 
from 2008 to 2011 for wheat crops in the Kama 
district (Nangarhar and Balkh provinces, 
Afghanistan). During this period, the maximum 
reported wheat yield was 6.18 tons/ha and the 
minimum was 4.01 tons/ha [7]. 

LL-leveling and layout improvements were 
conducted in the Bihsud district (Nangarhar province, 
Afghanistan). Yields of 41, 5.25, and 4.4 tons/ha were 
noted for eggplant, corn, and wheat respectively. The 
water savings found in these fields were 17%, 27%, 
and 21% for eggplants, corn, and wheat, respectively 
[13]. Seepage is the lateral movement of subsurface 
water in soil, whereas, percolation is the vertical 
movement of water beyond the root zone to the water 
table, and the two are often inseparable [17]. 
Percolation losses have been reported to vary from 
0.1 to several hundred mm/day [16]. These rates can 
be decreased by increasing the resistance to water 
movement in the soil and by reducing the hydrostatic 
pressure of the ponded water [1]. 

 However, studies conducted in eastern 

Afghanistan in 2016 on crop yields and water 
efficiencies in LL-leveled areas did not confirm a  
difference in the vertical movement of water through 
soil (seepage rate). Thus, herein, the water balance at 
the land surface and the effects of LL-leveling on 
seepage rates have been investigated. The current 
research was undertaken at the irrigation 
demonstration site of the on-farm water management 
project in the Barabad village, (Bihsud district, 
Nangarhar Province; Fig. 1). The objective of this 
study is to investigate the vertical movement of water 
into soil in relation to cultivation age, the durations of 
the irrigation interval, water inputs, and crop type. 

 
MATERIALS AND METHODS 

 
The field experiments were conducted in the 

eastern region of Afghanistan from November 2013 
to September 2014, shortly after LL-leveling. The 
experimental farms are located in the Barabad village 
under the agriculture command area of the Barabad 
irrigation canal near Jalalabad city, Nangarhar 
province, Afghanistan (34.27° N, 070.24° E, 
elevation = 572 m). The region is classified as a semi-
arid, Mediterranean-type climate with an annual 
maximum air temperature of 42°C, an annual 
minimum air temperature of −2°C, and an annual 
precipitation varying from 178 mm to 324 mm. The 
monsoon begins in January and lasts until May, with 
little rain during the summer season. The wind speed 
is roughly 30 km/h, and the maximum wind pressure 
occurs between July and November [5]. 

Prior to the final selection of the experimental 
farms, a total of 29 fields, 14 water channels, 39 water 
inlets, about 116 boundaries and approximately 752 
m2 of fields were mapped (Fig. 1). Following layout 
improvements and LL-leveling, a total of 12 fields, 2 
water channels, 12 water inlets, and approximately 
1925 m2 of fields were mapped (Fig. 2). The research 
was conducted on two separate agricultural farms that 
were both located along a main irrigation canal. The 
field experiments included two parts. The first part 
involved the Farm-A layout improvement, and the 
second part involved LL-leveling. 

LL-leveling is also called laser-guided land 
leveling or precision-custom farming laser land 
leveling, and it is a process applied for smoothing a 
land surface up to ±2 cm from its average elevation 
with the help of a laser-guided drag bucket.  

The entire Farm-A was investigated before 
commencing the actual experiment. Permanent 
benchmarks were installed and a detailed topographic 
map was created using a total station theodolite (TST). 
Next, the features of Farm-A were designated on the 
map, and detailed information specified about the 
slope, the elevations of the low and high spots of the 
fields, the number and sizes of the fields, the number 
of water inlets, and the available water channels. 

The main and secondary water channels were 
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surveyed using the same approach, and their profiles 
were developed. The water channels were designed 
for earthen lining, and each field in Farm-A was 
carefully analyzed to improve the farm’s layout. With 
the new layout, the size of each field was expanded, 
and regular straight boundaries were created across 
all the fields. Moreover, the water inlets and control 
structures were considered as suitable points for the 
installation of the farm’s irrigation system. They were 
selected based on the irrigation demand. 

The cut-and-fill soil ratio of the low and high 
points was calculated for each field and displayed in 
the site plan to facilitate field leveling for the 
machinery operators. Both the irrigation channels and 
the water inlets were adjusted based on the quantity 
of water required for the fields. In addition, the water 
channels were earthen improved, and brick water 
inlets and a control structure were proposed. 
Following layout improvements, water channels 
(contour, unwanted bunds, and water inlets) were 
removed. In the next stage, rough leveling and LL-
leveling were applied. To implement LL-leveling, the 
maximum elevation difference between the different 
land points should not be above 12–15 cm. In this 
study, however, most of the selected fields indicated 
greater differences in elevation. 

In order to solve this problem, another tractor was 
hired to plow and make the soil soft for leveling. All 
the fields were laser-leveled, and their sizes increased 
to at least 0.19 ha. Hence, 12 fields were established 
instead of 29 (Figs. 2 and 3). All unnecessary water 
channels, undesired field boundaries, water inlets, 
and ditches were removed, and new straight field 
boundaries were created. The laser-leveled fields in 
Farm-A were chosen to observe the impact of LL-
leveling, and the un-leveled fields in Farm-B were 
selected as the controls (Fig. 1). 

The soil texture of the experimental farms are 
predominantly sandy loam soil. Crop fields are 
arranged in a rectangular shape and are about 2054, 
2052, 1924 m2 in LL-leveled Farm-A and nearly 1875, 
2000, 1680 m2 in un-leveled Farm-B. The condition 
of the crops was kept equal across both farms. 

A cutthroat flume was used to determine the water 
depth (WD) applied to the irrigation. The flume was 
installed in a uniform, straight, and vegetation-free 
channel. The flume sides were entirely stoppered with 
dirt to prevent water leakage from the sides and 
beneath the flume. The flume was installed at 
appropriate points to maintain free-flow conditions 
and to facilitate flow calculations. Whenever, the 
water flow became stable, constant readings were 
recorded; five to six readings were taken during 
irrigation periods. The duration of irrigation was 
recorded, and the area of the fields was measured by 
TST. Then, the depth of the applied water was 
calculated for each irrigation line using the 
hydrologic formula given in Eq.1.  

While the number of irrigation bouts were 

recorded 4, 5, and 8 in the both areas, the WD was not 
equivalent. Farm-A received 283, 334, 570 mm of 
WD while Farm-B received 319, 394, and 650 mm of 
WD in wheat, corn, and eggplant fields, respectively. 
In the next step, the climate parameters needed for the 
calculation of the water seepage rate were 
downloaded from the meteorological station of the 
National Climatic Data Centre (NCDC) [14]. Missing 
parameters were calculated with the help of the daily 
Penman-Monteith evapotranspiration equation 
(FAO-56 method) [15]. The seepage rate for both 
farms was simulated with the help of the unsaturated 
water balance Eq. 2. 
 
ܦܹ ൌ

ொ்


        (1) 

 
Where ܳ  is the discharge (m3/s), ܶ is the irrigation 
duration is seconds, ܣ	 is the field area (m2), and 
 .is the applied WD (mm)	ܦܹ
 
ܫ ൌ ܲ െ ܧ  1000	 ொ௦ିொ௦


െ ∆ௐ௦

∆௧
   (2) 

 
Where P is precipitation over the time interval ∆ݐ 
(mm), ܧ	 is evaporation from the land surface 
(mm/d), ܳ݅ݏ	is lateral inflow of surface water into the 
water balance area ( ܣ ) (m3/day), ܳݏ  is lateral 
outflow of surface water from the water balance area 
 ݏܹ∆ is the water balance area (m2), and ܣ ,(m3/d) (ܣ)
is the change in surface water storage (mm). 
 

 
Fig. 1 Layout of Farm-A before LL-leveling [13]. 
 

 
 
Fig. 2 Layout of Farm-A after LL-levelling [13]. 
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Fig. 3 The location of Farm-A and Farm-B, in Nangarhar, Afghanistan (latitude 34. 27° N and longitude 070.24° 
E; elevation = 572 m; Source: Google maps, 2016 [13]. 
 
 

Table 1 WD and mean seepage from Farm-A and Farm-B 
 

 
Crop 

 Farm-A (Leveled)  Farm-B (Un-leveled)  
Plot 
area 
size 
(m2)  

Irrigation 
Method 

Irrigation 
number 

Used 
irrigation 

depth 
 (mm) 

Mean 
seepage 

rate 
(mm/day) 

Plot 
area 
size 
(m2) 

Irrigation 
Number 

Used 
irrigation 

depth 
(mm) 

Mean water 
seepage (mm/day) 

Wheat 2054 basin 4 283 1.6 1875 4 319 2.0 
Corn 2052 basin 5 334 0.3 2000 5 394 1.2 

Eggplant 1924 furrow 8 570 3.0 1680 8 650 4.0 

 
RESULTS 
 
Temporal changes in infiltration rates 
 

Figure 4 represents the vertical movement of 
water through soil (seepage rate) in relation to various 
times of the year in both the leveled (Farm-A) and in 
the un-leveled (Farm-B) fields. The seepage rate of 
used-irrigations was observed shortly after the 
completion of LL-leveling in the wheat, eggplant, and 
corn fields. 

The first seepage rate in Farm-A was observed in 
the wheat field. The seepage rate for the very first 
irrigation, which was applied in November, peaked at 
about 2.7 mm/day. However, during the next 
irrigation bout in the following month, the seepage 
rate declined to around 1.4 mm/day. While during the 
third irrigation bout the seepage rate stayed constant, 
the seepage rate dropped substantially to 1 mm/day 
during the last irrigation bout. Whereas, in Farm-B, 
the seepage rate was consistently higher across all 
crop types than that in Farm-A. In Farm-B, the largest 

seepage rate recorded was around 3 mm/day, and the 
lowest was nearly 1.5 mm/day and occurred in 
November and December, respectively.  

In addition, the seepage rates calculated for 
January and February were 1.6 and 1.9 mm/day, 
respectively. Hence, in Farm-A, the seepage rate was 
reduced by 17.5% compared to Farm-B. 

Next, the eggplant seepage rate was computed 
from May to late July for both farms. The highest 
seepage rate was more than 4 mm/day in May. 
However, during the next irrigation bout in early June, 
the seepage rate declined considerably to 1 mm/day 
and then gradually increased to approximately to 4 
mm/day by mid-June. After mid-June, the seepage 
rate steadily declined again and reached about 1 
mm/day in late July. Whereas, in Farm-B, the highest 
seepage rate of 6 mm/day was observed in May and 
the lowest rate of 2.5 mm/day was observed in June. 

The last crop that was planted was corn. The 
highest seepage rate observed in the corn field was 
1.5 mm/day in July and the lowest was −0.6 mm/day 
in late June. Over the next months, the seepage rate 
fluctuated throughout the complete season of crops. 

A  

B  
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In Farm-B, the highest seepage rate calculated was 
2.6 mm/day in mid-June and the lowest seepage rate 
was −0.7 mm/day in late June. In the other months, 
the seepage rate fluctuated. As a result, the seepage 
rates in Farm-A were 22% lower than in Farm-B. 

Across crop types, the seepage rate was highest in 
the initial month and then fluctuated throughout the 
remainder of the growing season in both farms. 
Further, the average seepage rate of any crop in Farm-
A was consistently lower than that of Farm-B. In the 
days following wheat harvesting and prior to the 
planting of the eggplant and corn, an increase in 
seepage rates was observed. 
 

 
 
Fig. 4 Cultivation age vs seepage rate (mm/day). 
 
Used-WD 
 

Figure 5 illustrates the relationship between 
seepage rate and WD in both farms. The colored and 
uncolored solid shapes of the diamond, square, and 
triangle markers, represent the seepage rate relative to 
water intake over the whole growing season for wheat, 
corn, and eggplant in Farm-A and Farm-B, 
respectively. 

Across all crop types, with an increase in water 
intake, the seepage rate increased. For instance, the 
highest observed seepage rate of the eggplant in 
Farm-B was 6 mm/day concurrent with a peak WD at 
nearly 90 mm. Likewise, in Farm-A, a similar relation 
was observed, however, the measured water intake 
and seepage rate were 15 mm and 2 mm/day lower 
than in Farm-B, respectively. 

In Farm-A, the highest seepage rate for wheat was 
determined to be 2.4 mm/day concurrent with a WD 
of 90 mm. While, in Farm-B, the highest seepage rate 
was around 3 mm/day with the WD being almost 100 
mm. During the next irrigations, the applied WDs in 
Farm-A were computed as about 64, 77, and 55 mm 
with concurrent seepage rates of 1.5, 1.4 and 1 
mm/day, respectively. Whereas in Farm-B, the 
calculated seepage rates were around 2, 1.7, and 1.5 
mm/day concurrent with WDs of 75, 80, and 70 mm, 
respectively. 

In contrast, the corn crop displayed the lowest 
seepage rates throughout the complete season 
compared to the other two crops in both farms. In 
Farm-A, the seepage rate for the WD of 80 mm was 
calculated as 2 mm/day, and for the lowest WD of 
about 60 mm the seepage rate was calculated as −0.6 
mm/day. Whereas in Farm-B, the equivalent lowest 
and highest WDs were 65 and 98 mm, respectively. 
The concurrent highest and lowest seepage rates were 
2 mm/day and −0.60 mm/day, respectively. The 
overall WD and seepage rates of the remaining 
irrigation bouts were considerably lower in Farm-A 
than in Farm-B. 

As a result, in Farm-A, the seepage rate was 
reduced by an average of 24%, 17.5%, and 40% in the 
wheat, eggplant, and corn fields, respectively. The 
seepage rate was, however, found to be directly linear 
to water intake. 
 

 
 
Fig. 5 Relationship between seepage rate (mm/day) 
and applied WD (mm). 
 
Irrigation Interval  
 

Figure 6 indicates water seepage rates relative to 
the duration (in days) of the irrigation interval over 
the period of growing season of wheat, eggplant, and 
corn in both farms. The duration intervals between 
irrigations were maintained equivalent across all 
crops. 

In general, the most and the least number of days 
between irrigations among crops were noted for the 
wheat and eggplant crops as 33 days and 9 days, 
respectively. Conversely, the lowest seepage rate 
measured was less than 1 mm/day for an 11-day 
interval and the highest was about 6 mm/day for a 10-
day interval in corn and eggplant fields in Farm-A and 
Farm-B, respectively. Overall, the highest seepage 
rates per number of interval days were always 
observed in Farm-B. 

In the wheat field in Farm-A, the lowest irrigation 
interval was 24 days and the highest 33 days. 
However, the lowest seepage rate of 1 mm/day was 
observed in the 26-day irrigation interval. On the 
other hand, the highest rate of 2.7 mm/day was 
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observed in the 24-day irrigation interval. Whereas, 
in Farm-B, the lowest seepage rate of 3 mm/day, was 
observed in the 33-day irrigation interval. 

 During other irrigation bouts, the interval 
between irrigations and the seepage rate either 
remained equal or fluctuated slightly In Farm-A, the 
seepage rate decreased by an average of 23%. 

Similarly, in the corn fields of both farms, the 
number of irrigations were five and the highest and 
lowest irrigation intervals were 20 days and 11 days, 
respectively. Remarkably, the seepage rates did not 
remain equal. In Farm-A, the highest seepage rate 
was 1.27 mm/day and occurred in the 12-day 
irrigation interval, and the lowest rate of −1.22 
mm/day was observed in the 20-day irrigation 
interval. Nonetheless, for the 11-day irrigation 
interval, the seepage rate was 1.25 mm/day. Whereas, 
in Farm-B, the highest seepage rate discovered was 
2.6 mm/day and occurred in the 11-day irrigation 
interval and the lowest as −0.6 mm/day and occurred 
in the 18-day irrigation interval. In both farms, for the 
next irrigation bouts, the irrigation intervals, and the 
seepage rates did not remain stable. In Farm-A, the 
seepage rate was considerably lower than in Farm-B. 

The number of irrigations counted in the eggplant 
field was eight. The highest irrigation interval 
recorded was 12 days and the lowest recorded was 9 
days in both farms. In Farm-A, the lowest seepage 
rate of 0.8 mm/day occurred in the highest irrigation 
interval, and the highest seepage rate of 4.7 mm/day 
occurred in the lowest irrigation interval. Whereas, in 
Farm-B, the highest seepage rate of 5.8 mm/day 
occurred in the 9-day interval and the lowest rate of 
2.1 mm/day occurred in the 12-day irrigation interval. 
During the remaining irrigations, the interval days 
were all similar, while the water seepage rate differed. 
In Farm-A, the seepage rate decreased by an average 
of 26% during each irrigation. 
 

 
 
Fig. 6 Duration of irrigation interval (days) vs 
seepage rate (mm/day). 
 
 
 

Land area size 
 

Figure 7 depicts the effect of different land areal 
size on seepage rates in fields for three different crops, 
namely wheat, corn, and eggplant across both farms. 
The field size is shown in m2 and the water seepage 
rate in mm/day. 

The lowest seepage rate (1 mm/day) was observed 
in the larger sized field (2000 m2) and the highest 
seepage rate (6 mm/day) was observed in the smallest 
sized field (1680 m2). 

In Farm-A the highest seepage rate (2.7 mm/day) 
was observed in the smallest sized field (1900 m2) of 
the eggplant crop. In addition, the lowest seepage rate 
(1.31 mm/day) was found in the biggest sized field 
(2054 m2). 

Similarly, in Farm-B, the highest seepage rate (3.7 
mm/day) was recorded in the smallest sized field 
(1680 m2) and the lowest seepage rate (0.9 mm/day) 
was observed in the largest sized field (2000 m2). 

Hence, the areal land size has a relation to the 
seepage rate, with increasing field size corresponding 
to lower seepage rates. 
 

 
Fig. 7 Relation between land area (m2) and seepage 
rates (mm/day). 
 
DISCUSSION 

 
The simulation results of this study provide 

information regarding the losses of water through 
seepage from irrigated wheat, corn, and eggplant 
fields of both farms. These results highlight important 
aspects of seepage rates relative to temporal changes, 
seasonal fluctuations of WD, different field sizes, and 
the variation in the duration interval between 
irrigation bouts. The findings of this research indicate 
that seepage rates could differ with WD in the fields 
affected by seasonal fluctuations in the field water 
content. 

 Consequently, the same field may lose different 
volumes of water at different times of the year; strong, 
dry soil conditions could rapidly increase water 
seepage losses in the field, and conversely, strong, 
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wet soil conditions can cause very low, even negative, 
seepage losses. In our data, across all crop types, the 
seepage rate was higher just after LL-leveling and 
then quickly decreased during the following 
irrigations. We think that this fast reduction in 
seepage rate may be due to high antecedent water 
content in the soil from the previous irrigation. Before 
LL-leveling, the fields were not irrigated for more 
than three months nor was there any rainfall, hence, 
the soil was very dry. 

In addition, the seepage rates in Farm-A were 
consistently lower than those in Farm-B, across all 
crop types. It could be suggested that this may have 
resulted from a positive effect of LL-leveling because 
in the laser-leveled field, moisture was more uniform 
and lasted for a longer time than in Farm-B. Moreover, 
it may also be a result of the development of a 
hardpan layer under the plow layer in the laser-
leveled fields. 

Further, as the LL-leveling increased the size of 
each field in Farm-A the water intake and the seepage 
rates decreased. The seepage rate dropped with 
increasing field size in both farms. In our results, the 
intake of water declined and the irrigation duration 
became shorter because of LL-leveling. There were 
understandable variations between the two operations 
at the time of irrigation and after irrigation. These 
changes, even though small, may be an indication of 
the advantages brought by LL-leveling. We could 
purpose that with an increase in field size, water 
intake and water seepage rates may become lower. 

Furthermore, seasonal WD, that was measured 
separately, resulted in a difference in the amount of 
irrigation water applied in both farms. Farm-A 
received 283, 334, and 570 mm WD, while, the Farm-
B received 319, 394, and 650 mm WD in wheat, corn, 
and eggplant fields, respectively. We believe that 
these reductions in water intake could be a result of 
the leveled land surface in Farm-A, which provided a 
more appropriate environment for water to flow 
across the surface and to reach all corners of a field 
equally. The total number of irrigation bouts used for 
the crops were considered the same (4, 5 and 8) in 
both farms because the farmer did not separate out the 
irrigations. By comparing this variation, we could 
verify both the smaller WD in Farm-A and the 
linearity of WD to the seepage rate that was measured 
in both farms (Table 1). 

Toward the end of the experiment, reports from 
the farm’s irrigator indicated that the water was 
becoming difficult to manage in Farm-B, despite the 
small visual changes in, for instance, plant growth, 
plant height, canopy cover, tillers, and grain sizes. 
This may also be attributed to LL-leveling. Since the 
same varieties were sown in both places, differences 
in yield are most likely due to the optimal crop soil 
moisture in laser-leveled fields. At the same time, it 
could be suggested that the order of the seepage rate 
is affected by both land cultivation practices and the 

choice of crop types. For example, the water seepage 
rates for wheat, corn, and eggplant were, on average, 
1.6, 0.3, and 3 mm/day in Farm-A, respectively. 
Whereas, in Farm-B, the rates were 2, 1.2, and 4 
mm/day, respectively (Table 1). 

Therefore, it has become clear that the LL-
leveling contributes to increased water savings and 
can decrease seepage rates through the soil by 
maintaining slow seepage rates, small water inputs, 
and longer soil moisture conditions. 

 
CONCLUSION 
 

LL-leveling plays a substantial role in decreasing 
the loss of water in soil due to seepage, by 
manipulating the high-water input. In addition, LL-
leveling can precisely level land and allow for the 
establishment of larger fields than usual in those areas. 
The larger field size can help reduce irrigation 
duration and the amount of water required, by 
slowing the seepage rate in the soil. Additionally, LL-
leveling can distribute water more uniformly in soil, 
which can support moisture in the soil for longer 
periods of time. 

Moreover, in the laser-leveled field a crop can 
resist a longer period without water than in an un-
leveled field. This implies that the duration of the 
irrigation interval in days between irrigations can be 
longer, which can assist farming communities, 
especially where water intensive practices last for 
extended periods of time. Furthermore, in a laser-
leveled field, the seepage rate can decrease with an 
increase in crop cultivation age, which is not clear for 
an un-leveled field. However, the application of 
traditional land practices can adversely affect water 
inputs, irrigation duration, cultivation age, and 
seepage rates. 

The results of the present study indicate that, from 
a water balance perspective, seepage rates were 
lowered across crop types in the leveled fields. Such 
practices can, further result in increased water savings, 
the tackling of water shortage problems, the delivery 
and access to adequate and reliable water, and 
increased crop production per unit water and per unit 
area. More importantly, it could provide an 
opportunity to downstream farmers to have access to 
irrigation water, thus, minimizing water conflicts and 
expanding cultivable area. 

In summary, LL-leveling is a proper practice that 
can save water by reducing seepage losses, 
minimizing irrigation duration, decreasing water 
inputs, maintaining uniform soil water distribution, 
preserving soil moisture for longer periods of time, 
and by creating a hardpan layer that is more resistant 
to water movement in the soil. This is a promising 
approach to using available water more efficiently 
and effectively in areas where water scarcity is a 
serious problem for agricultural production. These 
practices should be the best options to produce more 
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with less water. 
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ABSTRACT 

 
      The aim of this study is to identify the level and predictor of behavior intention to develop green university in 
a case of undergraduate university in Thailand. The university students and staffs in Valaya Alongkorn Rajabhat 
University under the Royal Patronage, Thailand were included as the participants in this study by structure 
questionnaire with the six major criteria of the UI GreenMetric World University Ranking. The best predictor 
factors of dependent variable was performed and find out by multiple logistic regression. The results showed that 
that positive attitude towards transportation and education were found to be the significant predictors of intention 
to develop green university behavior. This finding implied that the preparation stage with identification of 
behavior intention to develop green university of UI GreenMetric World University Ranking should be promoted 
and provided the opportunity for succession of green university. 
 
Keywords: Behavior Intention to develop Green University, Undergraduate University, Valaya Alongkorn  
                 Rajabhat University under the Royal Patronage, Thailand, UI GreenMetirc World University Ranking. 
 
 
INTRODUCTION 

For almost three decades, the sustainability 
society concept was recognized and highlighted for 
the significant role of higher education organization 
and then represented the opportunity for generating 
the behavior change based on the daily life attitude 
toward sustainable development [1,2,3]. Besides, the 
enhancing concern on many environmental problems 
should be generated knowledge and integrate 
sustainability performance in educational and 
research programs, as well as promoting 
environmental view to the society [4]. Hordijk [5] 
identified that the knowledge of the university 
community was the key role of sustainable campus 
with ecological and social challenges in the future. 
Currently, the concept of green university have been 
initiated in the worldwide.  Universitas Indonesia 
(UI) developed the UI Green Metric World 
University Ranking for universities to share 
information about their sustainability practices with 
the basis of Sustainability for Higher Education [6]. 
However, a green university initiative may be the 
best tool for everyone when universities are well-
prepared for it. Hence, only 15 universities in 
Thailand involved in this ranking on the process in 
2014 [7]. Lack of researches was found on the 
preparation stage of green university development in 
Thailand. Therefore, this study was to identify the 
level and best predictor of behavior intention to 
develop Green University in a case of undergraduate 
university in Thailand.   

 
METHODS  
 
A Case Study Setting 

Valaya Alongkorn Rajabhat University (VRU) 
under the Royal Patronage, Thailand was included 
as a case study of this research. This university 
located at Pathum Thani province and northern 
border of Bangkok.  The main type of VRU students 
is the undergraduate degree. VRU had not yet 
entered and will strongly purpose to participate in 
the ranking system of UI green in 2018. Hence, the 
behavior intention to develop green university 
assessment was the preparation stage of UI green 
participation for this university.  
 
Sample size calculation and procedure  

Taro Yamane’s equation [8] was used to 
calculate the sample size of VRU participants and 
presented in (1)  

 
                    n    =   N  / 1+ N (e)2  (1) 
                    n     =    14,000/1+14,000(0.05)2 
                           =   700 people  
 
Where n is the sample size; N is population size, 

and e is level of precision; 95 % confidence level 
with a precision rate of ±5 % and 0.5 of degree of 
maximum variability.  Therefore, the sample 
participation in this study was 700 people including 
280 staffs and 420 students by the proportion to size. 
For sample size procedure, VRU staffs or students 
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who had been worked or studied in this university 
for at six months were invited to fill the 
questionnaire with no incentive. The simple random 
sampling was used to include the participant in this 
research in the main cafeteria of VRU during 1 
weeks.  
 
Data collection tool and analysis  

The data collection questionnaire of this study 
consisted of three sections. The general information 
of participant including eight question was collected 
in the first section of questionnaire.  The second and 
third sections were the forty-three questions of 
attitude and fourth questions of behavior intention to 
develop green university, respectively based on the 
UI green categories including  (1) Setting and 
infrastructure; (2) Energy and climate change; (3) 
Waste management; (4) Water management; (5) 
Transportation; and (6) Education.    Reliability tests 
of attitude and behavior parts were 0.7 of 
Conbrach’s Coefficient-Alpha formula. 
       Statistical analysis of this study was performed 
by SPSS software. The descriptive statistics was 
used to assess the level of knowledge and behavior 
intention to develop green university. Association 
and strength of the relationship between factors was 
determined by Chi-square and logistic regression. 
Finally, the best predictor factors of dependent 
variable was performed and find out by multiple 
logistic regression. 
 
RESULTS AND DISSCUSSION  

Based on the data of questionnaires (Table 1), 
more than 67 % of participants were female. Most of 
them (50.10 %) were in the age group of 18 – 20 
years old. Concerning the participants’ background, 
most of them (68.7 %) were educated in undergirded 
level. Almost of participants (31.9 %) lived at home 
and more than 45.6 % used the public transportation.  
Besides, the results presented that the knowledge 
levels in the six categories of UI green university 
were moderate. Most of the participants (52 %) had 
good behavior intention to develop green university. 
Participants who were female, having positive 
attitude toward setting and infrastructure, energy and 
climate change, waste management, transportation 
and education intended to support green university. 
This finding was according to the results of Mamat 
et al. [9]. This study mentioned that green office 
practices have the highest in the categories of solid 
waste management, water resources management 
and education and awareness. By multiple logistic 
regression analysis revealed that female were 1.4 
times more likely to support green university (Adj. 
OR 1.21; 95%CI: 1.00-2.01) because males were 
considered as primary destroyers of the environment, 
while females were deemed as secondary users of 
the environment [10]. In addition, those who had 
positive attitude towards transportation and 

education were nearly two time more likely to 
support green university (Adj. OR 1.55; 95%CI: 
1.09-2.18, 1.86; 95%CI: 1.33-2.59) (Table 2) 
because the public transport promotion in the 
university should be the potential of UI green 
implementation [6].  
       It can be concluded that the identification of 
behavior intention to develop green university of UI 
GreenMetric World University Ranking should be 
promoted for the preparation stage. More positive 
attitude and behavior would be the increase the 
potential of green university implementation.  The 
initiative would be planed the successful strategy 
and encouraged the world sustainability. 
 
Table 1 Demographic information of the participant 
Information Number Percent 
Sex   
     Male 228 32.6 
     Female 472 67.4 
Age (Year)   
   18-20 351 50.1
      21-30 218 31.1 
     31-40 102 14.6 
     41-50 29 4.1 
Education  
    Bachelor 481 68.7 
    Master 199 28.4 
   Ph.D 20 2.9 
Status    
     Student 420 60.0 
     Staff 280 40.0 
House type   
     Home 271 38.7 
     Condominium 102 14.6 
     University    
     dormitory 47 6.7 

     Rent home  57 8.1 
     Private dormitory 223 31.9 
Transportation to 
university 

  

     Car  63 9.0 
     Motorcycle  187 26.7 
     Bicycle 49 7.0 
     Public transport  319 45.6 
     Other  82 11.7 
Transportation in 
university 

  

     Car  37 5.3 
    Motorcycle 155 22.1
     Bicycle 67 9.6 
     Public transport  41 5.9 
    Other 400 57.1
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Table 2. Association and predictor with behavior intention to develop green university 
Factor Behavior OR 95% CI Adjusted OR 95% CI 

Number Good (%) Bad (%) 
Sex        
     Male 228 58.8% 41.2% 1.00  1.00
     Female 472 50.2% 49.8% 1.41 1.02-1.94 1.42 1.00-2.02 
Age (Year)        
    18-30 569 53.4% 46.6% 1.00  1.00  
     30-50 131 51.1% 48.9% 1.09 0.74-1.60 1.17 0.72-1.91 
Education         
    Bachelor  481 52.6% 47.4% 1.00  1.00  
    More than bachelor 219 53.9% 46.1% 0.95 0.68-1.30 1.11 0.61-2.01 
Status         
     Student 420 52.6% 47.4% 1.00  1.00  
     Staff 280 53.6% 46.4% 0.96 0.71-1.30 0.77 0.42-1.42
House type        
    Home/Condominium 373 55.8% 373 1.00  1.00  
    Dormitory/rent house  327 49.8% 327 1.26 0.94-1.70 1.22 0.88-1.68 
Transportation to university         
    Public  319 54.9% 319 1.00  1.00  
    Owner 381 51.4% 381 1.14 0.85-1.54 1.20 0.82-1.73 
Transportation in university         
    Public  192 53.1% 46.9% 1.00  1.00  
    Owner 508 53.0% 47.0% 1.00 0.72-1.40 0.93 0.61-1.41 
Attitude to Green University        
Setting and infrastructure         
     Low 551 55.5% 44.5% 1.00  1.00  
     High  149 43.6% 56.4% 1.61 1.12-2.32 1.27 0.86-1.88 
Energy and climate change        
     Low 597 54.8% 45.2% 1.00  1.00  
     High  103 42.7% 57.3% 1.62 1.06-2.47 1.13 0.71-1.80 
Waste management        
     Low 526 56.1% 43.9% 1.00  1.00  
     High  174 53.0% 47.0% 1.54 1.16-2.32 1.22 0.82-1.82 
Water management        
     Low 274 55.5% 44.5% 1.00  1.00  
     High  426 51.4% 48.6% 1.17 0.86-1.59 0.85 0.60-1.19 
Transportation        
     Low 415 59.3% 40.7% 1.00  1.00  
     High  285 43.9% 56.1% 1.86 1.37-2.52 1.55 1.09-2.18 
Education.            
     Low 420 60.2% 39.8% 1.00  1.00  
     High  280 42.1% 57.9% 2.08 1.53-2.82 1.86 1.33-2.59 
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CONCLUSION 
This was study was to identify the level and 
predictor of behavior intention to develop green 
university: A Case of Undergraduate University in 
Thailand. The students and staffs at Valaya 
Alongkorn Rajabhat University under the Royal 
Patronage, Thailand was included as the sample 
size of this study. A questionnaire for collecting 
data was developed by the six major criteria of the 
UI GreenMetric World University Ranking. 
Association and strength of the relationship 
between factors was determined by Chi-square and 
logistic regression and the best predictor factors 
was performed by multiple logistic regression. The 
results showed that that positive attitude towards 
transportation and education were found to be the 
significant predictors of intention to develop green  
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ABSTRACT: In Pakistan, water contamination is one of the most threaten health hazard. There is no check and 
balance for its management and monitoring. In our country, Surface and Ground water both are contaminated with 
toxic metal, pesticides and artificial organic materials. World Health Organization (WHO) set the standards for 
drinking water but unfortunately no one follow them. Main causes of water contamination are industrial wastes, 
higher concentration of pesticides and other human induced activities mainly due to inappropriate sites for 
dumping/land fill. Toxic elements are the main factors to pollute the ground water which have direct impacts on 
the human health.  In this present research quality of drinking water and their borne diseases are discussed. If the 
concentration of these toxic elements increase above their threshold limit then they became a cause of sewer 
diseases like skin cancer, lung cancer, affects the teeth and bones directly. GIS is a powerful technique for 
geographical representation and spatial analysis of groundwater. Spatial distributions of ground water quality in 
the Gujranwala District of Punjab Province is monitored. The data for ground water quality of the study area is 
prepared using spatial interpolation technique against each parameters. Measured values of the each parameters 
are classified as per WHO standards for developing countries. The final result conclude that, groundwater of the 
study area need proper treatment for its usage as drinking water. 
 
Keywords: Health Hazard, WHO, Toxic Elements, GIS 
 
 
INTRODUCTION 
Water borne diseases are among one of the major 
public health problems in developing countries like 
Pakistan. They are the leading causes of morbidity 
and mortality in all age groups particularly in children 
under 5 years of age. According to the World Health 
Organization (WHO) 3 million deaths occur every 
year from diarrheal diseases worldwide. The problem 
of water borne diseases is especially prevalent where 
general hygiene and environmental sanitation are 
poor and where there is a shortage of protected water 
supply (1, 5). It is believed that 80% of all diseases in 
the world are caused by inadequate sanitation, 
polluted water or unavailability of water (WHO 
Monica II). Poverty, illiteracy, overcrowding and low 
health services are contributing factors that directly or 
indirectly affect the prevalence of water borne 
diseases. Therefore an integrated prevention and 
curative approach with community participation is 
required in order to tackle this prevalent public health 
problem. 
Water borne diseases are viral, bacterial and parasitic 
diseases which use water as a common means of 
transmission. In this module we will discuss those 
water borne diseases in which the mode of entry of 
their etiologic agents into a susceptible host is oral. 
The connection between human health and water 
quality has been well recognized. Use of 
contaminated water has its health and financial cost. 
In terms of health cost, it is reported that 80% of all 
diseases, in developing countries, may be attributed 
to the use of contaminated water [1]. Poor water 
quality is responsible for the death of an estimated 5 

million children in developing countries for annum. 
In terms of financial cost, the UN estimates that $7.3 
billion may be saved in healthcare costs by improving 
water quality and sanitation conditions [2]. Rapid 
increase in population, especially in urban areas, has 
led to poor water quality management, which is 
further aggravating the problem [3]. The recently 
approved National Drinking Water Policy also 
recognizes the need to ''provide access to safe and 
sustainable drinking water supply to the entire 
population of Pakistan by 2025'' and the safe water 
refers to the water complying with National Standards 
for Drinking Water Quality[4]. 
 
LITERATURE REVIEW 
Water naturally contains largely suspended and 
dissolved substances both inorganic and organic in 
nature. Surface water (Rivers, springs, streams, 
Lakes, etc.) carries suspended particles of sand, silt 
and clay and microorganisms both nontoxic and 
disease causing especially bacteria, protists, algae, 
protozoa and parasites etc. Ground water includes 
dissolved substances like dissolved minerals e.g., 
Calcium, Magnesium, Sodium, Potassium, and 
dissolved salts of these minerals like sulphates,  
chlorides, carbonates, bicarbonates, and dissolved 
metals. Nutrients like phosphorous -and nitrogen etc. 
are also present in water. There are a variety of trace 
elements like heavy metals e.g. Arsenic, Chromium, 
etc. which are also there in ground water.   
Composition of water is determined by natural 
influences in addition to human actions. Under 
natural influence, water undergoes diverse physical, 
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biological and chemical processes. For example, 
surface water composition is a function of natural 
weathering of rocks, presence of plant roots and 
leaves, rock minerals and deposition of soil and salts 
by wind. As water moves on such surfaces, materials 
like particles of sand, clay and silt, which makes 
water turbid or mucky, organic materials and 
minerals are added up in the water. This determines 
the physical and chemical composition of surface 
waters. In addition the biological composition of 
these waters is determined by presence of 
microorganisms like algae, bacteria, etc. These are 
naturally in attendance in environment like soil, air, 
attached to plant leaves and roots. The ground water 
composition is a function of nutrients and 
microorganisms present in the plants, leaching of 
natural organic substances, and the soil naturally. 
Moreover surface run-off in case of rain storms 
(ground water recharge) passes through different land 
surfaces, carrying plant nutrients and minerals, 
different types of soil particles, eventually seeps 
through soil. Suspended impurities of percolating 
water find naturally filtered when the water seeps 
through diverse soil strata. Nevertheless, dissolved 
impurities get mixed by means of ground water.   
The natural influences are both spatially and 
temporally altered. Surface water quality depends on 
kind of rocks and soil on which it moves. Ground 
water quality is a function of composition of form of 
bed rock, recharge water, minerals and underground 
strata present underneath. By and large, normal water 
quality varies from place to place, depends on climate 
change and seasonal variation. 
Human activities, conversely, affect water 
significantly and in diverse ways. Included in this are 
agricultural or farming practices, disposal of urban 
and industrial waste water in the natural water bodies. 
Like use of pesticides, fertilizers and insecticides 
which can mix by storm or rain water and get mixed 
with ground water during seepage. Mining operations 
can too contaminate water bodies. Water quality is 
measured in relation to its anticipated utilization. 
There are different uses of water i.e. irrigation and 
agriculture, recreational use, industrial, 
constructional domestic use, etc. standards or 
permissible / acceptable limits and Guidelines depend 
on the anticipated use of water. For example, potable 
water or water used for drinking will have dissimilar 
standards as compared to water which is used in 
industries and agriculture. The subsequent segment is 
focused on water quality relating to human health.  

DISTRICT OVERVIEW 

i. BOUNDARY 

Gujranwala is 226 meters (744 ft) above sea level, 
sharing borders with Ghakhar Mandi and several 
towns and villages. About 80 kilometers (50 mi) 

south is the provincial capital, Lahore. Sialkot and 
Gujrat lie to its north. Gujrat connects Gujranwala 
with Bhimber, Mirpure Azad Jammun and Kashmir, 
and Silakot connects it with Jammun. About 160 
kilometers (99 mi) southwest is Faisalabad. To its 
west are Hafizabad and Pindi Bhattian, which connect 
Gujranwala to Jhang, Chiniot and Sargodha. 

HEALTH FACILITIES 
 Health Medical facilities are on average available in 
the city. The main government hospital established in 
the city is THH (Tehsil Headquarters Hospital). There 
are several other private hospitals, Health centre and 
Clinics at different locations within the city. 

WATER SOURCE 
Good quality water source is the main component for 
the development of water supply system in the city 
and selection of water source depends upon the 
quality and availability of adequate water to meet the 
future requirements. Water source i.e. surface water 
in the form of canal or ground water can be selected 
keeping in view the adequate availability of water that 
has to be required for the town and must meet the 
future requirement. 
 
WATER RELATED DISEASES 
The water related diseases can be classified into 4 
categories. 

i. Water-borne diseases 
ii. Water-washed diseases 

iii. Water-based Diseases  
iv. Water-related Diseases 

 
i. Water-borne disease is a disease which is a 

communicable one caused by drinking 
contaminated water or eating food cooked with 
such water contaminated with human or animal 
excreta (faces or urine). So both water and food 
can be the source or way of transfer of water-
borne diseases.    

ii. Water-washed disease is the one that is caused 
by skin or eye contact with contaminated water. 
Including in this are Trachoma, Scabies and 
flea, Lice and tick borne diseases include 
diarrheal diseases, typhoid, paratyphoid, 
cholera, Dysentery (both amoebic and 
bacillary), infectious hepatitis etc.   

iii. Water-based disease is the one caused by the 
Parasites found in organisms living in water. 
Diseases like Schistosomiasis, Dracunculiasis, 
Helminthes etc., fall in this type. 
Schistosomiasis is caused by a small worm, a 
parasite recognized as Fluke which enters 
human body by drinking contaminated water. 
Or it may also enter through skin if one swims 
or baths in contaminated water. It is one of the 
most widespread parasitic diseases. 
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iv. Water-related diseases are caused by breeding 
of insect vectors like mosquitoes in the water. 
Common water associated diseases are Dengue, 
Malaria, Trypanosomiasis, Filariasis, 
Onchocerciasis, Yellow fever etc. 

WATER BORNE DISEASE OF DIFFERENT 
PARAMETERS 
i. pH:  
High pH (more than 11) values cause skin disorders, 
eye irritation and mucous membranes. pH from 10 to 
12.5 cause hair fiber swell. Receptive individuals may 
undergo gastrointestinal problems due to elevated 
pH.pH of potable water is 7. Low pH has also health 
impacts. pH below 2.5 may cause irreversible damage 
to epithelium. Below 4 pH redness and eye irritation 
may happen which can become cruel with extra 
lowering of pH. NSDWQ permissible limits for pH 
ranges from 6.5 to 8. NSDWQ has no health based 
guidelines for pH. 
ii. Total Dissolved Solids (TDS):   
It is a chemical property of water. Water having 
elevated TDS levels may become unpleasant to the 
consumers. Lofty TDS can cause taste trouble. The 
palatability of water as per recommended by tasters 
ranges from Excellent ( TDS less than 300 mg/L) to 
Good (between 300 to 500 mg/L) and Unacceptable 
if TDS measures more than 1500 mg/L.WDS may be 
affected by corrosion if sulphates, chlorides, 
carbonates are present in water. TDS in excess of 500 
mg/L can cause scaling of boilers, pipe lines and 
home appliances like kettles, heaters and steam irons 
etc. (WHO, 1996).   
iii.  Arsenic (As):   
Arsenic is a metal-like substance found in small 
amounts in nature. Arsenic is widely distributed 
throughout the Earth’s crust, most often as arsenic 
sulfide or as metal arsenates and arsenides. (IPCS, 
World Health Organization, 2001). Drinking water 
containing elevated levels of arsenic may cause grave 
health problems mostly skin problem.   
iv.  Fluoride   
Fluoride is found in all natural waters at some 
concentration. Seawater typically contains about 1 
mg l–1 while rivers and lakes generally exhibit 
concentrations of less than 0.5 mg l–1. In 
groundwater, however, low or high concentrations of 
fluoride can occur, it’s directly effect on bone.  
v.  Nitrate & Nitrite   
Nitrate (NO3) is found naturally in the environment 
and is an important plant nutrient. It is present at 
varying concentrations in all plants and is a part of the 
nitrogen cycle. For drinking water 1mg/L is limit for 
nitrite. Nitrate can reach both surface water and 
groundwater as a consequence of agricultural activity 
(including excess application of inorganic 
nitrogenous fertilizers and manures), from 
wastewater disposal and from oxidation of 
nitrogenous waste products in human and animal 
excreta, including septic tanks. Surface water nitrate 

concentrations can change rapidly owing to surface 
runoff of fertilizer, uptake by phytoplankton and 
denitrification by bacteria, but groundwater 
concentrations generally show relatively slow 
changes.  

Sr #  Parametrs 
WHO 

Standard
s 

1  pH 6.5‐8.5 

2 
Total Dissolved Solids 
(TDS) 

1000 
mg/L 

3  Arsenic (As) 0.05 ppm 
4  Fluoride 1.5 mg/L 
5  Nitrate 50 mg/L 
6  Nitrite 0.3 mg/L 

Table 1: WHO Standard 
METHODOLOGY  
In case of present study we digitize the main features 
(Road Network, Settlements, and Irrigation Network) 
of district Gujranwala. The data from hospitals/clinics 
were also collected to investigate the water borne 
diseases related to drinking water available in the 
study area. This study has conducted to investigate 
such pollutants of drinking water which damaging 
human health. We conduct the GPS survey to collect 
the water sample and hospital data. Collect the Water 
samples of different sources and depths. 

 
Figure 1: Water Sampling 

Hospital data collected for getting the all information 
regarding toxic elements diseases, major diseases, 
etc. we just do the GPS survey for knowing the 
location of water sources and hospitals. After 
collecting and preparing the data water sample data, 
generate the surface with the help of GIS 
interpolation method. In this method, we used the 
special Kriging technique to generate the surface 
which have some own parameter to define its 
correlation between values. When we get the final 
surface of water samples parameter then we correlate 
this with hospital data and location. In the results we 
see how contaminated water effect on people health 
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badly. 

 
Figure 2: Hospital Data Collected by GPS 

And these water sources generate the water borne 
disease due to the toxicification. In addition to 
harming animals water pollution can also affect 
plants, trees, the soil and other natural materials and 
resources of the earth. 

Demarcation of land 
Features

Water Sources

Interpolation

Hospital Data 

Water Borne Diseases 
Data (Non Spatial Data)

Validation

Satellite Imagery and 
DEM

Drainage Pattern

Spatial Data Sampling 
Through GPS

Figure 3: Flow Chart 
ANALYSIS 
We perform krining analysis using interpolation 
technique. With the help of GIS, we identify the 
contaminated area of polluted water and that flows 
from different sources which are causes of water 
pollution. Against each parameter interpolation is 
being done upon which we are able to highlights those 
areas having higher concentration of toxic materials.  
Below Maps shows the vulnerability of drinking 
water which is contaminated by toxified elements.  

 

 
Figure 4 TDS Concentration in Water 

 
Figure 5: Arsenic Concentration in Water 
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Figure 6: Flouride Concentration in Water 

 
Figure 7: Nitrate Concentration in Water 

It indicates the impact in near area that how 
containment area effect water pollution directly 
which not only affect the surface water but also 
disturb the ground water because these toxic elements 
penetrate by soil, and other ways. And drinking water 

also effect by this pollution badly. And people used 
this water for drinking, farming etc. For the validation 
of this data, we collect the hospital data, we perform 
the overlay analysis. We have seen the relationship of 
cantainemeted water with hospital data. And its 
shows the 80% people are affected by toxic water 
directly.  
 
CONCLUSION 
The results indicated that the concentrations of all 
parameters were higher in groundwater samples of 
Gujranwala District. They were found toxic elements 
in water samples which is collected by survey, among 
different parameters studied in water samples, TDS, 
As, F, NO3, NO2 was found within the permissible 
limits for drinking. The results of the water samples 
indicated that most of the area is effected by these 
elements and its effect on ground water and the 
surface water. It’s just not polluted the water it’s also 
effect the people health badly. These elements have 
long term effect on people health and its damages the 
bones, skin and other features of human body.  
 

 
RECOMMENDATION 
We identify source of pollution and control is on 
serious note. Finding a way to develop cheap 
filtration systems and better waste disposal 
management systems is going to be a vital step 
towards improving the health of our drinking water 
and the bodies of water that surround us. To make 
awareness among People about drinking water 
standard and water borne diseases. All water sources 
supervised on regular basses.  
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ABSTRACT 

 
Understanding of rainfall pattern in eastern Thailand is required to support the planning of water 

management. In this study, the patterns of rainfall in eastern Thailand are analyzed by using statistical analysis. 
The data used from rain gauge stations in 15 stations (period in 1969-2008). The results show that the yearly 
rainfall has been a tendency to decrease. The significant correlation between monthly rainfall and ENSO indices 
has the largest number in the transitional period (April, May and October).  
 
Keywords: Rainfall, Eastern Thailand, Correlation, ENSO 
 
 
INTRODUCTION 

 
Eastern Thailand is a region of Thailand lying 

between the Sankamphaeng Range to the north and 
the Gulf of Thailand to the south. The border of the 
region is Cambodia on the east and central Thailand 
on the west. Eastern Thailand consists of 7 provinces 
(Chachoengsao, Chanthaburi, Chonburi, Prachinburi, 
Rayong, Sa Kaeo and Trat) covering an area of 
34,381km2 and account for 6.7% of country. In 2010, 
approximately 62.49% is an agricultural land 
proposes, 22.92% for forest land, 6.84% for urban 
and built-up land, 2.46% for water body and 5.29% 
for miscellaneous land as shown in Fig. 1[1]. In 
addition, a major industrial zone (the Eastern 
Seaboard) which plays a key role in Thailand's 
economy is also located in the region. Thus, the need 
for water in the region increases daily due to 
population growth, economic developments and 
urbanization.  

The main source of water in the region is mainly 
from rain. Too much or too little rain can have 
disastrous effects on the agricultural, industrial, and 
others consumption sectors. For example, severe 
drought of the region in 2005 led to a conflict in 
water resource allocation caused a fall in crop 
production and the industrial sector shipping water 
by truck from nearby regions [2].  

In general, the climate in Thailand is dominated 
by northeast monsoon and southwest monsoon [3]. 
The monsoons are controlled by the Inter Tropical 
Convergence Zone (ITCZ). Anomalies in the ITCZ 
and monsoon rainfall are typically in phase with the 
anomalies in central and eastern Pacific Ocean. The 
variations in the position and intensity of the ITCZ 
are associated with climate phenomena known as the 
El Nino – Southern Oscillation (ENSO) [4-5]. 
Therefore, the study and understanding of 
relationships between rainfall and ENSO in eastern 
Thailand is required to support the planning of water 
management.  

 

 
 

 
Fig. 1 Land use map in eastern Thailand [1]. 

Land use type Area 
 km2 % 

Urban and built-up land 
      Urban and built-up land 

2,353.02 
2,353.02 

6.84 
6.84 

 
Agricultural land 
       Paddy field 
       Field crop 
       Perennial 
       Orchard 
       Horticulture 
       Pasture and farm house 
       Aquatic plant 
       Aquaculture land 
       Integrated farm/Diversified farm 

21,485.01 
4,876.80 
5,560.24 
6,385.67 
3,197.02 

41.27 
154.28 

1.08 
1,268.47 

0.17 

62.49 
14.18 
16.17 
18.57 

9.30 
0.12 
0.45 

0.003 
3.69 

0.0005 
 

Forest land 
      Dense forest 
      Disturbed forest 

7,879.94 
433.92 

7,446.02 

22.92 
1.26 

21.66 
 

Water body 
      Water body 

844.49 
844.49 

2.46 
2.46 

 
Miscellaneous land 
      Other miscellaneous land 
      Marsh and swamp 

1,818.04 
1,604.50 

213.54 

5.29 
4.67 
0.62 

Total 34,380.50 100.00 
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DATA AND METHODS 
 

 

Data used 
 
Rainfall data 

15 rain gauge stations during 1969 to 2008 from 
the Thai Meteorological Department (TMD) were 
used to analyze rainfall distribution pattern. Table 1 
shows the description of the 15 rain gauge stations 
used in this study. The mean annual rainfall and rain 
day in eastern Thailand was shown in Table 2. The 
maximum of rainfall and rain day found at Khlong 
Yai (Station ID. 501201) with 4713701mm. and 
19219day, respectively. 

 
Table 1 Description of the 15 rain gauge stations  
 
Station 

ID. 
Station 
Name 

Lat. (N) Long. (E) Elv. 
(m) 

440201 Aranyaprathet 134200 1023500 47.0 

423301 Chacherngsao* 133357 1012730 69.4 

480201 Chanthaburi 123700 1020648 2.9 

459201 Chon Buri 132200 1005900 0.9 

478301 HuaiPong* 124400 1010800 43.3 

430401 Kabin Buri 135900 1014226 10.2 

501201 Khlong Yai 114600 1025300 2.0 

459202 Ko Sichang 130942 1004807 24.9 

459205 Lam Chabang 130437 1005233 80.7 

459203 Phatthaya 125512 1005210 58.9 

480301 Phriu* 123100 1021000 22.3 

430201 Prachin Buri 140300 1012200 4.1 

478201 Rayong 123805 1012045 2.6 

459204 Sattahip 124100 1005900 16.0 

440401 Sa Kaew 134720 1020205 40.9 

 
Table 2 Mean annual rainfall and rain days with 

standard deviation 
  
Station Recording Mean annual 

ID. Period Rainfall 
(mm) 

Std. Rain days
(Day) 

Std. 

440201 1969-2008 1372 175 130 13 
423301 1989-2008 1323 200 120 14 
480201 1969-2008 2917 484 167 14 
459201 1969-2008 1276 216 118 13 
478301 1969-2008 1392 277 119 16 
430401 1970-2008 1653 238 132 11 
501201 1969-2008 4713 701 192 19 
459202 1969-2008 1222 320 102 13 
459205 1993-2008 1160 200 103 12 
459203 1981-2008 1119 234 106 11 
480301 1969-2008 3166 636 171 23 
430201 1969-2008 1862 286 134 13 
478201 1981-2008 1362 288 114 15 

 
Climate in Thailand 

Climate in Thailand is divided into three seasons 
as follows: 1) southwest monsoon season (mid-May 
to mid-October). The southwest monsoon prevails 
and brings warm and wet air from the Indian Ocean 
to Thailand. Eastern Thailand has also abundant rain 
occurs in this period. The wettest month in the 
region is in July to August. 2) Winter or northeast 
monsoon season (mid-October to mid-February). 
The northeast monsoon brings cold and dry air from 
China to upper Thailand. 3) Summer or pre-
monsoon season, mid-February to mid-May. This is 
the transitional period from the northeast to 
southwest monsoons. The weather becomes warmer, 
especially in upper Thailand. April is the hottest 
month for all regions of Thailand. 
 
ENSO indices 

Sea surface temperature anomaly (SSTA) data 
for equatorial regions of the Pacific Ocean which 
calculated from the HadISST1 [6] were used for this 
study. The regions included here were Nino3 (the 
area averaged SST from 90°W–150°W and 5°S–
5°N), Nino4 (the area averaged SST from 160°E–
150°W and 5°S–5°N), and composite region Nino34 
( the area averaged SST from 120°W–170°W and 
5°S–5°N).  

The Indian Ocean Dipole (IOD) intensity is 
represented the gradient in the difference between 
sea surface temperatures of the western equatorial 
Indian Ocean (50°E-70°E and 10°S-10°N) and the 
south eastern equatorial Indian Ocean (90°E-110°E 
and 10°S-0°N). This gradient is named as Dipole 
Mode Index (DMI). When the DMI is positive then, 
the phenomenon is refereed as the positive IOD and 
when it is negative, it is refereed as negative IOD [6].  

The Southern Oscillation Index (SOI) is defined 
as the normalized pressure difference between Tahiti 
and Darwin. There are several slight variations in the 
SOI values calculated at various centre. The SOI 
data used here were calculated using the method 
given by Ropelewski and Jones [6-7]. 
 
Data Analysis 

 
The Pearson correlation coefficients (r) were 

used for investigation significant relationships 
between rainfall data and ENSO indices (SSTAs, 
SOI, IOD) as shown in Eq. (1). 
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where n is the number of data, ix  and iy  are the 
data set at time i , and  x is defined as in Eq. (2), 
 

1

1 n

i
i

x x
n 

    (2). 

The significance test of correlation can be 
calculated with a t statistic using the Eq. (3). 
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The null hypothesis was rejected at a significant 
level of  when t  is more than or equal to 

, 2
2

n
t


.  

 
RESULTS AND DISCUSSION 
 
Rainfall 
 
Annual rainfall and rain day 

Fig. 2 shows an average annual rainfall in eastern 
region of Thailand. The 40-year average of rainfall 
is 1921mm.  The annual rainfall has been a tendency 
to decrease. When El Niño (La Niña) phenomenon is 
identified, the SSTAs in the Niño34 region is above 
the threshold of +0.5°C (-0.5°C). The correlation 
between average yearly rainfall and Nino34 is weak 
(r=-0.28). During El Nino year, most of the yearly 
rainfall is below normal especially in 1992 and 1997 
(1577 and 1613mm, respectively). During La Nina 
year, the yearly rainfall is mostly above the average 
as in 1974, 1975, 1988, 1999 and 2000 with each 
year exceeding 2000mm. When Consider only in the 
ENSO year, it is found that the yearly rainfall has 
the significant correlation with Nino34 (r=-0.46).   
 

 
 
Fig. 2 Average yearly rainfall in eastern Thailand 

(– represent 40-year average of rainfall, … 
represent linear trend, bar represent amount 
of rainfall, and --■--represent the sea 
surface temperature anomaly region 
Nino34) 

Table 3 and 4 summarize the significant 
correlations between ENSO indices and average 
annual rainfall and rain day, respectively at 15 
stations. The correlation between average yearly 
rainfall and all of ENSO indices is mostly weak (r 
<=-0.51). The rainfall has only the significant 
correlation with Nino and SOI Correlation in station 
ID 440201 and 459202. When consider the 
correlation between the ENSO indices and rain day, 
rain day in most of the station has the significant 
correlation with ENSO indices. 
 
Table 3 Correlation between the ENSO indices and 

Average Yearly rainfall at 15 stations 
 

Station ID NINO3 NINO34 NINO4 SOI DMI 
440201 -0.33 -0.45 -0.49 0.52 0.10 
423301 -0.16 -0.25 -0.26 0.36 0.21 
480201 -0.03 -0.08 -0.01 0.03 0.05 
459201 -0.29 -0.33 -0.31 0.32 -0.08 
478301 -0.13 -0.20 -0.20 0.24 -0.20 
430401 -0.08 -0.18 -0.23 0.21 0.00 
501201 -0.02 -0.09 -0.11 0.02 0.24 
459202 -0.33 -0.39 -0.37 0.37 -0.26 
459205 -0.44 -0.42 -0.30 0.44 -0.51 

459203 -0.16 -0.20 -0.14 0.23 -0.26 
480301 0.15 0.05 0.05 -0.08 0.22 
430201 -0.29 -0.31 -0.31 0.31 -0.06 
478201 -0.20 -0.25 -0.21 0.25 -0.23 
459204 -0.12 -0.18 -0.24 0.25 0.02 
440401 -0.07 -0.29 -0.38 0.48 0.56 

Note: Correlations in bold are significant at the p=0.05 level 
 
Table 4 Correlation between the ENSO indices and 

average annual rain day at 15 stations 
 

Station ID NINO3 NINO34 NINO4 SOI DMI 
440201 -0.26 -0.28 -0.33 0.27 -0.06 
423301 -0.55 -0.61 -0.54 0.64 0.10 
480201 -0.44 -0.45 -0.39 0.42 0.10 
459201 -0.56 -0.60 -0.55 0.61 -0.21 
478301 -0.31 -0.33 -0.25 0.36 -0.17 
430401 -0.39 -0.46 -0.49 0.49 0.00 
501201 -0.36 -0.39 -0.38 0.35 0.25 
459202 -0.33 -0.34 -0.32 0.30 -0.09 
459205 -0.58 -0.70 -0.68 0.71 -0.50 

459203 -0.18 -0.20 -0.17 0.22 -0.15 
480301 -0.15 -0.23 -0.22 0.19 -0.07 
430201 -0.45 -0.54 -0.60 0.50 -0.13 
478201 -0.38 -0.40 -0.32 0.41 -0.27 
459204 -0.29 -0.38 -0.41 0.40 0.03 
440401 -0.42 -0.65 -0.77 0.82 0.62 

Note: Correlations in bold are significant at the p =0.05 level 
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Seasonal Variation in Rainfall 
 

Fig. 2 and Fig. 3 show mean monthly rainfall and 
rain day, respectively at 15 stations in East Thailand. 
During May to September has abundant of rainfall. 
The maximum of rainfall and rain day found in 
August at Khlong Yai (Station ID. 501201) with 
exceed 1000mm and exceed 25day, respectively. All 
of stations have a number of rain days exceed 10day 
during May to October.  

When consider the correlation between the 
ENSO indices and average monthly rainfall, the 
rainfall has the largest number of significant 
correlation with ENSO indices in the transitional 
period (April, May and October) as shown in Fig. 4. 
The highest number of significant correlations is 
found at station ID 440401 in April and May with 
r=-0.71 and r=-0.52, respectively.  For the rain days, 
it is also found that the largest number of correlation 
with ENSO indices is in the transitional period 
(April, May and October). But, the rain days along 
the near shore station have no significant correlation 
with Nino34.  

 

 
 
Fig. 2 Mean monthly rainfall in eastern Thailand  
 
 

 
 
Fig. 3 Mean monthly rainy day in eastern part of 

Thailand  
 

 
(a) 

 

 
(b) 

 

 
(c) 

 
Fig. 4 Correlation map between the Nino34 and 
average monthly rainfall of 15 stations in (a) April, 
(b) May and (c) October. 
 
CONCLUSION 
 

The 15 rain gauge stations data during 1969 to 
2008 from the Thai Meteorological Department 
(TMD) were used to analyze rainfall distribution 
pattern. The main source of rainfall in the region 
comes from southwest monsoon which brings 
abundant rain during May to October with a number 
of rain days exceed 10day. The 40-year average of 
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rainfall is 1921mm. Since 1969, the annual rainfall 
has been a tendency to decrease.  

The correlation between yearly rainfall and 
Nino34 is weak (r=-0.28). When consider the 
correlation between the ENSO indices and monthly 
rainfall, it is found that the rainfall has the largest 
number of significant correlation with ENSO indices 
in the transitional period (April, May and October). 
For the rain days, it is also found that the largest 
number of correlation with ENSO indices is in the 
transitional period (April, May and October). But, 
the rain days along the near shore station have no 
significant correlation with Nino34.  

In future work, the atmospheric model will be 
applied to study the rainfall pattern in Eastern 
Thailand and mechanism of atmosphere during the 
transitional period.  
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ABSTRACT 

 
Lake Fukami-ike is a small eutrophic lake, to improve the water quality of the lake, a lake management project 

was carried out in 1992. This project involved nutrient diversion and revetment construction along the lake shore. 
A biotope was built near the lake in 2000. As a result, although the inorganic nitrogen in the lake decreased 
considerably, chlorophyll-a (phytoplankton) increased slightly. 

The zooplankton community in the lake before the project in 1978-1979 predominantly comprised large-sized 
species (about 1.8 mm), however, small-sized species (about 0.1-0.2 mm) were dominant after in 2013-2015. The 
reason for the decrease of the large-sized zooplankton was thought to be the possibility of losing habitat space 
because aquatic macrophytes of the littoral zone were filled up when revetment construction built in 1992. We 
compared the body length and composition of zooplankton community between the lake (nearly emergent plants 
on the lake shore) and the biotope (emergent and floating-leaved plant cover). Large-sized zooplankton (about 0.9-
1.2 mm) were dominant in the biotope, and size distribution did not differ in 1978-1979. The presence of developed 
aquatic macrophytes was suggested to promote the survival of large zooplankton.  
 
Keywords: Zooplankton community, aquatic macrophytes, body length 
 
 
INTRODUCTION 

 
Lake Fukami-ike is a small monomictic and 

eutrophic lake, located in southern Nagano Prefecture 
in central Japan. In 1992, a lake management project 
was carried out to improve the water quality of the 
lake; this project involved a reduction in external 
nutrient loadings from surrounding paddy fields into 
the lake (nutrient diversion), revetment construction 
along the lake shore (Except for some, the aquatic 
plants disappeared) [1]. This project was expected to 
improve the water quality of the lake, but only 
inorganic nitrogen, and not inorganic phosphorus, 
was found to be decreased significantly. Moreover, 
chlorophyll-a (chl-a) increased slightly after the 
project [2]. In June 2000 and July 2016, blue-green 
algae (Cyanophyceae, Microcystis aeruginosa, 
Anabaena affinis, respectively) blooms occurred, 
which was not observed before the project. Although 
more than 20 years have passed since the project, it is 
difficult to say whether it effectively improved the 
water quality by nutrient diversion.  

Studies on Lake Fukami-ike began from 1978 
onwards, and investigations are still being conducted 
mainly on water quality roughly once a month. 
However, zooplankton and phytoplankton have not 
been investigated in detail. Chl-a have been 

measured, but its species composition as 
phytoplankton has not been clarified continuously.  

Reference [2] shows the difference in species 
composition between zooplankton and phytoplankton 
before and after the project, which also reports that 
chl-a increase slightly despite the nutrient diversion 
and large-sized species (body length about 1.8 mm, 
e.g., Cyclops vicinus) dominated the lake in 1978-
1979 (before the project), whereas small-seized 
species (body length about 0.1 mm e.g., Keratella 
cochlearis) dominated the lake in 2013-2014 (after 
the project).  

In addition to the results of reference [2], results 
from 2014 to 2015 are also included, and the body 
lengths of zooplankton before and after the project 
have been extensively compared in this paper. 
Furthermore, in order to clarify the influence of 
aquatic macrophytes of the lake shore which was used 
for zooplankton as a habitat space and an evacuate 
space from fish, which is considered as one of the 
factors in the reducing of large-sized zooplankton, we 
decided to compare the appearance situation of 
biotope (Adjacent to the west side of the lake) to lakes 
with different vegetation and lake. 
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METHODS  
 
Study Site 
 
Lake Fukami-ike 
 

The lake is located at a north latitude of 
35°32′55″77 and east longitude of 137°81′93″56. Its 
short diameter is 150 m, diameter is 300 m, area is 
about 2.2 ha, and volume is 1.0×105 m3 (Fig.1). The 
lake has six inflows and an outflow [2, 3]. In 2016, 
the maximum depth of the water was observed to be 
7.6 m. 

The dominant macrophytes communities on the 
lake shore have been established as follows: Zizania 
latifolia and Phragmites australis, (both species 
belong to Poaceae). Among them, Z. latifolia were 
planted after the project [1].  

The fish community is dominated by Lepomis 
macrochirus (Centrarchidae) and Micropterus 
salmoides (Centrarchidae), which are piscivorous fish 
[4].  

 

 
 
Fig. 1 Location of the Lake Fukami-ike.  
 
Biotope 
 

The biotope is on the west side of the lake and 
built by local residents in 2000. The biotope is 
connected to the lake by a hose filled in the ground. 
The range of water depth is about 0.1-0.3 m, water in 
the biotope will dry out in the midsummer and 
freezing in the midwinter temporarily.  

In summer, the biotope was found to be covered 
with  Nelumbo nucifera (Nelumbonaceae), Z. latifolia,  
and P. australis (http://fukami-ike.jp/page012.html). 
Pelophylax nigromaculatus (Ranidae) was also found 
in the biotope.  
 

 
Fig. 2 The biotope on July 6, 2013. 
 
Sampling and Analysis 
 

Field observations in the lake were conducted 
from March 2013 to February 2015, including the 
observations in the biotope from May 2013 to June 
2014, roughly once a month. 

Lake plankton samples were collected at the 
deepest point with a Van Dorn water sampler (10L, 
Rigo Co., Ltd., Tokyo, Japan) from every 0.5m.  
Biotope plankton samples were collected with 
polyethylene bottle by scooping water directly.  

All the samples were preserved in 1% formalin in 
the field immediately. Zooplankton were identified 
using an optical microscope (BX51, Olympus Optical 
Co., Ltd., Tokyo, Japan) in the laboratory.  
 
RESULTS AND DISCUSSION 
 
Comparing body length of zooplankton before and 
after project 

 
Reference [5] shows that the zooplankton were 

collected using plankton-net (mesh size 0.1 mm, Rigo 
Co., Ltd., Tokyo Japan) from 1978 to 1979. Therefore, 
we compared the length of zooplankton before and 
after project, excluding the size smaller than 0.1 mm.  

The species with high frequency before and after 
the project is shown in Table 1.  

Before the project, the frequencies of large-sized 
zooplankton are as follows: Cyclops vicinus (36.2%), 
Bosmina longirostris (20.6%), and Cyclops sp. 
(11.8%), respectively. On the other hand, the small-
sized zooplankton that appeared after the project are 
as follows: Keratella cochlearis var. tecta, Keratella 
cochlearis var. micracantha and Nauplius of 
Cyclopoida (15.6% in total), Brachionus angularis 
and Polyarthra dolicoptera (13.4%), Filinia longiseta 
(11.2%). 

While there were many large species in the 
species with high occurrence frequency before the 
project, there were many small species after the 
project. 
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Table 1 Comparison of high frequency species and body length before and after the project. 
 

Project Species Body length (mm) Frequency (%) 
Before 

(1978-1979) 
[5] 

Cyclops vicinus 1.8 36.2 
Bosmina longirostris 0.5 20.6 
Cyclops sp. 1.5 11.8 

After 
(2013-2015) 

Keratella cochlearis var. tecta 

0.10 15.6 Keratella cochlearis var. micracantha 

Nauplius of Cyclopoida 
Brachionus angularis 

0.125 13.4 
Polyarthra dolicoptera 

Filinia longiseta 0.25 11.2 
 
 
Figure 2 shows the comparison of the body length 

of zooplankton collected before and after the project. 
This finding indicates that many large species 
inhabited the lake before the project, while the small 
species mainly inhabited the lake after the project.  
 

 

  
Fig.2  Comparison of the body length and frequency 

of the zooplankton in Lake Fukami-ike before 
(upper figure) and after (lower figure) the 
project. 

 
Factors responsible for reducing the large species 
in the lake 
 

In general, an increase in grazing pressure of 
planktivorous fish led to the loss of large-sized 
zooplanktons [6, 7].  

Zooplankton behavior that escapes from predation 
from fish is well known, it is necessary to move 
vertically to the layer where light does not reach 
easily visible during the day [8, 9]. In addition, it is 
known that zooplankton moves horizontally to 
aquatic macrophytes community on the lake shore in 
order to conceal it from fish [10, 11].  

The aquatic macrophytes communities are 
classified in emergent plant, floating-leaved plant, 
and submerged plants mainly by their form and life-

type. They are distributed in gently sloping places, 
generally called “lake-shelves”, in strips at different 
water depths, and established aquatic macrophytes 
community. 

Aquatic plants play an important role in the 
ecosystem of the lake. They provide habitats for 
living things, absorb nitrogen and phosphorus so as to 
maintain water quality, and so on [12]. The developed 
aquatic macrophytes in the lake shore provides 
habitats for zooplankton and other organisms because 
there are three-dimensional structures. The developed 
aquatic macrophytes in the lake shore also helps the 
zooplankton to escape from predators such as fish. 
Emergent plants are shallowly submerged in water 
while the floating-leaved plants have only the leaves 
floating on the surface; both these categories of plants 
are less likely to form complex structures. However, 
the submerged plants have their whole body 
submerged in the water, so they have a high hiding 
effect from fish [10,12]. For this reason, the existence 
of a submerged plant community is considered 
important in places where large sized zooplankton 
exists so as to help hide them from their predators.  

In the Lake Fukami-ike, some of the aquatic 
macrophytes communities in the littoral zone on the 
shore were left behind before the revetment 
construction in 1992. But later, many of these 
macrophytes communities disappeared during the 
construction process. 

To see the influence of macrophytes community, 
species composition of zooplankton from biotope 
(emergent and floating-leaved plant cover) was 
compared with the lake (nearly emergent plants on 
the lake shore) after the project. 
 
Relationship between macrophytes community 
and species composition of zooplankton1 
 
Macrophytes community of the lake and biotope 
 

Table 2 shows the macrophytes community of the 
lake and biotope. Before the project in the lake, the 
macrophytes community included emergent plants, 
floating-leaved plants, and submerged plants. 
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Although there is no data on the area to prove that the 
community disappeared by revetment construction, 
the macrophytes community of the lake became 
simpler with emergent plants on the lake shore.  
 
Table 2 Main macrophytes community of the lake 

 and biotope. 
 

Species Living 
Forms* 

Area 
Lake Biotope 

Before
[13] After After 

Zizania latifolia E 〇  〇 
Phragmites australis E 〇 〇 〇 
P. japonica E 〇 〇  
Typha latifolia E 〇   
Nelumbo nucifera F   〇 
Potamogeton cristatus S 〇   
 
*E: emergent plants, F: floating-leaved plants, S: submerged plants 
*Before: before the project, After: after the project 
 
Comparing body length of zooplankton in the lake 
and biotope after the project 
 

To see the difference in zooplankton composition 
and macrophytes, the body size of the zooplankton 
collected from the biotope and the lake were 
compared (Fig. 3). The size of the circle indicates that 
the number of zooplankton corresponded to that 
position.  

From the biotope, most cases were dominated by 
large zooplankton (Cladocera, Scapholeberis kingi) 
with a body length of about 0.9 to 1.2 mm during the 
study period. The distribution of the body size was 
different from the sample collected from the lake after 
the project. The size distribution of zooplankton 
collected from the biotope was similar to that of the 
lake before the project, and large-sized zooplankton 
were mainly obtained.  

 

 
Fig.3 Comparison of body length and frequency of 

the zooplankton in Lake Fukami-ike after the 
project (upper figure, refer to Fig.2) and 
biotope (lower figure). 

Reference [10] shows the difference between the 
living types of aquatic plants and the abundance of 
Daphnia. The abundance of Daphnia in the 
submerged plants community shows that the 
population density has increased significantly 
compared with the floating-leaved plant group, the 
emergent plant group, and the control group (without 
water plants). 

These results suggested that the presence of 
developed aquatic macrophytes suggested the 
promotion of the survival of large-sized zooplankton.  
 
CONCLUSION 
 

With the lake management project in 1992, the 
amount of nitrogen in the lake was decreased 
significantly; however, the amount of chl-a did not 
decrease but increased slightly. Although this 
phenomenon was one of the question, this may be due 
to the low prey pressure for chl-a (phytoplankton) 
with remarkably small number of large-sized 
zooplankton. Moreover, the decrease in large-sized 
zooplankton was believed to be due to the lack of 
developed macrophytes for cover from predators as a 
result of the large landfilling of the lake shore by the 
revetment construction.  

In order to reduce the amount of chl-a in the lake, 
it is important to increase the predation pressure 
against them. Developing aquatic macrophytes 
community on the lake shore is thought to promote 
the population of large-sized zooplankton, and it also 
has the effect of stable absorption of nitrogen and 
phosphorus in the lake. 

Although it is still an issue to examine the 
influence of predatory pressure of fish against 
zooplankton, restoring the developed community 
seems to have the potential to improve the ecosystem 
of the Lake Fukami-ike. 
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ABSTRACT 

 
Melaka was a significant trading state in the 16th century. It had attracted traders from various continents to 

be its trading partners. Many of these traders had left their footprint enormously. Over the years, these tangible 
and intangible historical assets have been an attraction to tourism sector which contributes significantly to 
Malaysian GDP. However, due to the impact of climate change and rapid urban development in Melaka, the 
flood has posed a risk to Melaka’s economy especially in the tourism sector. To protect its interest, Melaka has 
taken proactive measures in mitigating flood incidences. Thus, this study intends to examine the impact of the 
flood on Melaka’s economy from 2012 to 2016 using spatial assessments. This study employs a quantitative 
approach by using secondary data obtained from the Department of Statistics Malaysia and the Department of 
Irrigation and Drainage. Moran’s I, Local Indicator and Spatial Association and Bivariate Moran’s I were used to 
analyse the data spatially. Findings show the mitigation measures taken have relieved the risk posed by floods 
towards economic activities in Melaka as a whole.  

  
 
Keywords: Moran’s I, Bivariate Moran’s I, Local Indication Spatial Association, Flood Modification 
 
 
INTRODUCTION 

 
Flood has become a global concern, as flood 

risks caused extensive damage and threatened the 
lives of many people around the globe. Climate 
change is causing increased flood damages [1], 
making flood risks no more associated with 
underdeveloped countries. Hurricane Katerina hit 
the Gulf Coast in the USA and caused serious 
damages to people and property [2]. In 2012 the city 
of New York was also hit by a hurricane. In Austria, 
Germany and Hungry excessive heavy rains caused 
serious damages and losses in billions of Euros. In 
2007, England suffered a major flood which caused 
the destruction of property and loss of lives [3].  

Malaysia, being a tropical country suffers flood 
risks. Flooding is one of the major hazards facing by 
several cities in Malaysia. However, debates around 
possibilities of flood occurrence, do not take place 
against the background of climate change only, but 
also against the background of rapid urbanisation, 
resulting in 4.8 million people living in flood-prone 
areas [4, 5]. The Malaysian government has initiated 
several programs at both local and national levels to 
improve flood risk management. However, the 
effectiveness of these measures has yet to be 
measured using various assessment tools. Thus, this 
study intends to examine the impact of mitigation 
measures taken on economic activities using spatial 
analysis. The area for this study is Melaka.  

 

 
 

BACKGROUND  
 
Flood is the most devastating natural disaster 

experienced in Malaysia. It has a terrible impact 
socially and economically and its likelihood to occur 
in the future is high. There are about 189 river basins 
in Malaysia, and 85 of them are prone to flood. 
Flood disaster in Malaysia affects an area of 
approximately 28,800 km2 and almost 4.82 million 
people are affected by this disaster (DID, 2009).  
There are two categories of flood that affect 
Malaysia. First is a flash flood and the other is 
monsoon flood. The difference between these two is 
the time taken to recede. Flash flood will only take 
hours to return normal level, and monsoon flood can 
last a month. 

 
Mitigation Measures 

 
There are various approaches used by various 

countries to mitigate flood impact. Among others 
include flood modification, property modification 
and response modification.  

Flood modification is a traditional method of 
mitigation that deals with the use of structural 
measures to keep water away from development. It 
requires the government to allocate some funding 
which involves modifying the flow of flood water. 
Examples of measures are levees, dams, diversions 
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and channel improvements, flood gates and 
detention basins.  

Property modification measure, a non-structural 
measure, refers to the placement of development by 
keeping away from flood prone area using land use 
planning or building design. Examples of this 
measure are zoning and land use planning, voluntary 
purchase or acquisition, building regulations and 
house raising.  

Response modification places more emphasis on 
risk management as it seeks to modify human 
behaviour through activities such as planning, 
warning system, education and awareness campaign. 
Examples of this measure are state and national 
emergency services response, forecasts and warning 
systems, preparedness (planning for emergency) and 
information and education programs. 

Nevertheless, each approach has its strengths and 
weaknesses. Flood modification requires a hefty 
amount of funding to be implemented. Usually, the 
responsibility of this approach lies on the 
government to prepare for a big budget to tackle 
areas that are currently located in flood prone areas. 
Property modification will only be effective in a new 
development area. However, most of the flood 
incidences occurred in an area in which the 
development had been completed. Sometimes it may 
affect areas which had never experienced flood 
before.  Response modification will be a reactive 
measure in life-saving. Nevertheless, all these 
approaches should be implemented in countries that 
are facing flood risks.  

 
Impact of Flood on Economy 

 
Floods have coast a lot of damages 

socioeconomically [12]. It is most pronounced in 
urban areas which have high densities of people, 
assets, economic activities and vulnerable 
infrastructures. Malaysia experienced massive flood 
damages in floods that occurred in 2011 and 2015. 
However, according to [13] the estimated cost of 
damages in the 2014 flood in Malaysia is the worst 
which is within RM 1 billion.  

 
 
METHODOLOGY  

 
This study employs a quantitative approach. It uses 
secondary data which are basic data retrieved from 
Melaka State Government official website, flood and 
mitigation measures from the Department of 
Irrigation and Drainage (DID) Melaka Tengah, 
mitigation measures from Melaka State Structure 
Plan and also demographic data from the 
Department of Statistics Malaysia.   
 
 
 

Melaka 
 

In this study, Melaka was selected as its study area. 
This is because Melaka has a lot of tourism areas 
and flood posts high impact on its wellbeing, 
economically and socially. The worst flood that ever 
occurred in this state was in December 2006. Areas 
that were affected are Sungai Melaka river basin, 
Sungai Duyung and Sungai Kesang. Almost 70.4 
hectares of its area was flooded with a height of 1.5 
meters. Almost 19000 families were evacuated. Loss 
of properties and public facilities reached almost 
RM54.139 million. [6]. 

Melaka is one of the states in Malaysia that 
experiences flood annually. It has three main 
districts namely Alor Gajah, Melaka Tengah and 
Jasin. Most of the tourists’ attractions are located in 
Melaka Tengah District. Figure 1 shows the location 
of the districts in Melaka.  

 

Fig. 1 Districts in Melaka. 
 
Melaka experiences flood annually. According to 

Melaka State Structure Plan Report (2011) these 
floods occurred to heavy rains, overflow river 
stream and high tide. Table 1 shows the number of 
areas that were affected by flood annually according 
to districts [6] from 2011 until 2015.  
 
Table 1 Number of Areas Affected by Flood in 
Melaka by Districts from 2011 to 2015 [6] 

 
Districts ‘11 ‘12 ‘13 ‘14 ‘15 
Alor Gajah 5 7 2 15 14 
Jasin 2 5 2 21 18 
Melaka Tengah 2 15 1 40 36 

 
Figure 2 shows the flood area in Melaka. Most 

the affected areas are located in Melaka Tengah and 
Jasin districts.   

 



GEOMATE - Mie, Japan, Nov. 21-24, 2017 

812 
 

 
Fig. 2 Rivers and flood affected area (DID Melaka 
Tengah, 2016) 
 
 
FINDINGS  

 
This study employs a quantitative approach. Both 
data and information on flood and mitigation 
measures obtained from the Department of Irrigation 
and Drainage, Melaka Tengah were analysed. 
Similarly, data and information on economic 
indicators from Melaka State Government official 
website were also analysed.  
 
Mitigation Measures in Melaka 

 
Melaka has taken a drastic measure to address flood 
issues in its state. Two main approaches are being 
used which are flood modification and response 
modification. 

 
Flood modification: Water Reservoir, Detention 
Ponds and Warning System 
 

Melaka through the Department of Irrigation and 
Drainage builds a water reservoir and detention 
ponds to alleviate the flood water from overflowing 
into the city and build up areas. These reservoirs and 
detention ponds are controlled by water gates. 
Figure 3 shows the water reservoirs and water gates 
in Melaka. 

 

 
Fig. 3 Water reservoirs in Melaka (DID Melaka 
Tengah, 2016) 

 
Warning systems are also placed at strategic 

areas along the rivers that often overflow. Once 
water level reaches a danger zone, the warning 
system will signal a siren to the water station. 
Melaka has five flood warnings systems which are 
placed in Lubok China, Kg Gadek, Pekan Jasin, 
Parit Sidang Seman (Sg Rambai) and Taman Malim 
Jaya.  

 
Mitigation measure: Melaka State Town and 
Country Planning Department and Local Authority 
 

Flood areas are considered as sensitive areas for 
development by the State Town and Country 
Planning Department [7, 8]. Most of these flood 
affected areas are located in the buildup areas, 
especially in Melaka Tengah.  The only mitigation 
measures that are documented in the structure and 
local plan include increasing drainage capacity to 
handle the flood, to control flood affected areas 
effectively [8] and to provide a complete irrigation 
system to overcome flood issues [7].  

 
Population Distribution in Melaka 

 
Melaka has a population of 790,136 people 
distributed in its three districts; Alor Gajah with 
173,712; Jasin with 131,539; and Melaka Tengah 
with 484,885 [9].  Melaka Tengah has the highest 
number of the household of 119,120. Alor Gajah 
ranked second with 40,385 and finally Jasin with 
31,888. According to Moran’s I analysis, the 
distribution of households is slightly significant with 
a p-value < 0.05 (0.03), z = 2.14. Local Indicator 
Spatial Association (LISA) analysis shows that its 
working population is concentrated in Melaka 
Tengah. Figure 4 shows the output of this analysis. 

 
Fig. 4 LISA Analysis on working population 
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Economic Indicator in Melaka from 2011 to 2015 
 

Melaka relies heavily on three main economic 
sectors namely services, manufacturing, and 
agriculture. However, services and manufacturing 
contributed more than 75% in its gross domestic 
product (GDP) annually for the past six years [10].  
The outcome reflects the importance of tourism 
related products such as attractions, 
accommodations and eateries.  Table 2 shows the 
gross domestic product for Melaka from 2011 to 
2015.  

 
Table 2 Gross Domestic Product (%) by Sector, 
Melaka from 2011 to 2015 

 
Sector ‘11 ‘12 '13 ‘14 ‘15 
Services 46.2 52.5 53.2 53.4 53.5 
Manufacturing 41.6 23.2 22.9 23.0 23.0 
Agriculture 9.3 9.8 9.5 9.2 8.9 

 
Floods that occurred in 2011 and 2015 were 

quite bad. These two floods hit many states in 
Malaysia including Melaka. Costs in damages in 
these floods were not revealed to the public and 
unknown to researchers. The only analysis that can 
be done is by using the percentage of gross domestic 
product (GDP) disclosed yearly. Since the available 
data is only until 2015, it is quite difficult to observe 
the impact of the flood in 2015. As shown in Table 2, 
a flood that occurred in 2011 does not give any 
negative impact to Melaka’s GDP. Similarly to 
floods that occurred in 2014. GDP for both services 
and manufacturing sectors are on the increasing side. 
However, agriculture sector experienced a declining 
percentage in 2015. 

Due to limited data availability, a Bivariate 
Moran’s I analysis was carried out to only examine 
the correlation between flood affected areas from 
2011 to 2015 and the total household. Melaka was 
hit badly in flood Table 3 shows the Moran’s I score 
accordingly. 
 
Table 3 Results of Bivariate Moran’s I Analysis 

 
Flood  Morans’I Score 
2011 0.191 
2012 -0.499 
2013 0.496 
2014 -0.467 
2015 -0.477 

 
The negative correlations can be observed in 

flood affected areas in 2012, 2014 and 2015. The 
result shows the higher number of affected areas is 
located in areas with a low number of households. 
Thus, these results show the mitigation measures 

used have been effective in reducing the cost of 
damages among the household.  

 
DISCUSSION AND CONCLUSION 
 
Do the mitigation measures heavily taken by the 
Department of Irrigation and Drainage, Department 
of Town and Country Planning and the local 
authority make any difference to Melaka’s GDP? 
The results of Bivariate’s Moran’s I show a negative 
correlation between 2012, 2014 and 2015 flood 
affected areas. This is also reflected in GDP. 
Mitigations measures taken by the authorities have 
helped minimise the negative impact of flood 
although the numbers of affected areas are more 
from the previous years.  

However, development in any areas should be 
carried out sustainably. The United Nations has 
proposed the Sustainable Development Goals to 
demand all the countries in the world to be 
committed to handling climate change issues and 
flood is one of them [11]. Although some of the 
mitigations measures seem to be effective, 
developments should be controlled sustainably. The 
mitigations employed today might not be able to 
handle future disasters if preventive measures 
regarding sustainable developments are not handled 
properly. 
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ABSTRACT 

 
Landfill in Tokyo Bay has a direct effect on the disappearance of tideland and shallow waters. Former 

tideland is a habitat for benthic creatures with the function of decomposing organic substances flowing out from 
the land area, which were eaten by small fish and served as a feeding point for migratory birds feeding 
them.Also, in recent years, aquatic plants such as combs forming seaweed beds are being reviewed as being 
superior to onshore plants in function to absorb CO2 and produce oxygen. In addition, since seaweed is also 
expected as a fuel for biomass power generation in recent years, this economic value is great. 

In other words, regenerating tidal flats and seaweed beds in Tokyo Bay will contribute not only to 
environmental improvement of the sea area, but also to CO2 reduction as well as alternative energy source, 
which will greatly contribute to our lives. 

In this study, we propose a floating type purification facility incorporating the functions of tideland and 
shallow waters in the northwestern coast of Tokyo Bay and proposing artificial tideland and seaweed bed 
regeneration.  
 

Keywords: Tideland,Seaweed, bed, Environmental improvement, Alternative energy source, Floating type 
purification facility 
 
1.INTRODUCTION 

 
Japan has become a blessed country by the high 

economic growth of the 1960s. As a result, various 
forms of land use such as logistics, transportation, 
commerce, residential, heavy industry and park were 
extensively conducted. On the other hand, it faced 
many environmental problems such as air pollution, 
global warming, marine pollution, illegal dumping 
of waste, exhaustion of resources, etc. 

In Tokyo Bay, reclamation in the coastal area 
was activated for land use from the 1960s, and 15% 
of the surface area was landfilled [1]. On the land 
landfilled, environmental problems such as red tide 
and blue tide caused by domestic wastewater and 
industrial wastewater have become frequent in the 
waters while logistics and industries are developing. 

Landfill in Tokyo Bay has a direct effect on the 
disappearance of tideland and shallow waters [2]. 
Former tideland is a habitat for benthic creatures 
with the function of decomposing organic 
substances flowing out from the land area, which 
were eaten by small fish and served as a feeding site 
for migratory birds feeding them. In these waters, 
fish and shellfish played an important role as a 
spawning place for laying eggs. Furthermore, 
decomposition of phosphorus and nitrogen was 
carried out in algae formed by seaweed spreading in 
shallow waters. 

In response to these circumstances, the Tokyo 
Metropolitan Government has been implementing 
policies for water quality purification through the 
expansion of sewage treatment plants in the land 
area to improve the quality of water in Tokyo Bay. 
However, such measures to improve water quality 
only in the land area are currently not a direct 
countermeasure for the entire sea area. 

Also, in recent years, aquatic plants such as alga 
forming seaweed beds are being reviewed as being 
superior to onshore plants in the function to absorb 
CO2 and produce oxygen. In addition, seaweed is 
also expected as a fuel for biomass power generation 
in recent years, so this economic value is great. 

In other words, regenerating tidal flats and 
seaweed beds in Tokyo Bay will contribute not only 
to environmental improvement of the sea area, but 
also to CO2 reduction as an alternative energy 
source, which will greatly contribute to our lives. 
In this research, we propose a floating type 
purification facility incorporating the functions of 
tideland and shallow waters in the north west of 
Tokyo Bay. This aims to improve the environment 
including the ecology of Tokyo Bay. In addition, the 
tideland and seaweed bed of this floating structure 
are planned to be an offshore resort of Tokyo Bay. 
There, it becomes a new type of accommodation 
type resort facility that can experience and learn the 
environment through various researches and power 
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generation using seaweed. These proposals are 
investigations considering feasibility study. 
2. Background of the plan 
 
2.1.1 Transition of Tokyo Bay by Reclamation 

The area of the bay in Tokyo Bay is 138,000 ha, 
but due to various developments about 26,000 ha has 
been landfilled so far. It is said that it decreased by 
20% from the former area[1].. 

 
Table 1 Landfill area by Tokyo Bay birthday 

 
2.1.2 Reduction of tideland / shallow area by 
landfill 

In the Meiji era (1868 - 1912's), tidal flats spread 
continuously from the bay to the mouth of the mouth. 
However, to date, 26,000 ha, which is 20% of the 
area of the bay (138,000 ha), is landfilled, the tidal 
area has been lost to 8,000 ha (6% of the bay area) 
since the 1950s, . 

Tidal flats have inhabited a wide variety of 
benthic organisms and have been responsible for the 
spawning and growing areas of living creatures in 
the sea, the role of migratory birds' important feeds 
and the function to purify sewage in rivers. The 
functions of this tidal flats are now reviewed, and 
the movement of tideland function conservation is 
increasing among citizens to conserve the rich 
ecosystem. 

In addition, it has been found that there is a big 
difference between simply purifying water quality 
and the environment where living things are easy to 
live. Furthermore, recent studies have revealed that 
creatures do not increase in Tokyo Bay as long as it 
increases not only tidal flats but also algae fields and 
shallows of seaweed. 

Fig.1 Landfill distribution in Tokyo Bay[3] 
 
 

2.2.1 Importance of tideland 
Wetlands such as tidal flats have become 

effective on 1975 (December 21), with the Ramsar 
Convention, meaning that it is very important as a 
waterfowl habitat, nurturing diverse organisms. 
Concluding countries have registered 2208 wetlands 
in 168 countries. In Japan, 50 places are registered, 
and only Yatsu tidal flat is registered in Tokyo bay. 

 
2.2.2 Reduction of migratory birds 

Sea birds with wetlands as a place to relax have 
been confirmed to decrease by 40 to 50% due to 
landfill. Moreover, the data of only Yatsu tidal flats 
according to the data of "Tokyo Bay Sigi, Tidri all 
over the same survey" shows a clear declining 
tendency in which 108 birds were confirmed in 2012, 
14 birds in 2016. 

 
2.2.3 Changes in Catches 

In Tokyo Bay, various fisheries such as shellfish 
fishing, fishery and algae fishery are still being 
conducted. However, it is far less than the catch as 
in the past, making it difficult to continue fishing. In 
recent reports by the Tokyo Bay Study Group, the 
yield has been decreasing for many fish species, 
suggesting the possibility that the lumps of water 
caused by poor oxygen have an adverse effect on the 
growth environment of the fish species ing. In 
addition to the lump of poor oxygen, "Reduction / 
disappearance of habitats such as shallow and tidal 
flats" is considered to be one of the causes of the 
slump of biological resources. 

 
 

Fig.2 Changes in catches and landfill area[4] 
 
2.3.1 Forest of the sea 

In recent years, the phenomenon "sea breeze" 
which seaweed in the sea has disappeared and the 
surface of the rock of the sea bed is covered with 



GEOMATE - Mie, Japan, Nov. 21-24, 2017 

817 
 

white or pinkish lime algae has become remarkable. 
This may be caused by artificial effects such as 
rising seawater temperature and water pollution, 
supply shortage of iron required for algae growth 
and damage of algae useful due to sea urchins and 
fish. 

Because seaweed beds are also the habitat for 
fish spawning and frying, it is easy to imagine that it 
will have a major impact on the underwater 
ecosystem. This directly leads to a reduction in 
catches. The "sea forest" in Tokyo Bay, which has 
been rich, is said to be "desertification of the sea" in 
recent years. This is because natural purification 
action of seawater is not properly performed, which 
indicates that artificial environmental conservation 
measures are indispensable. 
 
2.3.2 Regeneration of "Sea Forest" by human 
intervention 

In recent years, seaweed beds are not sufficient 
for natural purification action, and artificial 
measures for environmental conservation are 
required. Therefore, since 2010 Kobe Steel Group, 
which is a steel company, has begun to develop 
marine area utilization of artificial reefs by 
steelmaking slag in Okinawa Prefecture and Kobe 
City. As a result of this marine area development by 
this artificial reef, the effect as a population reef is 
demonstrated, such as the glimpse of use as a habitat 
for frying fish one month later. 

 
2.4 About how to use environmental load 
 
2.4.1 About fixed amount of CO2 by algae culture 
device 

In the "CO2 marine immobilization / effective 
utilization technology survey project[6]" participated 
by Takenaka Corporation and the authors, the 
Ministry of Economy, Trade and Industry's 
subsidiary research research project, CO2 fixation 
using seaweed culturing equipment ,investigated. 
The results are shown in the table. 

In estimating the amount of CO2 fixation 
accompanying the cultivation of algae, the case 
where only green algae (Minamionaori) was 
produced (44.3 t-dry / day), the case where only red 
algae (onia manori) was produced (23.0 t-dry / day) , 
When green algae, red algae and brown algae were 
produced at a ratio of 2: 1: 1 (32.1 t-dry / day) when 
only brown algae (seaweeds) were produced (16.8 t-
dry / day), green algae In the case of producing 
brown algae at a ratio of 1: 1 (30.6 t-dry / day), a 

total of five scenarios were set and examined. 
As a result, the CO2 fixed amount is the highest 

at about 17,500 t-CO2 per year when only green 
algae (Minami aonori) are produced, and it is the 
smallest at approximately 8,300 t-CO 2 per year 
when only brown algae (seaweed) are produced I 
found out. 
 

Table 2 Annual carbon dioxide fixed amount by 
seaweed culture [6] 

 

 
2.4.2 New biomass energy 

Regarding the use of renewable energy and 
renewable energy, development of more effective 
production technology is definitely required. In 
recent years, bioethanol made from seaweed has 
been recognized as renewable energy, and attracts 
attention as it contributes to maintenance of the 
global environment and reduction of GHG 
(greenhouse gas). 

 
2.4.3 Biofuel production 

Biofuel production from soybean is 1,900 L per 
hectare per year and palm oil 5,950 L per year. On 
the other hand, biofuel production from seaweed is 
remarkably high at 98,500 L, and it is known that it 
has the ability to absorb ten times more CO 2 than 
trees. 

 
2.4.4 Green tide 

In recent years, environmental problems called 
"green tide" have occurred in various coastal areas. 
This is a phenomenon in which the seaweed Aosha 
grows abnormally and accumulates on the coastline, 
and various adverse effects such as the deterioration 
of the landscape of the coastal area, the bad smell 
accompanying the decomposition of the seaweed, 
the death of shellfish such as clams are occurring. 
As shown in 2.4.1, it is thought that it is useful for 
the global environment in a dual sense that 
energizing environmental problems can reduce 
expenses for removal and further produce profits 
through production. 
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2.4.5 Thalassotherapy 
By introducing a facility incorporating natural 

remedies such as seaside bathing seawater, blood 
circulation promotion massage using seaweed and 
esthetics using sea mud, the effect of deepening 
interest in the ocean by guests is there.  

 
3. Planning policy   
 
3.1.1 Floating Flats 

- Floating function - 
① Artificial tidal land: Improve the migration 

of migratory birds and the work of natural 
purification 

②  Seaweed bed: Water purification and 
recovery of DO value Creation of ecological 
environment 

③  securing solar radiation: securing solar 
radiation to the sea area by subdividing the 
floating body 

- Supposed introduction function - 
④ Resort hotel: induce publicity of Tokyo Bay 

problem and measures 
⑤ Company: Make maritime countermeasures 

by entering business in similar fields 
⑥  Research: artificial tidal flats, biomass, 

plankton, seaweed 
⑦  Biomass: regenerate seaweed as a useful 

resource 

 
Fig.3 Conceptual diagram of green floating 

 
3.1.2 Introduction function 

By using the floating function in 3.1.1 as the 
central function of this plan, the functions to be 
introduced in other places can have diversity. 

We plan to introduce facilities to produce 
bioethanol from seaweed using biomass power 
generation as well as commercial and tourist 

facilities such as aquarium and hotel as assumed use. 
 

4. Basic plan 
 
4.1 Calculation of the size of artificial tidal flats 

In this project, we plan a floating body of 300 m 
× 300 m, assuming that the area of the tidal flat is 9 
ha. By doing so, we plan to recover 0.005% of the 
area of tidal flats lost in Tokyo Bay so far. As stated 
above, by installing floating bodies having various 

functions at ten locations, it is assumed that 0.75% 
of the area of the tidal flat is recovered. 

 
 

Fig.4 Increase due to tidal flats size in Tokyo Bay, 
Calculation of Recovery Rate 

 
4.2 Site selection criteria 

①  Area where river exists and inland water 
crosses sea water 

② waters where characteristic landscapes exist 
③  Area where the DO value is low, poor 

oxygen water mass is generated 
④  Sea area with floating structure possible 

depth of water 
⑤ waters where concern about environmental 

impacts such as sewage treatment plants are 
concerned 

Based on the above conditions and the 
consideration of the marine environment based on 
the "Tokyo Bay Water Quality Survey Report", we 
will select the sea area off the Tokyo Disneyland at 
the B type T22 point described in the report as the 
site of this project. 
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Fig.5 Plan map in Tokyo Bay[5] 
 
4.3 Overall plan 

The whole floating body is zoned into L letters, 
and it is classified into three types of migratory birds, 
tideland, and architecture. By doing so, we plan to 
place restrictions on the rate at which human 
intervention is intervened. As a result, shellfish such 
as clams in areas for migratory birds will be 
protected from the collection of human beings. In 
the tideland, it is planned that tourists can observe 
the ecological system of valuable Tokyo Bay 
closely.The second level headings should be in 10pt, 
bold, justified, and First Characters of Each Word 
are in Capital font. Leave one blank line both before 
and after the heading, respectively.  
 

 
Fig.6 Conceptual diagram of floating body plan 

 
5. Building plan 
 
5.1 Introduction function and scale calculation 

In this project, we plan to classify it into 3 
buildings, hotel building, research building, power 
generation building. We calculated the scale by 
referring to the area ratio of various categories of 
existing resort hotels and other departments 
responsible for functions such as drinking, banquet, 
kitchen and management. The number of rooms is 

assumed to be 128 rooms, and a thalassotherapy 
function incorporating marine resources is 
introduced. 
 

Table 3  Introduction function and scale 

 
5.2 Securing an area to deliver light to the ocean 
floor 

By planning a large floating body of 300 m × 
300 m, a wide area shadow appears in the waters 
under the floating body. For this reason, the floating 
body is subdivided into 25 squares, and each is 
shifted at regular intervals, thereby securing an area 
for delivering light to the seabed. In this project, 
when the floating body of 60 × 60 m is moved 3 m 
at a time, the area where light is delivered is 
calculated, and when it is shifted by 12 m, the 
strength of the floating structure and the area where 
light is delivered to the seabed are optimal I found 
out something. Other seaweed beds are supposed to 
illuminate the ocean floor by providing LED light as 
an alternative function of sunlight. 

Fig.7 Percentage of appearance of light-transmitting 
layer when 25 masses are separated by 5% 

 

5.3 Incorporate artificial tidal of tideland 
By adopting the water depth adjustment function 

by ballast water for the floating type structure, we 
made it possible to artificially create tidal difference 
which is characteristic of tideland. This will be a 
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directing to the guests to see the tide difference as a 
landscape while staying in the center of Tokyo Bay. 

5.3 Arrangement plan for seaweed bed 
Place a 25 m wide seaweed bed on the outer side 

of the 16 squares located on the outer periphery of 
the floating structure. Also, in the 9 squares arranged 
in the center, seaweed beds are spirally arranged on 
each of the four sides. These seaweed beds are 
supposed to adhere to the larvae flowing from the 
surrounding seas and have a floating structure with 
continuity with the tidal flats. 

 
5.4 Flow line planning 

The flow line of general customers and the flow 
line of loading goods are done from the same 
docking station, but we plan to separate them into a 
hotel flow line and a carry-in flow line extending in 
straight line. In the interior of the building, we 
arranged plans that divide the categories and other 
functions such as drinks, banquets, kitchens, 
management, etc., into plans that emphasize the 
privacy of the resort hotel. 

 
5.5 Planning of planning and arrangement of 
watersheds 

We designed a plan for connecting floating 
bodies subdivided into 25 squares based on the 
overall plan of 4.3 and introduced the necessary 
functions for construction purpose to it. 

We arranged rooms to provide both the urban 
dynamic landscape of Tokyo spreading to the north 
side and the natural landscape of the sea spreading to 
the south. The accommodation building, the power 
generation building, and the research building to be 
introduced in this program are connected by a 
corridor integrating solar power generation units. 
Moreover, by making production and research 
facilities publicly available, it becomes a facility that 
will be utilized not only as a resort but also as a 
place for learning. In addition, the tidal flat on the 
front of the hotel is open to guests all the time, and 
in addition to enjoying maritime recreation in places 
facing the sea area, it also functions as a place to 
conduct educational experiences through lectures by 
researchers. 
Fig.8 Left：Floating bodies to Connecting circuit    
Right：Placement plan 

 
5.6 Section planning 

In the center of the guest room etc, plan a large 

void to incorporate solar radiation into the seaweed 
bed. Also, as the difference in level between 
construction and water level changes due to the 
change in water level due to tides, we planned the 
entire building as a high floor type like a pier. 

Considering the influence of the sea breeze on 
the accommodation building, we adopted a design 
that blows the wind upward by raising the building 
of other functions. 

 
 

6. CONCLUSIONS 
 
1. Coastal areas are already under development by 

landfilling of tidal flats and shallow fields, and there 
is little room for regenerating these. 

2. In the central part of Tokyo Bay there is plenty 
of room to build tidal flats and shallow spaces if you 
remove the shipping routes for ship navigation. 

3. When building floating tidal flats in the central 
part of Tokyo Bay, it is necessary not to disturb the 
ship's sailing and consider consideration to the 
seabed part so that there is no influence on the 
natural environment and fishery. 

4. In order to transmit light to the bottom of the 
sea while sufficiently satisfying the function of 
tideland and shallow, it is necessary to devise 
arrangement and design of facilities. 

5. It is quite promising in Japan to use seaweed 
to fix carbon dioxide. Because Japan's land area is 
about 380,000 square kilometers, which is 60th in 
the world, it has eleven territorial waters and EEZ. 
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ABSTRACT 

 
Flood induced forces could threaten the stability of residential building during flooding event. The building 

will have to face the hydrodynamic pressures and sometime impact load from the debris carrying floods. A study 
on the behavior of flood water movement through external wall were carried out to identify the various wall 
opening dimensions and its capability to minimize the flood water forces on buildings. Two types of experiments 
were carried out. First, a water flow table was used to visualize the water pattern diffusion. Next, flood tunnel 
was used to measure the water velocity reduction response of the various walls. The wall opening configurations 
were based on the common types of wall opening found in Malaysia. Generally, the results show that walls with 
bigger openings could withstand the water forces better. This is indicated by the smaller velocity reduction and 
diffusion when the flowing water passes through the wall. However, the level of opening from the ground could 
change the overall performance of the various opening sizes as shown by some of the models. Therefore, further 
studies should be carried out to determine suitable dimensional characteristics and level of the wall openings 
from the ground. This could produce an optimum impact reduction wall design for residential building in flood 
prone area.    
 
Keywords: Flood, Residential Building, Wall Opening, Water Velocity   
 
 
INTRODUCTION 

 
 Floods are considered as the worst calamity 

experienced in Malaysia [1]. As the most frequent 
natural disaster in Malaysia it affected many areas 
and cause annual catastrophe and damages to 
infrastructure, property, crops and other intangible 
loss. There are no official categories of floods in 
Malaysia but is often broadly categorized as 
monsoonal, flash and tidal floods.   

 A study conducted by Kong et al.[2], on urban 
flooding found that, 28% of respondents concurred 
that flood is due to improper drainage system, 20% 
cause is pollution, 18% the management of 
urbanization and 16% cause is environment factor 
and 11% weather while 7% because of dam break 
[2]. Figure 1 below shows the results of their 
research. 

 

Fig. 1: Public perception of causes of flooding[2] 

 
 It can be seen that most Malaysians are less 

concerned regarding environmental issues especially 
natural disasters because they assume the issue is a 
trivial issue which ought to be resolved by the 
authorities and government[3] and have made little 
effort to face possible property damage in case of 
flooding. Flood induced forces could threaten the 
stability of residential building during flooding event. 
The building will have to face the hydrodynamic 
pressures and sometime impact load from the debris 
carrying floods. Flood impact proofing or reduction 
can be achieved by making adjustments to building 
design and building components that could 
withstand flood forces. 
 
Building Response and Flood Damage 

 
A research by Vinet [4] concluded that the 

effects of flooding caused damage to home, shops 
and industries. Sani et al.[5] research concluded that, 
there are at least 4 effects of flooding which 
comprise water damage to houses, disruption of 
transportation, reduction of income and damage of 
furniture and other appliances. However, majority of 
the population strongly believes that, water damage 
to houses is the main effects of flooding. Hence, it is 
recommended that buildings should be properly built 
to avoid building on the floodplain and on the flood 
prone zones [5]. The main idea in the traditional 
approach for estimation of direct flood damage 
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monetary terms is the concept of loss functions or 
depth-damage functions [6]. In actual event, flood 
damage is influenced by other factors such as flow 
velocity, debris concentration, flood duration, lead 
time and information content of flood warning, and 
the quality of external response in a flood situation 
[7] [8] [9].  

Distributed resistance parameters are needed for 
local prediction of velocity [10] [11] which might be 
required for damage assessment or predictions of 
sediment erosion and deposition [12]. Based on 
Becker et al. [13] findings, he concluded that 
structural failure comprises a large portion of the 
response space for higher depth and velocity 
combination under flood response scenarios. Thus, 
by developing a greater understanding of building 
response to high-velocity floodwaters through this 
type of behavior modeling, actions could be 
investigated that may improve resistance of 
buildings in flood-prone areas. A study by Grundy et 
al. [14] determine that a large proportion of deaths 
could be linked to structural failure of buildings 
since this prevented vertical evacuation from the 
floodwaters, and damaged buildings created 
dangerous debris impacts. However, in addition to 
depth, water velocity has been shown to be a crucial 
parameter with the potential to cause significant 
damage [15]. The relationship between the (d x v) 
factor and flood damage of buildings is the most 
widely acknowledged predictor of the effect of water 
velocity. Yet, no further applied theoretical analysis 
of how swiftly moving floodwaters affect buildings, 
in terms of structural damage or in terms of their 
ability to provide for human safety [16].  

This study is set out to identify the various wall 
opening configurations and its capability to 
minimize the flood water forces on buildings. 

  
METHODOLOGY 

 
This study utilizes laboratory scale experiments 

to generate data for the parametric analysis. The 
experiments and setups are based on several 
previous related works in the study of flooding. 
Ramsden [17] directly measured the lateral forces on 
a vertical wall due to long waves, bores, and dry-bed 
surges instead of calculating the force from pressure 
measurements. A study focuses on qualitative 
observations regarding the structures response to 
wave loading was conducted by Arnason [18] in a 
small hydraulic wave flume with long aspect ratio 
(the controlled environment), theoretical predictions 
of wave height and force aligned well with theory. 
Thusyanthan and Madabhushi [19] have run a 
research utilizes a small 4.5 m long tsunami wave 
tank with waves generated by dropping a 100-kg 
block in the water. One model of coastal structure 
was designed similar to a common Sri Lankan house 
and another one structure designed attempted to 

model a new tsunami resistant structure. This 
research concludes a need to study on how building 
configuration could be used to better withstand wave 
loading. 

A study on the effect of flood water diffuser on 
flow pattern using flow water table by Ghani and 
Kasnon [20] have concluded that the longer the 
wave diffusion or the higher the wave amplitude, the 
more velocity can be reduced. Most closely related 
to this study is the recent work of Ghani et al. [21] 
which utilized a hydraulic flume tank with sensors 
placed before and after the diffusing objects to study 
the velocity reduction effect in a 3-dimensional 
hydraulic environment. The research conducted 
identified suitable shape and dimension of objects 
and its capability to reduce flow velocity across the 
road. In order for a building to survive loading 
forces from moving floodwater exerts on wall have 
to be reduced. This comprises the external and 
internal wall of a building. Debris resulted from high 
impacted external wall may produce a greater load 
compared to original moving water velocity. Thus, 
laboratory experiments will be conducted to study 
the effect of wall opening configuration towards its 
velocity reduction through walls. 

 
Laboratory Experiment  

 
In this laboratory experiment, the equipment 

must be set up and functions properly include the 
water visualization table, flood tunnel and camera to 
take video of the test. The various wall configuration 
models have been prepared for the experiment 
purpose. The experiment will be conducted using 
every type of typical configuration of wall opening 
of houses in Malaysia and the result gained by 
observation of the experiment. The wall panel will 
be varying in configuration of its door(s) and 
window(s), including their size(s). The size of the 
model will use scale of 1:50 of the living size. The 
experiment will only focuses on qualitative 
observations regarding the flood water breaking, 
response, or diffuse through wall opening. This 
research will run two types of experimental test 
which are (1) flow water table to observe water 
response pattern through wall opening configuration, 
and (2) flood tank to measure the velocity response 
by wall opening configuration. The flow water table 
experiment will only use the horizontal section of 
the wall, whilst the flood tunnel experiment will 
utilized a full height model. Observation method 
will be used for data collections, which when the 
execution of laboratory test is running, data will be 
recorded from the start until the end of the test. The 
outcome of the water response and diffusion will be 
witnessed and recorded as collecting data.  
 
Development of the Wall Model 
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A series of typical elevation of houses in 
Malaysia especially in flood prone and affected 
areas was selected and illustrated in accordance to 
laboratory suitability. Flood affected area selected 
for this case study is in Perak Tengah region which 
merely inundated by flood in December 2014. 
Following are the typical elevations in Table 1.   

 
Table 1: Wall Elevation Model 
 
Model Plan Elevation 

1 

 

2 

 

3 

 

4 

 

‐  
5 

 

6 
 

7 
 

8 
 

9 
 

 
 

Flood Diffusion Pattern Experiment 
 
The equipment used in this experiment were 

water flow table, adjustable stand, water color, 
camera and double cello tape to represent the section 
of the walls. See Fig. 2 for the flow pattern 
laboratory testing instrumentation details. 

As the configuration and size of opening are 
expected to influence the breaking of the flood water, 
9 models of different configurations were 
established for experimenting the performance and 
reduce the impact towards opposite walls. The 
experiment were carried out using the 9 patterns of 
models’ sections as shown in Table 1 and the result 
were acquired by observing the processes. The result 
outcome will be recorded by video to observe it 
more clearly without repeating the experiment. 

 
 

Fig.2: Flow pattern testing 
 
  

Flood Tunnel Model Experiment 
 
Creating a flood event under laboratory 

conditions requires a hydraulic flume and 
continuously flowing water. The flood tunnel was 
set up as in Fig. 3 and Fig. 4 in which all the 9 3-
dimensional wall models were used to study the 
velocity behavior effect in 3-dimensional hydraulic 
condition. Water were circulated into hydraulic 

flume as configure and time is taken at the external 
and internal side of the wall to study the behavior of 
flow occurred when the flood water broke and hit 
another wall. Velocities (V) of two points were 
recorded and all the data obtained were compared 
for every model. This research make use of a small 
flood tank measuring 1.15m long, 0.3m deep, and 
0.25m wide (Fig. 4). Water was allowed to pass 
through the models whilst data was being collected. 
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Fig. 3: Plan of flood tunnel model 

 
Fig. 4: Flood tunnel model instrumentation 

DATA COLLECTION AND ANALYSIS 
 

Based on the two approaches, data were 
observed and recorded for the 18 different models; 
nine numbers of 2-dimensional models for diffusion 
pattern, and another nine 3-dimensional models for 
velocity testing.   

 

Flood Diffusion Pattern 

 
By using the flow visualization table, the 

experiments were conducted on 9 models of 
different wall configurations. The pattern of 
diffused flow were then divided into 5 point. Each 
point of diffusion will be measured, and given a 
score of 0 until 3 (0-3) which indicates; 0- Not 
Affected (0.00cm), 1- Poor (0.10-0.60cm), 2- 
Intermediate (0.70-1.30cm), 3- Good (1.40-
2.00cm). The cumulative value of all five points 
then resulted to diffusion pattern category of each 
model. The diffusion pattern can be categorized 
into three categories; (1) low, (2) moderate, and (3) 
high. The first category which is low diffusion 
category which obtained less than 7 total value of 
flow categories score. The second category is 
moderate diffusion that obtained total value of 8 to 
12 score on cumulative flow categories. High 
category of diffusion described the most diffused 
flow pattern which cumulated more than 13 score 
of flow categories. Thus, the experiments 
observation were been interpreted based on 

diffusion category. 
 

Table 2: Score and diffusion category 
 

Model Score Diffusion 
Category 

 
1 6 Low 
2 10 Moderate 
3 13 High 
4 10 Moderate 
5 8 Moderate 
6 11 Moderate 
7 12 High 
8 12 High 
9 9 Moderate 

 
Based on the 9 models experimented, one 

produced low diffusion, five models categorized as 
moderate diffuser, and three of them indicated high 
diffusion pattern. Out of the nine wall 
configurations, 3 configurations can be considered 
as the most capable in defusing water flow. Model 
3, 7, and 8 are the configuration models that 
produced the most diffusion. This is because these 
configurations produced high deflection on most 
points and have high number of wave amplitude. 
As a general indicator, the higher the wave 
amplitude, the more the velocity reduces. However, 
in this experiment, the magnitude of velocity 
reduction cannot be verified numerically.   



GEOMATE - Mie, Japan, Nov. 21-24, 2017 

825 
 

Flood Velocity Reduction 

 
This experiment focused on the flood water 

velocity behavior before and after passing through 
all the nine models. Table 3 shows the before and 
after velocity. 

It can be seen that all nine models produced 
velocity reduction. The result showed based on 
those models, the least reduction produced is 2.3% 
by model 9, and the most reduction by model 8 

which is 75.3%. From these results it also can be 
seen that the reduction can be categorized in few 
groups. 2 of them which are model 3 and 9 
produced a very low reduction, model 1 and 2 
produced a reduction in range of 28-30% 
considered as low reduction, model 4, 6, and 7 with 
a reduction range of 47-50% which are quite high, 
and the remaining 2 models, 5 and 8 produced a 
very high velocity reduction.  

 
 

Table 3: Velocity reductions 
 

Model Velocity Before 
(cms-1) 

Velocity After (cms-

1) 
Velocity Reduction (%) Reduction Category 

1 18.0 12.61 29.7 Low 
2 18.0 12.97 27.9 Low 
3 18.0 17.07 5.12 Very Low 
4 18.0 9.13 49.3 High 
5 18.0 5.69 68.3 Very High 
6 18.0 9.49 47.3 High 
7 18.0 9.55 46.9 High 
8 18.0 4.44 75.3 Very High 
9 18.0 12.94 2.3 Very Low 

 
DISCUSSION  
 

Based on all the data that have been obtained 
from flow diffusion experiment, we can conclude 
that the wall configurations that give the most 
diffusion are model 3, 7, and 8. However, for 
velocity reduction of those models are not in the 
same category. Model 3 produced very low 
reduction, model 7 produced high reduction whilst 
model 8 very high. It can be seen too that model 5 
resulted a very high velocity reduction while it is 
only categorized as moderate diffuser. We can 
conclude that the diffusion performance is not tally 
with the velocity reduction. This may cause by 
other factors or parameters itself such as area and 
width of opening, that will affect the amount of 
water passed through in a time, or gap between 
opening such as wall between windows or doors 
that will act as barrier that diffuse the flow and 
velocity, etc. Becker et. al [16] suggested that 
application of uncertainty investigation is favored 
to gain further perception into how significant 
building and flood parameters influence response. 
Nevertheless, many uncertainties in the analysis 
remain. Building response parameters have been 
significantly generalized for this research. More 
detail and reliable damage estimates could be 
obtained by acquiring more accurate estimations of 
building strength and response properties [13]. 
Further study on diffusion versus velocity should be 
conducted. High reduction of velocity may result 
from high amount of impact act on walls. Study on 

suitable impact may exert on walls to produced 
suitable diffusion and reduce optimum velocity 
should be done.  

 . 
CONCLUSION 

 
Generally, the results show that walls with 

bigger openings could withstand the water forces 
better. This is indicated by the smaller velocity 
reduction and diffusion when the flowing water 
passes through the wall. However, the level of 
opening from the ground could change the overall 
performance of the various opening sizes as shown 
by some of the models. Therefore, further studies 
should be carried out to determine suitable 
dimensional characteristics and level of the wall 
openings from the ground. This could produce an 
optimum impact reduction wall design for 
residential building in flood prone area.  
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ABSTRACT 

 
This paper presents a land surface model application to water resources assessment in Peninsular Malaysia. 

The approach enables to capture the spatial and seasonal temporal variability of the terrain characteristics, and 
can be applied for time scales of one year or longer. The spatial resolution used here is 0.05 degrees 
(approximately 5.5 km). The results are presented in terms of mean annual evaporation and runoff for the period 
1999-2004. The model performance in simulating mean annual runoff for this period is evaluated using observed 
discharge data from 31 hydrological stations across Peninsular Malaysia, with drainage areas between 450 and 
25,600 km2. A mean absolute error of 10% in the simulated mean annual runoff was found, after excluding three 
stations that are known to have significant upstream offtakes. A simple and mostly illustrative regional analysis 
is carried out to assess the spatial and inter-annual variability of the available water resources and the relation 
with population distribution. While a major part of the population is living in urban centres along the coast, 
water resources must be drawn from a limited number of relatively small inland basins. The results are discussed 
and compared with those of previous studies carried out for Peninsular Malaysia, where available. It is shown 
that for annual time scales, the model configuration is able to assess the amount and spatial variation of natural 
water resources, and has potential for application within a complex arrangement of multiple river basins or, if 
required, arbitrarily-defined adminstrative regions.  
 
Keywords: Water resources assessment, Land surface models, Water balance, Regionalization, Peninsular 
Malaysia 
 

 
INTRODUCTION 

 
Water resources assessments are essential to the 

sustainable development and management of water 
resources. Information about the extent and 
variability of water resources is required to evaluate 
the potential for utilization and control. A 
combination of factors related to development, 
human activity, population growth, and changes in 
land use and climate result in changing hydrological 
patterns and trends that need to be monitored and 
assessed for future planning and development [1]. 
An early investigation in the water balance of 
Peninsular Malaysia was carried out by [2]. 
Comprehensive studies by the Department of 
Irrigation and Drainage (DID) provided further 
insight in the regional water resources [3,4]. Other 
studies have focused on understanding the small 
scale hydrological processes related to land use and 
agricultural practice [5-9], the hydrological 
behaviour at river basin scales [10-13], and water 
use aspects [14]. 

A basic water resources assessment programme 
involves collection and processing of hydrological, 

hydrogeological and physiographic data, followed 
by regionalization to assess the spatial distribution 
and temporal variation [1]. For Peninsular Malaysia, 
the above-mentioned studies by Scalf [3] and Teh et 
al.[4] produced interpolated maps of potential 
evaporation and runoff, respectively, using Penman 
and Hargreaves evaporation methods and a simple 
Thorntwaite-Mather water balance model with 
observation data for 1960-1970. Although 
comprehensive, the procedure was time-consuming 
and involved. The results are still being used in 
many current applications. A reassessment has not 
been carried out since. 

Continuous monitoring and assessment of water 
resources are important in relation to environmental 
changes that occur at local, regional and global 
scales due to economic development and population 
growth. A review of the hydrological impacts from 
changes in land cover for Southeast Asia has been 
presented by [15]. In-depth analysis of flow records 
in relation to the Malaysia water resources master 
plan for 2000-2050 could not result in conclusions 
on possible impacts of climate change and\slash or 
short-term land-use changes on the water resources 
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[16]. Xu and Singh [17] present a review of 
representative model approaches for assessment of 
regional water resources under stationary and 
changing conditions. An essential issue is the role of 
the land surface in partitioning the precipitation 
between evaporation, rapid runoff and recharge to 
groundwater. 

The objective of this study is to explore the use 
of a hydrological land surface model (LSM-A) to 
assess regional mean annual water resources over 
relatively short time periods for humid tropical 
conditions in Peninsular Malaysia. It also provides a 
simple, illustrative, assessment to obtain insight in 
the variability of the water resources and available 
water for the peninsula. The study is carried out for 
the period 1999-2004. 

Section 2 describes the general methodological 
approach, introduces the LSM-A model 
computations relevant to this study and presents an 
overview of the data. Overall results and validation 
of the model performance against discharge 
observation records are presented in Section 3. A 
baseline analysis of the water resources availability 
and variability are presented in Section 4. In Section 
5, a discussion of the approach and conclusions are 
given.  

 
METHOD AND DATA  

 
Methodology 

 
The administrative system in Malaysia is 

arranged as a federation of states, see Fig. 1, which 
has implications for conducting water-related 
assessments. The land mass of Peninsular Malaysia, 
also referred to as West Malaysia, comprises 11 
States and two Federal Territories with a total area 
of 135,000 km2, and a total population of 17,726,283 
in 2000 [18]. For simplicity, this study includes the 
Federal Territories Kuala Lumpur and Putrajaya 
with Selangor State. Located between latitudes 1oN 
and 7oN, a humid tropical climate characterized by 
two monsoon periods prevails. Mean annual rainfall 
is in the order of 2350 mm [19]. 

The LSM-A model computations provide daily 
energy and water balance output on a 0.05 degree 
(approximately 5.5 km) spatial grid, taking account 
of spatial variability in land cover and soils. The 
atmospheric input data are obtained from the gridded 
daily hydrometeorological data set described by 
Wong et al. [19]. The daily sum of the surface 
runoff production and the soil water percolation are 
subsequently accumulated and spatially averaged to 
obtain mean annual runoff for the period 1999-2004. 
For time scales of several years or longer, short-term 
and seasonal variations in surface and subsurface 
water storage are assumed to cancel out and the 
computed runoff production Q should represent the 
difference between rainfall P and evaporation E, i.e. 

EPQ   (1) 
which is taken to represent an estimate of the mean 
available water resources [17]. The procedure can be 
applied to river basins delineated by the upslope 
drainage area at any point in the model grid, or to 
arbitrary regions such as a State. 

The model performance is evaluated using 
observation records from discharge stations across 
the peninsula. Subsequently, the model results are 
used to assess the regional mean annual water 
resources availability and inter-annual variation for 
the individual States, and for several of the major 
river basins in Peninsular Malaysia. We report 
computed mean values as complete figures with an 
uncertainty at the 95% confidence interval, obtained 
by applying a scale of ±1.96 to the standard errors 
about the sample mean, assuming a Gaussian 
distribution. 
 
Model Description 
 

The LSM-A land surface model is composed of 
grid-distributed land cover and soil components. 
Land cover is classifified according to the 
International Geosphere-Biosphere Programme 
(IGBP) legend [20]. The leaf area index varies with 
space and time according to an annual cycle of mean 
monthly values. Soils vary spatially according to the 
USDA soil texture classification [21]. The soil 
profile is subdivided into five layers of downward 
increasing thickness up to 2 m depth. The 
atmospheric forcing consists of downward 
shortwave and longwave radiation, precipitation, 
windspeed, and air temperature, pressure and 
humidity. The computed fluxes include the upward 
radiation, the latent, sensible and ground heat fluxes, 
the potential and actual evaporation, the surface 
runoff production from infiltration or saturation 
excess, and the soil percolation flux at the bottom of 
the soil profile. In addition, the model also computes 
the soil water content and soil temperature for the 
soil layers. 

A general characteristic of land surface models is 
that model parameter values are prescribed 
depending on land cover or soil types, and can be 
obtained from the literature. As such, calibration is 
not commonly carried out. This may be considered a 
useful feature but on the other hand it is noted that 
validation of land surface model output is not 
straightforward since measurements of model 
variables at grid scales are mostly unavailable. For 
grid boxes with a vegetative cover, the effective 
areal vegetation cover fraction cv (m2 m−2) is 
obtained from the Bouguer-Lambert-Beer relation 

 AI0exp1 LKcv   (2) 
where K0 is an optical attenuation coefficient, 
ranging 0.4−0.6 [22], and LAI is the leaf area index 
(m2 m−2). 



GEOMATE - Mie, Japan, Nov. 21-24, 2017 

829 
 

 
Fig 1 Major administrative division of Malaysia 

 
The surface energy balance is written  

GLEHR
dt

dT
C nv sk

                             
(3) 

where Cv is the surface heat capacity (J m−2 K−1), Tsk 
is the skin temperature (K), t is the time (s), Rn is the 
net radiation flux (W m−2), H is the sensible heat 
flux (W m−2), L is the latent heat of vaporization (J 
kg−1), E is the evaporation flux kgm−2s−1 and G is the 
ground heat flux (W m−2). The surface heat capacity 
for the vegetated part of a grid box is parameterized 
from the water in the biomass and the water 
intercepted by the canopy, i.e. 
 

 vl
w

w
v WLw

C
C  AI              

(4) 

where Cw is the volumetric heat capacity of liquid 
water (J m−3 K−1), w is the density of water (kg 

m−3), lw  is the mass of water per unit leaf area (set 
to 0.5 kg m−2 and Wv is the intercepted water (kg 
m−2). The heat capacity for the unvegetated part of 
of a grid box is assumed zero. The net radiation is 
described by 
 

  4
rad1 TRRR LSn         (5) 

where   is the surface albedo,  is the surface 

emissivity, SR and LR are the downward 
shortwave and longwave radiation fluxes (W m−2), 
 is the Stefan-Boltzmann constant and 4

radT is the 
radiative temperature (K). The sensible and latent 
heat fluxes are obtained from 
 

 aHp TTUCcH  sk            (6) 

 aH qqUCLLE  
          

(7) 
respectively, where cp is the specific heat capacity of 
dry air (J kg−1 K−1),  is the density of the moist air 
(kg m−3), CH is the dimensionless heat transfer 
coefficient, U the magnitude of the horizontal wind 
speed (m s−1), Ta is the temperature of the air (K), 

 skTqq   is the saturated specific humidity 
(kg kg−1) of the evaporating surface and qa is the 
specific humidity of the air (kg kg−1). Furthermore, a 
dimensionless surface resistance factor   is applied 
in Eq. (7) to partition the latent heat flux between 
evaporation from the wet canopy and bare soil, and 
transpiration from the soil-vegetation root complex 
using a resistance scheme as described by Essery et 
al. [23].  
 
The soil heat transport is described by 

z

G

t

T
CT 







       
(8) 

where CT is the volumetric heat capacity of the soil 
(J m−3 K−1), T is the soil temperature (K) and z is the 
depth below surface. Parameterization of CT is 
carried out following [24]. The soil heat flux is 
decribed by Fourier's law, i.e. 
 

 
z

T
kG




 
       

(9) 

where k is the thermal conductivity of the soil, 
which depends on soil water content   (m3 m−3) and 
is parameterized following [25]. A zero heat flux at 
the bottom of the soil profile is assumed. 
 
The energy balance is solved numerically by 
linearizing the surface fluxes to obtain an extended 
Penman-Monteith formulation for the evaporation 
potential. The actual evapotranspiration is 
subsequently derived by limiting the evaporation 
flux to the available water in the soil and vegetation 
storages [cf. 23]. 
 
The vegetation water balance is described by Rutter 
et al.[26] 
 

wvv
v EQPc

dt

dW


      
(10) 

where P is the above-canopy precipitation rate (kg 
m−2 s−1), Qv is the canopy interception drip rate (kg 
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m−2 s−1) and Ew is the wet canopy evaporation rate 
(kg m−2 s−1). The interception storage is capped by a 
limiting storage, which is proportional to the leaf 
area index. The soil profile water balance per unit 
surface area is described by the Richards equation 
 

S
z

Q

t w
w

w  







       
(11) 

 
where w is the density of water (kg m−1),   is the 
volumetric soil water content (m3 m−3), Qw is the soil 
water flux (kg m−2 s−1) and S is the plant root 
extraction flux (m3 m−3 s−1). The soil water flux is 
described by Darcy's law for unsaturated conditions, 
i.e. 
 







 




 K
z

DQ ww


       

(12) 

where D is the hydraulic diffusivity (m−2 s−1) and K 
is the hydraulic conductivity (m s−1). The 
dependencies of both diffusivity and conductivity on 
soil water content are parameterized using empirical 
relations [27]. Subgrid infiltration and surface runoff 
production are modelled using the method of 
Schaake et al [28], which is based on a stochastic 
distribution of time step accumulated fluxes. The 
spatially averaged mean infiltration flux (kg m−2 s−1) 
is given by 
 

cn

cn

IP

IP

t
I




1
sf

           
(13) 

 
where tQP vn   is the time step accumulated 
input of water to the ground surface (kg m−2), i.e. the 
sum of the canopy drip and free throughfall from 
precipitation, and Ic is the cumulative infiltration 
capacity (kg m−2). The latter is obtained here from 
the advancement of the wetting front and the non-
saturated fraction of the pore space, viz. 
 

  t
K

I w  1sat
sat

sat
c 




       
(14) 

where Ksat is the saturated conductivity (m s−1), sat  

is the saturated soil water content (m3 m−3), and 1  
is the soil water content of the top layer (m3 m−3). 
The soil hydraulic properties are obtained from [27]. 
The surface runoff production is obtained from 
 

sfsfsf RIQQ v          (15) 

where sfR is the saturation excess flux (kg m−2 s−1), 
obtained from accumulating any oversaturated soil 
water through the layers at the end of each time step. 
The soil water percolation flux at the bottom of the 

soil profile towards groundwater is parameterized as 
gravity flow from the lowest soil layer, reduced by 
the fractional soil water content above field capacity 
reference conditions 
 

  











refsat

sat




 N
Nws KQ

      
(16) 

where N is the soil water content of the bottom soil 

layer and ref is the soil water content at field 
capacity (m3 m−3). Soil water percolation is assumed 
to stop for conditions below field capacity. 
Percolation also ceases for very wet soil bottom 
conditions that are taken to indicate high 
groundwater levels. In effect, the groundwater 
behaviour is unknown. 
 

In the present application, the runoff for a 
specified area Eq. (1) is computed as the time-
integrated spatial average sum of the surface runoff 
production Eq. (15) and groundwater percolation Eq. 
(16) over the target area. 
 
Data 

 
The land cover type distribution is derived from 

MODIS 1km MOD12Q1 V004 products, based on 
majority of occurrence in the period 2001-2004. 
Table 1 shows the areal proportion of the cover 
types after aggregation into the 0.05 degree model 
grid. The IGBP legend class for agricultural lands is 
restricted to crops less than 2 m height. Malaysia has 
extensive oil palm and rubber plantation stands, 
which are classified together with natural tropical 
forest as broadleaf evergreen forest. The mean 
monthly leaf area index is derived from MODIS 8-
day 1km MOD15A2 V005 products for the period 
2003-2007. The 8-day data were averaged into mean 
monthly fields at 0.05 degree spatial resolution. 
Table 1 shows the model grid average and range 
distribution of leaf area index. Grid box-scale 
effective values are evidently smaller than those 
typically observed inside a forest stand or crop field.  
 

The USDA soil texture type distribution is 
obtained from global 5 arcmin resolution maps of 
sand, silt and clay separates that have been extracted 
from the ISRIC-WISE global soil properties data 
base linked to the FAO-UNESCO Digital Soil Map 
of the World [29]. The data have been resampled 
into grid resolution based on majority grid box area 
fraction. Table 2 shows the areal distribution in the 
model grid, with most of the area covered by loamy 
types of soil. The areal distribution of separate 
fractions and the resulting texture type classification 
should be considered best-estimates on the basis of 
the availability of soil profiles in the data base [29]. 
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Table 1 Distribution of IGBP land cover type characteristics obtained from MODIS MOD12Q1 and 
MOD15A2 products aggregated on a 0.05 degree spatial grid. Coverage is tabulated as areal percentage for 
Peninsular Malaysia. Leaf area index is tabulated as the mean and uncertainty at the 95% interval, and the 
minimum and maximum of the mean monthly values, as applicable for the cover types. 

 
Land  cover type Area 

(%) 
Mean monthly leaf area index 

Mean Min Max 

1 Evergreen Needleleaf Forest 0.3 1.83 ± 0.12 1.45 2.26 

2 Evergreen Broadleaf Forest 86 3.60 ± 0.31 2.48 4.44 

3 Deciduous Needleleaf Forest —    

4 Deciduous Broadleaf Forest —    

5 Mixed Forest 0.4 2.82 ± 0.25 1.46 2.80 

6 Closed Shrublands —    

7 Open Shrublands —    

8 Woody Savannas —    

9 Savannas 0.1 1.39 ± 0.18 0.96 1.90 

10 Grasslands —    

11 Permanent Wetlands 0.1    

12 Croplands 5.8 1.37 ± 0.10 1.18 1.79 

13 Urban and Built-Up 1.0    

14 Cropland/Natural Vegetation Mosaic 6.6 2.11 ± 0.14 1.65 2.59 

15 Snow and Ice —    

16 Barren or Sparsely Vegetated —    

17 Water Bodies 0.2    

 
 

Table 2 Distribution of USDA soil texture types 
aggregated on a 0.05 degree spatial grid as areal 
percentage for Peninsular Malaysia, as derived from 
the ISRIC-WISE [29] data. 

 
Soil 
texture 
type 

Area 
(%)   

Soil 
texture 
type 

Area 
(%) 

1 Sand —  7 Sandy 
clay loam 56 

2 Loamy 
sand —  8 Clay 

loam 14 

3 Sandy 
loam 0.3  9 Silty clay 

loam — 

4 Loam 6,2  10 Sandy 
clay 19 

5 Silt loam —  11 Silty clay — 
6 Silt —  12 Clay 4.5 

 
The hydrometeorological input data used in this 

study are provided by the gridded data set described 
in Wong et al. [19], in which daily data fields of 
pressure, temperature, humidity, wind speed and 
precipitation were obtained from interpolating 
station data, taking account of elevation and land 
cover characteristics as appropriate. Elevation data 
are derived from SRTM 30 version 2 data [30]. 
Daily input fields for downward shortwave and 
longwave radiation are estimated from the gridded  
 

 
 
surface meteorological parameter values in 
combination with satellite observation-derived 
radiation and cloud properties obtained from the 
NASA/GEWEX Surface Radiation Budget (SRB) 
Release-3.0 data archive. Fig. 2 shows the location 
of rainfall observing stations and the interpolated 
mean annual rainfall field for the six years of this 
study. An average number of 159 daily rainfall 
observations from 175 rainfall observing stations 
were available. The largest mean annual rainfall 
amounts of more than 3400 mm occur along the 
northeastern coast, mostly during the northeast 
monsoon period from October to March. The 
smallest mean annual rainfalls of 1800 – 2000 mm 
are present in the southern inland and southwestern 
coastal areas, and in the nortnern parts of the 
country. Refer to Wong et al. [19] for further 
analysis of the atmospheric input data set. 
 
SIMULATION RESULTS 

 
Spatial Evaporation and Runoff  
 

Fig. 3 shows the spatial distribution of the 
computed mean annual potential and actual 
evaporation for Peninsular Malaysia over the six-
year study period. The potential evaporation shows a 
similar pattern to the interpolated maps for forest 
and grass cover presented in the earlier study by  
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Fig 2 Location of rainfall observing stations (left panel) and the distribution of mean annual rainfall 

(mm) for 1999-2004 (right panel). 

 
Fig3 Estimated mean annual evaporation (mm) in Peninsular Malaysia for 1999-2004. The left panel 

displays the potential evaporation, the right panel displays the actual evaporation. 
 
Scarf [3]. The highest potential evaporation values 
of 1500 – 1700 mm are computed for the coastal 
zone areas, where relatively high wind speeds occur 
over low cropland vegetation.  

The presence of tall forest in the inland areas 
reduces the interpolated windspeed [19], resulting in 
reduced mean evaporation potential. The potential 
evaporation of 1100 – 1150 mm in the most central 
mountainous inland areas computed here are 

somewhat larger than those of 1000 – 1100 mm 
estimated by Scarf [3], which may be due to a less 
accurate representation of the orography on the 5.5 
km model grid. The maps in Fig. 3 also show that 
the mean annual actual evaporation estimate 
compares close to that of the potential evaporation, 
as can be expected for humid tropical conditions. 

Given the relatively small spatial variation in 
mean annual evaporation, the spatial distribution of  
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Fig 4 Left panel: estimated mean annual runoff (mm) in Peninsular Malaysia for 1999-2004. Right 

panel: location of 31 discharge stations that were used for validation of the model simulation results. 
 
 

mean annual runoff, i.e. the time-integrated sum of 
the surface runoff production and groundwater 
percolation, shown in the left panel of Fig. 4 
resembles that of the rainfall (Fig. 2). The right 
panel of Fig. 4 shows the location of discharge 
stations that were selected for validation of the 
computed runoff, which is further detailed in the 
next section. 
 
Model Validation 
 

Table 3 summarizes the runoff validation results 
by comparison with 31 hydrometric stations that 
could be included in this study. Criteria for station 
selection were: a minimum record of five years with 
85% of available daily discharge data in the period 
1999-2004; a catchment area larger than 450 km2 to 
comprise a minimum of 14-15 grid boxes; and that 
the catchment area resolved by the model grid 
matches within 20%. Two stations with known 
rating curve problems during the simulation period 
were also excluded. Nine stations lack one year of 
data, indicated by ‘(5)’ after the station location in 
Table 3. For all station observation records, an 
average proportion of 8% of daily data are missing. 
Only two stations (Sg. Pahang at Lubok Paku and Sg. 
Muda at Jam. Syed Omar) have a complete record 
without missing data. The mean absolute error in 
gridded catchment area for all stations is 6%. The 
observed annual runoff for the stations was 
computed from daily discharge values as archived in 
the DID database and the catchment area as listed in 
the station registry. The simulated annual runoff is 

based on the catchment area as resolved by the 
model grid using a steepest descent delineation 
method [31]. 

Sg. Johor and Sg. Muar are known to be 
extensively used for water supply purposes [16], 
which results in an overestimation of model runoff. 
For the latter station, the discrepancy between 
observed and simulated runoff is justified by the the 
match for Sg. Segamat, a tributary downstream of 
the offtake. The Sg. Muda basin in Kedah State (see 
Fig. 1) is a complicated area as it supplies part of its 
water for the Muda Irrigation Project along the west 
coast [10,16]. Water is diverted from the most upper 
areas of the basin, which explains the overestimation 
at Jeniang and to a smaller extent at Jam. Syed Omar. 
However, at the most downstream station Ldg. 
Victoria, the simulations match the observations, 
suggesting potential inconsistency in observation 
records. Minor abstractions for water supply and/ or 
irrigation water are known to affect Sg. Selangor, Sg. 
Bernam and Sg. Lipis, Sg. Perak and Sg.~Besut 
[4,16]. Two relatively large reservoirs regulating Sg. 
Perak and Sg. Terengganu are mostly used for 
hydropower generation and to some extent for flood 
control. It is therefore assumed that besides possible 
increase of open water evaporation the operations do 
not significantly affect water quantities at annual 
time scales. 

The 18% underestimate at Sg. Triang is likely 
explained by lack of rainfall data. The records for 
two years from nearby rainfall stations did not pass 
quality control as described in Wong et al. [32]. The 
underestimate at Sg. Tembeling (18%) may possibly  
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Table 3 Simulation validation results for 31 stations with minimum five years of sufficient data 
during 1999-2004. The Data column gives the amount of daily observations and Δ denotes the 
difference between simulations and observations. 

Station location Area  Data Mean annual runoff (mm) 
 (km2) (%) Observed Simulated Δ (%) 

Sg. Johor di Rantau Panjang (5) 1130 94 740 ± 200 983 ± 184 +33* 
Sg. Sayong di Jam. Johor Tenggara 624 86 898 ± 211 1001 ± 154 +11 
Sg. Kahang di Bt. 26 Jln. Kluang 587 90 1253 ± 214 1262 ± 97 +1 
Sg. Muar di Buloh Kasap 3130 92 410 ± 97 554 ± 100 +35* 
Sg. Segamat di Segamat 658 96 792 ± 135 746 ± 225 −5 
Sg. Selangor di Rantau Panjang 1450 95 1028 ± 134 1223 ± 116 +19 
Sg. Bernam di Jam. SKC 1090 98 1360 ± 127 1413 ± 112 +4 
Sg. Slim di Slim River Town (5) 455 91 1660 ± 440 1428 ± 104 −14 
Sg. Pahang di Lubok Paku 25600 100 850 ± 181 894 ± 114 +5 
Sg. Pahang di Temerloh 19000 96 943 ± 123 967 ± 135 +3 
Sg. Triang di Jam. Keretapi (5) 2000 87 864 ± 185 709 ± 121 −18 
Sg. Lipis di Benta 1670 96 919 ± 241 980 ± 174 +7 
Sg. Jelai di Jeram Bungor (5) 7320 85 997 ± 203 1019 ± 227 +2 
Sg. Jelai di Kuala Medang 2630 88 1294 ± 119 1190 ± 251 −8 
Sg. Tembeling di Kg. Merting 5050 88 1094 ± 112 1060 ± 238 −3 
Sg. Tembeling di Kuala Tahan (5) 2700 94 1439 ± 124 1187 ± 315 −18 
Sg. Kecau di Kg. Dusun (5) 497 94 1025 ± 184 867 ± 201 −15 
Sg. Perak di Jam. Iskandar 7770 94 979 ± 160 1018 ± 193 +4 
Sg. Kinta di Weir G di Tg. Tualang (5) 1700 87 1394 ± 181 1284 ± 259 −8 
Sg. Plus di Kg. Lintang 1090 92 996 ± 251 949 ± 171 −5 
Sg. Terengganu di Kg.Tanggol 3340 96 2608 ± 307 2144 ± 364 −18 
Sg. Muda di Ldg. Victoria 4010 99 982 ± 279 996 ± 228 +1 
Sg. Muda di Jam. Syed Omar 3330 100 782 ± 236 946 ± 223 +21 
Sg. Muda di Jeniang 1710 88 583 ± 185 850 ± 228 +46* 
Sg. Ketil di Kuala Pegang (5) 704 88 786 ± 271 853 ± 262 +9 
Sg. Kelantan di Jam. Guillemard 11900 97 1188 ± 252 1291 ± 168 +9 
Sg. Nenggiri di Jam. Bertam 4130 93 1134 ± 135 1122 ± 178 −1 
Sg. Lebir di Kg. Tualang 2430 85 1581 ± 300 1413 ± 255 −11 
Sg. Pergau di Batu Lembu 1290 91 2040 ± 278 1761 ± 293 −14 
Sg. Besut di Jam. Jerteh (5) 787 95 1945 ± 523 1713 ± 332 −12 
Sg. Golok di Rantau Panjang 1075 92 1502 ± 263 1555 ± 261 +4 

 
arise from lack of orographic rainfall representation 
in the input data set. For Sg. Terengganu, possible 
overestimation of evapotranspiration by the model in 
the northeastern part of the peninsula (see Fig. 3) 
may be the cause of the 18% deficit in simulated 
runoff. 

Stations with extensive abstractions as decribed 
above are marked by an asterisk in the last column 
of Table 3 and have been discarded from overall 
error analysis. For the remaining 28 stations, the 
mean absolute error between observation and 
simulation of mean annual runoff during 1999-2004 
is 8.8%. From this result, it is infered that the model 
error in simulating natural mean annual runoff for  

 
periods of five to six years is equal to or better than 
±10%. This figure compares favourably to the ±15% 
error that was determined for the procedure used by 
Teh et al.[4]. The mean absolute error in annual 
runoff for any year for the 28 stations during the 
simulation period is 199 mm, which amounts to 16% 
of the mean observed annual runoff value. It should 
be noted, however, that the rainfall stations are not 
evenly distributed over the peninsula (Fig. 2) and 
that the number of reporting rainfall stations also 
varies from one day to another Wong et al.[32], 
which may have an influence on the results for some 
parts of the model grid. 
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APPLICATION TO REGIONAL WATER 
RESOURCES 

The water laws in Malaysia stipulate a shared 
Federal and State governance of water resources 
with a large responsibility at State level. Details of 
the legislative and institutional framework for water 
resources management are described in Tan and 
Mokhtar [33]. As a consequence, studies carried out 
to inform water resources management, 
development and planning in Malaysia generally 
need to summarize findings per State, as applicable. 
The State boundaries do only partly coincide with 
basin boundaries, whereas in some cases the rivers 
are the boundaries. 

The left graph in Fig. 5 presents the mean annual 
runoff aggregated over the area of each State. There 
is a significant difference in available annual water 
resources ranging from around 500 mm for Melaka 
in the southwest to more than 2000 mm for 
Terengganu on the northeastern coast. States with 
substantial coastal area exposure, i.e. Kedah, Pulau 
Penang, Perak, Selangor, Johor, Pahang, Terengganu 
and Kelantan, have abundant runoff. The States of 
Negeri Sembilan and Melaka, although located 
along the coast, are part of the dryer zone extending 
inland into the centre of the peninsula, which is 
caused by rainfall shading from the mountain ranges 
in Sumatra [32]. Inter-annual variability ranges 
±10% to ±28%, with the largest variations occuring 
in Pulau Penang and Melaka that are confined in 
narrow zones on the west coast. Comparison with 
the results in Teh et al.[4] suggests a reduction in 
mean annual runoff with respect to the period 1960-
1970. It is impossible at this stage to judge if this is 
related to short-term climate variation, long-term 

 
 

 
climate change, and/or human interference in the 
environment. However, in thirty years the 
population must have significant grown. The right 
graph in Fig. 5 shows the water availability per 
person, based on population statistics for the year 
2000 [18]. The smallest mean annual water 
availability per capita for Pulau Penang, Selangor 
and Melaka is less than 1700 m3, which is generally 
taken indicative for water stress conditions. These 
States contain some 40% of the population on only 
8% of the total area for Peninsular Malaysia. Many 
of the major urban centres are located in the coastal 
zones that need to fulfill their water demand from 
upstream sources. Groundwater is hardly being 
utilized in Peninsular Malaysia [16]. In reality, 
States such as Pulau Penang and Melaka draw their 
water from outside their boundaries, either naturally 
from a transboundary river basin or through water 
supply. The shortage in Selangor is currently being 
addressed by the development of the Pahang-
Selangor Interstate Raw Water Transfer system, 
involving a 45 km tunnel through the central 
mountain range [16,33]. Water transfers are also 
foreseen for the southern part of the Peninsula [16]. 

Characteristic for Peninsular Malaysia is the 
presence of many smaller river basins along the 
coast, which are less favourable for large-scale water 
resources development due to either lack of 
capacity, vulnerability, or marine influence. It is 
more efficient to satisfy demand from the larger 
inland basins. To assess this, five inland river basins 
have been selected, using the hydrometric stations as 
basin outlet for the sake of simplicity (Table 3).  

 
 
 

 
Fig 5 Computed mean annual runoff (mm, left panel) and the available water resources (m3/capita, right 
panel) for the States of Peninsular Malaysia during 1999-2004. The error bars indicate the 95% 
confidence level inter-annual variability. The estimated mean annual runoff (mm) as assessed by Teh et 
al.(1976) for 1960-1970 are indicated by black dots. PL: Perlis, KD: Kedah, PP: Pulau Penang, PR: 
Perak, SG: Selangor, NS: Negeri Sembilan, MK: Melaka, JH: Johor, PH: Pahang, TR: Terengganu, KT: 
Kelantan. 
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Fig 6 Estimated mean annual water availability per person for selected basins in Peninsular Malaysia 
during 1999-2004. The left panel considers only the population upstream of the hydrometric station. 
The right panel considers the population in the entire basin up to the coast. The bar width is scaled by 
population proportion. 

 
 
These are the Muda basin at Ldg. Victoria, the 

Kelantan basin at Jam. Guillemard, the Perak basin 
at Jam. Iskandar, the Pahang basin at Lubok Paku, 
and the Muar basin at Buloh Kasap, and are the 
major inland basins in the peninsula. The population 
within the basin upstream of the stations and for the 
whole basin were estimated using district population 
statistics for 2000 [18]. The left graph in Fig. 6 
shows the mean annual available water per person 
considering only the population upstream of the 
gauging station. The right graph shows the mean 
annual available water taking account of the entire 
population living in the basin up to the coast. The 
simulated mean inter-annual variability for the 
basins is ±17%. Comparing the height of the bars for 
the same basin in the two graphs, it is clear that the 
ratio of whole-basin population to upstream 
population varies considerably among the basins, 
ranging from 1.25 for the Pahang basin to more than 
7 for the Perak basin. This is again related to the 
location of the major urban centres along the coast. 
It should be noted, however, that there may exist 
additional demand from coastal cities outside the 
strict basin boundaries. Fig. 6 also indicates that the 
per capita available water varies considerably per 
basin. Provisionally, it would appear that the 
Kelantan and Pahang basins have the largest 
potential for development of their water resources. 
However, it needs to be stressed that the simulations 
provide natural runoff. Currently implemented 
operations for irrigation, water supply and other uses, 
are not reflected in the results shown here. 

 
CONCLUSION 
 

This study presented the implementation and 
application of the LSM-A hydrological land surface 
model to assessment of annual water resources in 

Peninsular Malaysia during the period 1999-2004. 
The simulations were carried out at daily time steps 
using input from a previously developed gridded 
hydrometeorological data set [19]. The simulation 
results were integrated to annual time scales and 
averaged over area as required.  

The model is based on commonly used 
parameterizations found in land surface schemes of 
atmospheric models, with minor adaptation towards 
hydrological application at smaller grid scales of 
approximately 5.5 km. One advantage of land 
surface schemes is that model parameters can be 
regionalized by simply applying land cover and soil 
type-prescribed parameter values reported in the 
literature. As a consequence, the requirement for 
calibration is absent, which is a major point of 
practical interest in application over large areas. The 
land cover, seasonal variation in biomass and soil 
description for the model are derived from global 
data sets that are becoming more widely available. 
On the other hand, the global character of such data 
sets distinguishes a rather limited selection of 
generic soil and land cover types, which may be 
insufficient for some applications, such as those 
related to agriculture. The grid-based structure, in 
combination with regionalized parameters, provides 
a direct means for water balance simulations in 
ungauged (parts of) river basins, which is essential 
in water resources assessment [1]. Moreover, in the 
present annual application, the results can be 
aggregated over arbitrarily defined units, which is 
useful within a water resources management 
framework such as implemented in Malaysia.  

For the purpose of validation, the model 
simulation results were qualitatively compared with 
findings in the literature and quantitatively evaluated 
against observation records from 31 hydrometric 
stations across the peninsula. A mean absolute error 
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in spatial runoff prediction of 10% was found. An 
example application to water resources assessment 
illustrated the variability of water resources, as well 
as the complex relation between the water resources 
and the uneven population distribution for 
Peninsular Malaysia. It is also shown that this 
particular type of models can be used with relative 
ease within a rather complex basin arrangement. 

The utility of models in water resources 
assessment and management programmes is 
generally acknowledged [17]. The model described 
here can be applied to analyze the natural runoff, 
which in turn can be used with stream flow 
observations to monitor the effects of water 
operations, such as for example water supply and 
irrigation offtakes, and diversions. Regular 
application in continuing assessment programmes 
provides a means to follow the effects and variations 
in hydrological regime due to short and long-term 
climatic change and structural change in the 
environment. 

A major limitation is that the present 
configuration does not permit to assess seasonal and 
monthly water cycle dynamics, which could be 
useful for certain water resources management 
applications. To this end, an extension of LSM-A 
with a grid box-based runoff storage and routing 
scheme has been investigated for three large basins 
in Peninsular Malaysia (submitted for publication). 
Further studies are being carried out to assess 
whether the water resources in Peninsular Malaysia 
have been impacted by climatic or physical 
environmental changes during the last decades. 
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ABSTRACT 

It is well known that the microcapsules encapsulating heat storage or phase change materials are coated onto 

the fabrics for thermoregulating property. To increase their function on textile application, in this work, 

bifunctional microcapsules having both thermal energy storage and antibacterial properties were fabricated. 

Chitosan was used as surfactant of poly(methyl methacrylate-divinyl benzene) microcapsule encapsulated 

octadecane (OD) prepared by microsuspension iodine transfer polymerization. The nonspherical with dent 

microcapsules were prepared in acidic condition without any free polymethyl methacrylate particles nucleated by 

emulsion polymerization. Due to amino groups in chitosan chains were protonated in which presented positive 

charge,the microcapsules stabilized with such molecules were then obtained without any coalescence. In 
addition, percent yield of microcapsules decreased with chitosan concentration in aqueous medium. It may be 
due to high viscosity of the aqueous medium where the monomer droplets are unable to maintain the shape in 
early stage of the polymerization. For thermal properties, the latent heats of the encapsulated octadecane (234 J/
g-OD) were closed to those (233 J/g-OD) of bulk octadecane. For antibacterial property, 2 millimetres over 
control sample of the resulting inhibition zones of both S. aureus and E. coli were observed. Based on 
bifunctional feature derived from both microcapsule core and shell for thermal energy storage and antibacterial 
properties, respectively, the developed microcapsules would express a great potential for textile application.   

Keywords:  Heat storage materials; Antibacterial property; Microcapsule; Microsuspension iodine transfer 

polymerization 

INTRODUCTION 

Because all seasons of Southeast Asia are hot 

and humid, thermoregulating fabrics or thermal 

adaptable cloths and antibacterial fabrics are then 

interested in the commercial production. For the 

former case, microcapsules containing phase 

change materials are often coated onto the 

fabrics[1, 2]. Because Paraffin waxes can melt and 

crystallize at a wide range of temperature to absorb 

and release energy, respectively, they then are 

preferably used as phase change material and 

encapsulated in the microcapsules. Encapsulation of 

paraffin waxes  not only increases surface area for 

providing a larger heat transfer but also prevents 

phase change material reactivity to the outside 

environment and controls the volume change as 

phase change occurs [3]. One of the most famous 

techniques for phase change material microcapsule 

preparation is microsuspension conventional radical 

polymerization due to high encapsulation efficiency 

of phase change material [4, 5]. Various kinds of 

polymer shell are used for the encapsulation based 

on microsuspension conventional radical 

polymerization such as polystyrene [6], 

poly(styrene-co-methyl methacrylate) [7], 

polydivinylbenzene[8, 9], poly(styrene-co-

divinylbenzene) [10], poly(methyl methacrylate) 

[11] and poly(methyl methacrylate-co-methyl 

acrylate-co-methacrylic acid) [12]. To the best of 

our knowledge, among these polymer shells, 

polymethyl methacrylate is the best one to provide 

high latent heats of phase change material due to 

completion of phase separation between polymethyl 

mailto:p_chaiyasat@mail.rmutt.ac.th
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methacrylate shell and wax core [13]. However, 

using microsuspension conventional radical 

polymerization, approximately 35% of free 

polymethyl methacrylate particles respects to total 

monomer used were formed competition with 

microcapsules. In previous work, such phenomenon 

can be overcome with microsuspension iodine 

transfer polymerization which reduced radical exit 

from the monomer droplets to an aqueous medium 

[11, 14]. Chitosan is one of the most famous 

biopolymer because its beneficial properties include 

antifungal and antibacterial [15, 16], 

neuroprotective [17], anti-inflammatory [18] and so 

on. Since chitosan contains amino group in its chain 

which was protonated to give positive charges in 

acidic condition, it may able to be used as the 

surfactant of microsuspension polymerization in 

place of the conventional one as polyvinyl alcohol. 

To the best of our knowledge, there is a lack of 

research for phase change material microcapsule 

preparation using chitosan as a surfactant in 

microsuspension iodine transfer polymerization.

Therefore, in this research, the preparation of 

bifunctional microcapsule for both heat storage and 

antibacterial properties by microsuspension iodine 

transfer polymerization using octadecane, 

polymethyl methacrylate and chitosan for phase 

change material core, polymer shell and surfactant, 

respectively, was studied in the first time. The 

influence of chitosan concentration on the 

encapsulation efficiency was investigated. 

2. EXPERIMENTAL

2.1 Materials 

Methyl methacrylate (Aldrich, Wisconsin, USA; 

purity, 99%) was purified by passing through the 

column packed with basic aluminum oxide to 

remove the polymerization inhibitors before use. 

Octadecane (Merck, Munich, Germany; 99.5%) 

was used as received. Reagent-grade benzoyl 

peroxide (Merck, Munich, Germany) was purified 

by recrystallization. Iodoform (CHI3; Aldrich, 

Wisconsin, USA; purify, 99%), poly(vinyl alcohol) 

(Aldrich, Wisconsin, USA; degree of saponification 

87-90%, molecular weight 3-7x10
4
 g/mol) and 

Chitosan were used as received.  

2.2 Microcapsule preparation 

The preparation of polymethyl 

methacrylate/octadecane microcapsules by 

microsuspension iodine transfer polymerization 

using chitosan as the stabilizer was carried out as 

follows. Firstly, 2.50 g of methyl methacrylate (or 

methyl methacrylate/divinyl benzene) was 

homogeneously dissolved in 2.50 g of octadecane, 

0.02 g of CHI3 and 0.20 g of benzoyl peroxide as 

oil phase. It was then added to 45 g aqueous 

solution containing either 1%wt of poly(vinyl 

alcohol) or chitosan before homogenized at 5,000 

rpm for 5 minutes to prepare monomer droplets in 

oil in water emulsion. Thereafter, the obtained 

polymer suspension was subsequently transferred to 

a round bottom flask, sealed with a silicone rubber 

septum and purged with a vacuum/N2 cycle for five 

times (finally in N2). It was finally polymerized at 

80 °C for 3 hours and following at 90C for 5 hours 

at a stirring rate of 500 rpm. The concentration of 

chitosan was varied as shown in Table 1. 

Table 1 Recipes for the preparation of polymethyl 

methacrylate/octadecane (50:50 wt%) 

microcapsules prepared by microsuspension iodine 

transfer polymerization 

Phase Ingredients 

Oil 

MMA (g) 2.50 2.25 

DVB (g) 0.00 0.25 

OD (g) 2.50 2.50 

BPO
 
(g) 0.20 0.20 

CHI3 (g) 0.02 0.02 

Aqueous 
Surfactant 

solution
a
 (g) 

45.00
a
 45.00

b 

Abbreviations: MMA, methyl methacrylate; OD, 

octadecane; BPO, benzoyl peroxide; CHI3, 

iodoform; CS, chitosan; PVA, polyvinyl alcohol 
a 

 PVA solution 1 wt% or CS solution at 0.25, 0.50 

and 1.00 wt% 
b
 1 wt% of CS 

2.3 Characterization of microcapsules 

The microcapsules encapsulated octadecane 

were observed with an optical microscope (SK-

100EB&SK-100ET, Seek, Seek Inter Co. Ltd., 

Thailand) and scanning electron microscope (JSM-

6510, JEOL, JEOL Ltd., Japan) to study the 

morphology of the particle surface and shape, 

respectively. For scanning electron microscope 

observation, a few of dried microcapsules were 

placed on a nickel stub and dried before Au-coated. 

For the measurement of thermal properties, the 

microcapsules were washed with 2-propanol before 

dried in vacuum oven. The octadecane content in 

the dried washed microcapsules was determined by 

thermogravimetric analyzer (TGA 4000, Perkin-

Elmer, USA) at a heating rate of 5 °C/min. The 

latent heats (∆Hm and ∆Hc) (J/g-capsule) and the 

melting (Tm) and crystallization (Tc) temperatures of 

the encapsulated octadecane were measured with a 

differential scanning calorimeter (DSC 4000, 

Perkin-Elmer, USA) under a N2 flow in a scanning 
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temperature range of -20-40 °C and at a 

heating/cooling rate of 5 °C/min and shown as 

average values of three measurements. The ∆Hm* 

and ∆Hc* (J/g-OD) were, respectively, obtained 

using the following equation (1) from the ∆Hm and 

∆Hc and the octadecane content in each washed 

microcapsule (% loading) obtained from the 

thermogravimetric analyzer, which did not contain 

unencapsulated octadecane. 

A = [B / C] x 100 ………………(1) 

Where 

A = ∆Hm* and ∆Hc* of the encapsulated 

octadecane in unit of joules per 1 g of encapsulated 

octadecane (J/g-OD) 

B = ∆Hm and ∆Hc of the encapsulated 

octadecane in unit of joules per 1 g of microcapsule 

(J/g-capsule) measured with differential scanning 

calorimeter  

C = % loading (experiment) of octadecane in 

the washed microcapsules measured with 

thermogravimetric analyzer 

The theoretical % loading of OD in the washed 

microcapsules was calculated by equation (2)  

% Loading (theory) = [Wwax/(Wwax + WP)] x 100    

…(2) 

Where Wwax and WP are weights of octadecane 

and polymethyl methacrylate, respectively, in the 

polymerization recipes shown in Table 1. 

Encapsulation efficiency (%) of octadecane was 

calculated using the equation (3). 

Encapsulation efficiency (%)  

= [%loading (experiment)/%loading (theory)] x100 

…(3) 

2.4 Antibacterial property 

The antibacterial property of the prepared 

microcapsules was tested for Staphylococcus 

aureus (S. aureus) and Escherichia coli (E.coli) 

using disk-diffusion method at 35C for 24 h. 

Fig. 1 Optical micrographs before (a-d) and after (a’-d’) polymerization of polymethyl methacrylate/octadecane 

(50:50 w/w%) microcapsules prepared by microsuspension iodine transfer polymerization with 1 wt% of 

poly(vinyl alcohol) aqueous solution (a, a’) and various concentrations of chitosan in aqueous solution (wt%): 

0.25 (b, b’); 0.50 (c, c’) and 1.0 (d, d’)  

3. RESULTS AND DISCUSSION

In general, poly(vinyl alcohol) is used as a 

surfactant in microsuspension polymerization. The 

obtained microparticle/capsules represented high 

colloidal stability without coalescence. In this work, 

chitosan was used in place of poly(vinyl alcohol) to 

increase antibacterial property where the various 

concentrations of chitosan were studied compared 

with poly(vinyl alcohol) as shown in Fig. 1. It was 

found that at all chitosan concentrations (Fig. 1 b-

c), monomer droplets were spherical with 

micrometer-sized. After polymerization, the 

polymethyl methacrylate/octadecane microcapsules 

were unstable and broken in both cases of 0.25 

(Fig. 1b') and 0.50 (c') wt% of chitosan. In addition, 

most of the obtained microcapsules (75% based on 

monomer/octadecane in the recipe) were coagulated 

as shown in Fig. 2a and b. After left overnight, a lot 

of unencapsulated octadecane dispersed in the 

aqueous medium (Fig. 2c) whereas octadecane was 

not detected by thermogravimetric analyzer (Fig. 

2d) in the remained polymer particle precipitated in 

the bottom. It may be due to insufficient chitosan 

amount to maintain the microcapsule stability. 

However, such phenomenon was improved by the 
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increase of chitosan to 1 wt% (Fig. 1d') in which 

the obtained polymethyl methacrylate/octadecane 

microcapsules shape was similar to those of using 

poly(vinyl alcohol) 1 wt% (Fig. 1a'). In addition, 

microsuspension iodine transfer polymerization 

represented high performance to reduce free 

polymethyl methacrylate particles nucleated in 

aqueous medium. The aqueous medium of the 

obtained polymethyl methacrylate/octadecane 

microcapsule using 1 wt% of chitosan was changed 

from milky (Fig. 3a) to transparent (Fig. 3b) after 

centrifugation at about 3,000 rpm. It accorded with 

the previous articles [11, 14] where most of the 

obtained polymethyl methacrylate/octadecane 

microcapsule having total density lower than that of 

the water floated on the top of the suspension. 

However, after washing polymethyl methacrylate/

octadecane microcapsules with 2-propanol (Fig. 

3c), some microcapsules were broken and having a 

hole on their surface in which reduced the 

encapsulation efficiency (80%) of octadecane. 

This finding may due to some of chitosan having 

high molecular weight absorbed on some 

microcapsule surfaces as chitosan-riched surface 

obstructed the polymethyl methacrylate chains to 

adsorb at the interface. The shell strength then 

decreased giving a hole after washing. Therefore, to 

improve the polymer shell strength, polymethyl 

methacrylate was then copolymerized with 10 wt% 

related to monomer of crosslinking monomer as 

divinyl benzene.  

Fig. 2 Suspension photos (a and b), optical micrograph (c) and 

thermogravimetric thermogram (d) of polymethyl methacrylate/octadecane 

microcapsules prepared by microsuspension iodine transfer polymerization using various concentrations of 

chitosan in aqueous medium (wt%): 0.25 (a) and 0.50 (b) 

Fig. 3 Suspension photos before (a) and after (b) 

centrifugation at 3,000 rpm for 15 minutes of 

polymethyl methacrylate/octadecane microcapsules 

and scanning electron micrograph (c) polymethyl 

methacrylate/octadecane microcapsules washed 

with 2-propanol 

The monomer droplets of methyl 

methacrylate/divinyl benzene/octadecane were 

spherical (Fig. 4a) similar with methacrylate/ 

octadecane monomer droplets. After 

polymerization, the obtained poly(methyl 

methacrylate-divinyl benzene)/octadecane 

microcapsules represented nonspherical shape with 

a big dent (Fig. 4b and c). The dent formation is 

due to the encapsulated octadecane volume 

shrinkage based on the decreasing of temperature 

from 90 C (polymerization temperature) to room 

temperature. The polymer shell with complete 

enveloping octadecane core would not withstand the 
external pressure leading to the formation of dent 

on their surfaces. In contrast, polymethyl 

methacrylate/octadecane microcapsules can reduce 

the external pressure via a hole where they can 

maintain their shapes without any dents. Therefore, 

the encapsulation efficiency (100%) was improved 

by copolymer shell where the exited octadecane 

floated on the top of the suspension after 

polymerization was not observed. 

Fig. 4 Optical micrographs of (a) monomer droplets 

and (b) poly(methyl methacrylate-divinyl 

benzene)/octadecane microcapsules and scanning 

electron micrograph of poly(methyl methacrylate-

divinyl benzene)/octadecane after washing with 2-

propanol 
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 The degradation temperatures of bulk 

octadecane, poly(methyl methacrylate-divinyl 

benzene) and the encapsulated octadecane in the 

poly(methyl methacrylate-divinyl benzene) 

microcapsules were observed by thermogravimetric 

analyzer as shown in Fig. 5. The decomposition 

temperatures of poly(methyl methacrylate-divinyl 

benzene)/octadecane microcapsule (Fig. 5b) were 

shown in two respective steps which were 

octadecane core (130-260°C) and poly(methyl 

methacrylate-divinyl benzene) shell (220-430C), 

respectively. The degradation of bulk octadecane 

(Fig. 5a) at 140-250°C was closed to that of the 

encapsulated octadecane. The thermogravimetric 

thermograms confirmed that octadecane existed in 

the prepared microcapsules in which about 50% 

loading of octadecane in poly(methyl methacrylate-

divinyl benzene)/octadecane was obtained. In 

addition, it was close to the theoretical value (50% 

for 50:50 of monomer:octadecane ratio). This 

indicates that high encapsulation efficiency (ca. 

100%) was obtained. 

Fig. 5 Thermogravimetric thermograms of bulk 

octadecane (a), poly(methyl methacrylate-divinyl 

benzene)/octadecane microcapsules using methyl 

methacrylate:divinyl benzene ratio of 90:10 

(w/w%) (b) and poly(methyl methacrylate-divinyl 

benzene) particles (c) prepared by microsuspension 

iodine transfer polymerization 

Fig. 6 Differential scanning calorimeter 

thermograms of bulk octadecane (a) and 

poly(methyl methacrylate-divinyl 

benzene)/octadecane microcapsules using methyl 

methacrylate:divinyl benzene ratio of 90:10 

(w/w%) prepared by microsuspension iodine 

transfer polymerization (b) 

The latent heats of bulk octadecane (J/g) (Fig. 

6a) and the encapsulated octadecane (J/g-sample) 

(Fig. 6b) were obtained from the heating/cooling 

peak areas of differential scanning calorimeter 

thermograms at Tm and Tc, respectively. The latent 

heats (Hm* = 234 J/g-OD and Hc* = 236 J/g-OD) 

of the encapsulated octadecane calculated from 

equation 1 were quite closed to those of bulk 

octadecane (Hm* = 233 J/g-OD and Hc* = 234 

J/g-OD). Because main polymer shell is a 

hydrophilic polymer as polymethyl methacrylate 

containing only 10 wt% of hydrophobic polymer as 

divinyl benzene, it would increase the phase 

separation between polymer shell and octadecane 

core where the encapsulated octadecane behaved 

similar to bulk octadecane.  

Antibacterial property of the obtained 

poly(methyl methacrylate-divinyl benzene)/ 

octadecane microcapsules using chitosan as the 

stabilizer was performed on a bacterial culture of S. 

aureus and E. coli by measuring the size of the 

inhibition zones. It was found that a few 

antimicrobial activity of poly(methyl methacrylate-

divinyl benzene)/octadecane microcapsule was 

observed based on the small size (2 millimeters) of 

the resulting inhibition zones of both bacteria. This 

indicates that amino groups in chitosan chains 

represented low performance of antibacterial 

property. Therefore, in the future work, amino 

groups in chitosan chains will be functionalized to 

be ammonium salt having high performance 

antibacterial activity and used as the surfactant in 

microsuspension iodine transfer polymerization.  

4. CONCLUSION

The nonspherical shape with a dent 

poly(methyl methacrylate-divinyl benzene) 

microcapsules containing octadecane was prepared 

by microsuspension iodine transfer polymerization 

using chitosan as a stabilizer without any 

coagulation. Using polymethyl methacrylate as a 

polymer shell, microcapsules with a hole were 

obtained resulting in about 80% encapsulation 

efficiency. The encapsulation efficiency (100%) 

was improved by poly(methyl methacrylate-divinyl 

benzene) copolymer shell. The latent heats of the 

encapsulated OD were close to those of bulk 

octadecane. The antibacterial activity of chitosan 

absorbed on the microcapsule surface was still low 

(2 millimeters inhibition zone) which needed to be 

improved in the future work.  
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ABSTRACT 

 
The buckling phenomenon of a flat or spherical shell lithosphere (tectonic plate) has been investigated in 
previous research. However, previous research cannot give us a curvature effect in the buckling phenomenon. 
Kondo applied Riemannian geometry to the yielding or buckling of curved materials. When the Riemannian 
manifold ( ܸ  dimensional manifold) with a nonzero Euler-Schouten curvature tensor is manifested in the 
enveloping manifold (Euclid space: ܸ dimensional manifold), the included Riemannian manifold (dimension 
ܸ) protrudes into the enveloping manifold (dimension ܸ). The curvature effect for the buckling phenomenon of 

materials can be formulated by a force-balance equation from mechanics and the Euler-Schouten curvature 
tensor from differential geometry. In this paper, using the Euler-Schouten curvature tensor from differential 
geometry, the authors derive a formulation for the buckling phenomenon with the curvature effect for a spherical 
shell lithosphere as a buckling equation with high-order strain for lithosphere deformation. 
 
Keywords: Buckling phenomenon; Spherical shell lithosphere; Riemannian geometry; Euler-Schouten curvature 
tensor 
 
 
INTRODUCTION 

 
The mechanism of flat or spherical shell 

lithosphere deformation is presented by using 
buckling theory [e.g., 1–4]. Yamaoka et al. [5] 
pointed out the buckling phenomena of the 
subducting lithosphere due to the sphericity of the 
earth. Moreover, Fukao et al. [6] and Yamaoka [7] 
denoted the similarity of lithosphere buckling with 
cylindrical buckling of spherical shells through 
experiments and numerical simulations based on the 
nonlinear finite element method. Kikuchi and 
Nagahama [8] found a new linear relationship 
between the Batdorf parameter and normalized 
hydrostatic pressure along the bottom 
circumferential edge of a hemisphere in spherical 
shell tectonics. The Batdorf parameter for a 
subducting lithosphere is equivalent to the length of 
the slab and is also related to the wavelength (length 
of the island arc) of buckling. However, previous 
research has not revealed the buckling equation with 
high-order strain for the curvature of the lithosphere. 

The buckling equation with the high-order 
strain effect has been addressed in the field of 
engineering science [9], in which Riemannian 
geometry has been applied to the yielding and 
buckling of curved material. Kondo used the concept 
of dimension protrusion, in which buckling in the 
two dimensions of a flat plate can occur in three-
dimensional space (Fig. 1). In general, when the 
Riemannian manifold of dimension ࢂ  with a 
nonzero Euler-Schouten curvature tensor exists in 

the enveloping manifold (Euclid space) of 
dimension ࢂ, the included Riemannian manifold of 
ࢂ  protrudes into the enveloping manifold of 
dimension ࢂ . From the Euler-Schouten curvature 
tensor and the force-balance equation, material 
science is exhibited by the use of the curvature effect 
for the buckling phenomenon in differential 
geometry. In this paper, the authors derive the 
buckling phenomenon with the curvature effect for a 
spherical shell lithosphere. The authors can apply 
the Euler-Schouten tensor to the buckling equation 
with high-order strain for lithosphere deformation. 
Using deformation theory based on Riemannian 
space for the buckling system of the flat plate and 
spherical shell, the equation for the lithosphere 
deformation and buckling can be derived from the 
Euler-Schouten curvature tensor. Therefore, this 
curvature tensor is an important tensor for 
lithosphere deformation. 
 
 
 
 
 
 
 
 
 
Fig. 1 Two-dimensional pre- and post-buckling of 

the flat plate. (a) Pre-buckling of material is in 
two dimensions. (b) Post-buckling of material is 
in three dimensions. 
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PREVIOUS BUCKLING THEORY  
 

The authors briefly introduce the previous 
buckling theory used in earth science. The 
mechanism of geological folding (flat crust 
buckling) was described by use of buckling theory 
[1]. First, the authors introduce the balance equation 
of the flat crust as follows (Fig 2): 

 
ܸ݀
ݔ݀

ൌ െݍሺݔሻ,																												ሺ1ሻ 

 
ܯ݀
ݔ݀

ൌ ܸ,																																					ሺ2ሻ 

 
where ܸ is the shearing force, ݔ is the coordinate of 
the system, ݍሺݔሻ is the load, and ܯ is the moment. 
Moreover, the authors can derive a relationship 
between the load and moment using Eq.(1) and 
Eq.(2), 
 

݀ଶܯ
ଶݔ݀

ൌ െݍሺݔሻ.																												ሺ3ሻ 

 
Then, the authors can use the proportion of curvature 
to describe the flexure moment and curvature 
equations, 
 

ߢܫܧ ൌ  ሺ4ሻ																																			,ܯ
 

ߢ ൌ െ
݀ଶݓ
ଶݔ݀

,																														ሺ5ሻ 
 
where ܧ  is Young's modulus, ܫ  is the second 
moment, ߢ  is curvature, and ݓ  is deflection. Next, 
from Eqs. (1)–(5),  
 

ܫܧ
݀ଶݓ
ଶݔ݀

ൌ െܯ,																															ሺ6ሻ 

 

ܫܧ
݀ଷݓ
ଷݔ݀

ൌ െܸ,																																ሺ7ሻ 
 

ܫܧ
݀ସݓ
ସݔ݀

ൌ  ሺ8ሻ																														ሻ.ݔሺݍ
 
Eq. (8) is the crust buckling equation. If the crust 
undergoes axial compressive force, the authors can 
write the equation as follows: 
 

ܫܧ
݀ସݓ
ସݔ݀

 ܲ
݀ଶݓ
ଶݔ݀

ൌ  ሺ9ሻ													ሻ,ݔሺݍ
 
where ܲ is the axial compressive force.  

The mechanism of spherical shell lithosphere 
deformation is presented, assuming buckling theory 
[e.g., 2–4]. Turcotte and Schubert [4] showed that 
lithosphere deformation is given by: 
 

ܦ
݀ସݓ
ସݔ݀

 ܲ
݀ଶݓ
ଶݔ݀

 ሺߩ  ݓሻ݄݃ߩ ൌ  ሺ10ሻ			ሻ,ݔሺݍ

 
where ܦ  is the shear modulus, ߩ  is crust density, 
ߩ  is mantle density, ݃  is gravity, and ݄  is height 
(Fig. 3). However, previous studies have not 
demonstrated a high-order curvature effect in the 
buckling phenomenon. 

 
Fig. 2 Buckling of flat crust deformation, where ݔ is 

the coordinate of the system, ݍሺݔሻ is the load, ݓ 
is deflection, ܯ  is moment, ܲ  is axial 
compressive force, and ܸ is shearing force. 

 
Fig. 3 Buckling of lithosphere deformation, where 

 is ݓ , is mantle densityߩ , is the crust densityߩ
deflection, and ݍሺݔሻ  is the applied load 
[modified from 4]. 

 
KONDO THEOREM 
 

In a previous paper [9], Kondo provided some 
important information regarding materials science. 
By using differential geometry in the study of the 
buckling of plate and shell, Kondo [9] proceeded as 
follows: The object was placed in Cartesian 
coordinates and  -dimensional Riemannian space 
(envelope space ࢂ , ;  are frames of reference in 
Fig. 4). 
 
 
 
 
 
 
 
 
 
Fig. 4 Riemannian manifold of dimension ܸ with a 

nonzero Euler-Schouten curvature tensor in the 
enveloping manifold (Euclid space) of ܸ, with 
coordinates ݔሺଵ,ଶ,⋯,ሻ , and frames of reference 
݅,  .ො is the normal vector of ܸߙ .݆
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Moreover, the deformation of the normal direction ࢻ 
of the object can be expressed using strain and 
Christoffel symbols 

 
;;			࢟
ࢻ ൌ  ሺሻ																														ሻ,ࢿሺࡻ

 

൜

ൠ	 ൌ  ሺሻ																														ሻ,ࢿሺࡻ

 
where ࢟ is the deflection in ࢂ  space, and ࡻሺࢿሻ is 
order ࢿ  of the Landau symbol. In this case, the 
object deformation is expressed by normal direction 
 :(ෝࢻ)
 

;			࢟
ෝࢻ ൌ  ሺሻ																														ሻ.ࢿሺࡻ

 
Then, the subspace of the enveloping protrusion (ࢂ 
to ࢂ  space protrusion) is defined by the Euler-
Schouten curvature tensor .ࡴ

ෝࢻ  [10]: 
 

.ࡴ
ෝࢻ ൫≡ ;;࢟

ෝࢻ ൯ ൌ
ࣔࢻ࢟ෝ

࢞ࣔ࢞ࣔ
െ ;࢟

ෝࢻ ൜

 ሺሻ				ൠ.	

 
The second term of the components of the curvature 
tensor is ࡻሺࢿሻ order. Hence, the authors omitted the 
second term in the small deformation theory: 
 

.ࡴ
ෝࢻ ൎ

ࣔࢻ࢟ෝ

࢞ࣔ࢞ࣔ
.																							ሺሻ 

 
The approximate expression is compared to 
expression (11). It is configured by omitting a very 
small amount. Metrics are defined by the following: 
 

ࢍ ൌ ࢾ   ሺሻ																		ሻ,ࢿሺࡻ
 
where ࢍ and ࢾ are matrix elements. The authors 
use the equation of equilibrium of forces and 
equations of equilibrium with a small strain, 
 

ሺࡶ െ ሻࡲ 	ൌ
ࢳࣔ

࢞ࣔ
,																											ሺૠሻ 

 

ሺࡸ െ ሻࢻෝ ൌ
ࣔࢻࡳෝ

࢞	ࣔ	࢞	ࣔ
 .ࡴ

ෝࢻ  ሺૡሻ			,ࢳ

 
where ࡶ is the tangential force per unit  volume, ࡲ 
is the difference in the tangential frictions at the 
upper and lower boundaries, ࢳ is the stress 
components in the shell space, ࡸ is the normal force 
per unit  volume, ࣙ  is the difference in the 
tangential frictions at the upper and lower 
boundaries, and ࢻࡳෝis the Euler-Schouten curvature 
contravariant tensor. 

The coordinate transformation law is expressed 
by: 
 

ࢻࡳ
⋅ ൌ ࢼࢻ

⋅ࡴ⋅⋅
ࢼ ,																			ሺૢሻ 

 
ࢻࡳ ൌ ࢼࡳࢼࢻࢻ

 ሺሻ																							,⋅
 

ࢼ⋅
⋅ࢻ ൌ ࢼࢽࢽࢻࢻ

 ሺሻ																			,⋅⋅
 
where  is the contravariant tensor in -space and 
ࢼ and  are indices. From Eq. (15), the balance 
equations (Eqs. 17–18) and the coordinate 
transformation (Eqs. 19–21), the authors can write: 
 

ሺࡸ െ ࣙሻࢻෝ ൌ
ࣔ

࢞	ࣔ	࢞	ࣔ
ሺ	ሶࢼ

⋅ෝࢻ ࣔࢼ࢟

࢞	ࣔ	࢞	ࣔ
ሻ 


ࣔࢻ࢟ෝ

࢞	ࣔ	࢞	ࣔ
 ሺሻ		.ࢳ

 
Moreover, when the material is isotropic, the  
tensor can be expressed with the constant , 
 

࢟ࢤࢤ  ࢳ
ࣔ࢟

࢞	ࣔ	࢞	ࣔ
ൌ ࡸ െ ࣙ.																ሺሻ 

 
DISCUSSION 
 

The authors consider the relationship between 
previous research and Kondo theory. DiDonna [11] 
presented the buckling equation for an elastic sheet, 
 

ଷ݄ܧ

12ሺ1 െ ଶሻߥ
݀ଶ

ଶݔ݀
ቆ
	݀ଶݓ
ଶݔ݀

ቇ െ
߲
ݔ߲

൬ߪ
ݓ߲
ݔ߲
൰ ൌ ܲ, ሺ24ሻ 

 
where h is thickness,  ߥ is Poisson’s ratio, ߪ is the 
stress, and ܲ  is an external pressure field. The 
curvature tensor can be written as the derivative of a 
continuous curvature potential ݂ [11] 
 

ܥ ൌ
߲
ݔ߲

߲݂
ݔ߲
,																												ሺ25ሻ 

 
where ܥ is the curvature tensor. Here the potential 
݂ is not identical to the local function ݓ used above, 
but is approximately equal to ݓ  for nearly flat 
surfaces [11]. The parameter ܥ  is the Euler-
Schouten curvature tensor. Hence, this buckling 
equation for an elastic sheet is a low-order strain 
equation. Furthermore, the authors write ߪ in terms 
of the stress potential ߯ 
 

ߪ ൌ ߳ ߳
߲
ݔ߲

	߲߯
ݔ߲	

,														ሺ26ሻ 
 
where ߳ and ߳ are antisymmetric tensors. In terms 
of the potentials ߯ and ݂, the von Karman equations 
[12] can be expressed by 
 

	݂	ସߘ	ܦ  ൌ 	 ሾ߯	, ݂ሿ 		 ܲ ,														ሺ27ሻ 
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	߯	ସߘ ൌ 	െ
1
2
ሾ݂, ݂ሿ.																		ሺ28ሻ 

 
This von Karman equation is a generalized 

buckling equation (23) for low-order strains. 
Moreover, the buckling can be described by a 
simplification of Eq. (9). It is apparent that Eq. (23) 
is the extended two-dimensional version equation of 
Eq. (9) with constant vertical forces (i.e., ݍ = const.) 
and without body forces. It is also apparent that a 
two-dimensional version equation (e.g. [4]) is 
included in the kind of equations reduced from Eq. 
(23). Thus, various kinds of geological deformations 
can be described by the simplification of the 
generalized buckling equation. For example, the 
mechanism of geological folding occurs by plate 
motion. In this case, three-dimensional flat plate 
buckling (geological folding) can be described by 
Eq. (23), the buckling equation of the flat plate. 

The buckling phenomena of the subducting 
lithosphere due to the sphericity of the earth have 
been studied in the context of spherical shell 
tectonics [5–7]. The slab length is approximately 
proportional to the arc length, and the lithosphere 
thickness is related to the lithosphere age. Moreover, 
the length of the deformable portion of the shell 
corresponds to the length of the subducting slab. The 
lithospheres defined by the length of the Wadati-
Benioff zone and the thickness of the shell which 
corresponds to the effective elastic thickness of the 
lithosphere. From the dataset of geometrical 
parameters for subducting lithosphere, Kikuchi and 
Nagahama [8] presented a new linear relationship 
between the normalized hydrostatic pressure and the 
Batdorf parameter as the dimension of the shell (i.e., 
the flatness). Therefore, in this case, Eq. (23) 
becomes the buckling equation of the spherical shell 
lithosphere as a three-dimensional Riemannian 
manifold ( ܸ). 

 
CONCLUSIONS 

 
Buckling of the plate and shell in the field of 

materials science is considered, using differential 
geometry [9]. From the Euler-Schouten curvature 
tensor of the shell as a Riemannian manifold and the 
force-balance equation for the shell, the authors 
derived a unified theory for buckling of spherical 
shells. When the Riemannian manifold of 
dimension ࢂ  with a nonzero Euler-Schouten 
curvature tensor exists in an enveloping manifold 
(Euclid space) of dimension ࢂ , the including 
Riemannian manifold of ࢂ  protrudes into the 
enveloping manifold of dimension ࢂ . From the 
Euler-Schouten curvature tensor on the shell as a 
Riemannian manifold and the force-balance equation 

for the shell, the authors derived a unified theory for 
buckling of flat plates or spherical shells in Eq. (23). 
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ABSTRACT 

 
The global warming from CO2 emission effect and finding renewable energy are two major issues in today’s 

environmental and energy problems. The conversion of CO2 into value-added chemicals to achieve an energy-
saving and low-carbon economy is needed to be developed. Photoelectrocatalytic technology is one of the most 
alternative ways to reduce CO2 under the advantage of high efficiency and inexpensive resembles of the artificial 
photosynthesis process. This research focuses on photoeletrocatalytic reducing CO2 solution into organic 
compounds at a Cu2O photocathode. The Cu2O electrode fabrication was developed by electrochemical deposition 
method to enhance the reduction catalytic activity under visible light irradiation.  The effects of light intensity, 
applies potential, pH and catalytic mechanism parameters were studied in order to enhance the CO2 conversion to 
organic compounds efficiency. Carbonyl and methanol compounds were produced at the applied potential of         
0.2 V and -0.4 V (vs. Ag/AgCl), respectively with the suitable pH in a solution of carbonate under visible light 
irradiation. This results illustrate that an applying potential and pH adjustment are the key factors of organic 
compounds production. This developed photoelectrocatalytic cell shows that the interesting method for reducing 
CO2 from air pollutant and also producing value-added chemicals for alternative energy supplying.    

 
 

Keywords: Photoelectrocatalytic cell, CO2 reduction, Organic compounds, Cu2O, Electrodeposition  
 
 
1. INTRODUCTION 

 
The global warming is main problems of the 

world by the effect of CO2 emission to an 
environment from the combustion of industrial plants 
or fossil fuel [1]. The methods to convert CO2 into 
value added production has attractive been developed 
to solve the air pollutant and value creation of waste. 
There are many methods to convert a CO2 compound 
into a fuel or a valuable chemical especially 
photocatalytic, electrocatalytic and 
photoelectrocatalytic methods   [2-4]. The 
photoelectrocatalytic method has been attracted with 
many advantages of reducing the recombination 
effect of the photocatalyst and using low bias 
potential than the electrocatalytic method [5]. The 
performance of the photoelectrocatalytic method is 
depended on the semiconductor selection and the 
efficiency of semiconductor deposition on the 
substrate. Cu2O has been selected to develop for 
several reduction reaction applications with the 
narrow band gap energy and high negative potential 
of conduction band [6]. Recently Cu2O 
photocathodes were also applied in 

photoelectrocatalytic CO2 reduction with good 
properties for hydrocarbon formation [4]. The 
photocatalytic activity of Cu2O photoelectrode is also 
related to the efficiency of semiconductor deposition 
on the substrate. The electrodeposition is one of the 
most attractive methods to deposit Cu2O on the 
substrate which the advantage of simple, rapid 
methods, and suitable to scaling up for the large scale 
applications. This research is developed the 
electrodeposition method of the Cu2O semiconductor 
on fluorine-doped tin oxide (FTO) conductive glass 
by using cyclic voltammetry deposition method 
(CVD). The developed FTO/Cu2O photoelectrode 
was used to reduce CO2 solution into organic 
carbonyl and methanol compounds. 
 
2. EXPERIMENTAL 

 
2.1 Preparation of FTO/Cu2O electrode  

 
FTO/Cu2O electrode fabrication was developed 

by cyclic voltammetry deposition method 
(FTO/Cu2O (CVD)) which is a new method for Cu2O 
deposited on FTO substrate. The electrochemical cell 
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containing three electrodes system consist of  FTO 
substrate as a working electrode, Ag/AgCl as a 
reference electrode and Pt as a counter electrode that 
immersed in the electrolyte solution of 0.01 M 
Cu(NO3)2 and 0.1 M KNO3. The potential range in 
cyclic voltammetry mode at -0.5 V to 0.5 V for 20 
cycles, scanning rate 50 mV/s and keep the 
temperature of an electrolyte at 55 oC were performed 
with the optimum condition for FTO/Cu2O 
preparation. The FTO/Cu2O (CVD) was compared 
with the previous research of fix potential deposition 
method (FTO/Cu2O (FPD)) by considering the 
photoelectrocatalytic reduction properties [6]. 

 
2.2 Characterization and photoelectrocatalytic 
properties of FTO/Cu2O electrodes study 
 

An optical absorption of the FTO/Cu2O electrodes 
were studied by UV-Vis spectrophotometer 
(Shimadzu, UV-1601) in the wavelength range of 200 
– 1,000 nm. The photoelectrocatalytic performance of 
FTO/Cu2O photocathodes were performed by 
measure the photocurrent response from water 
reduction at the applied potential of -0.2 V (vs. 
Ag/AgCl) in 0.1 M Na2SO4 solution under visible 
light irradiation. Electrochemical impedance 
spectroscopy (EIS) with VersaSTAT3 (Princeton 
Applied Research, Inc.) was introduced to study the 
charge transfer resistant of electrode surface which 
carried out under the frequency range from 100 kHz 
to 0.1 Hz with -0.2 V. 
 
2.3 Photoelectrocatalytic conversion of CO2 to 
carbonyl compound study 
 

The photoelectrocatalytic cell for CO2 compound 
conversion to carbonyl compound study was 
performed by using the FTO/Cu2O electrode as 
working electrode, Ag/AgCl as a reference electrode 
and Pt wire as a counter by using an amperometry 
mode with VersaSTAT3 (Princeton Applied 
Research, Inc.). The effect of bias potential, pH of 
electrolyte and the intensity of light were studied with 
the optimum condition for highest photoreduction 
current of the fabricated FTO/Cu2O electrode. The 
three electrodes were immersed in the 
Na2CO3/NaHCO3 buffer solution which used as the 
CO2 saturated solution to study the CO2 conversion to 
carbonyl compounds. UV-Vis spectrophotometer 
was used to confirm carbonyl compound production 
at the wavelength (λ) of 280 nm [4, 7]. 
 
2.4 Photoelectrocatalytic conversion of CO2 to 
methanol (MeOH) compound study 
 

The experimental was set up similar to the 
carbonyl compound production process except for the 
bias potential and electrolyte solution. 0.1 M Na2CO3 
solution was performed as the saturated CO2 solution 

which used to study the CO2 conversion to methanol 
compound. The cyclic voltammetry technique was 
used to determine the methanol production at the 
potential range of -0.5 V to 0.5 V (vs Ag/AgCl) using 
Pt wires as working and counter electrode [8].  
 
3. RESULTS AND DISCUSSION 
 
3.1 Characterization and photoelectrocatalytic 
properties of the fabricated FTO/Cu2O electrodes 
 
3.1.1 Absorption properties  
 

Fig. 1. UV-Vis spectra of (a) FTO and the 
FTO/Cu2O films prepared by different method of      
(b) FPD (c) CVD. 

 
Fig. 1 shows that the UV-Vis spectra comparison 

of FTO/Cu2O prepared by CVD and FPD method. 
The absorption edge of FTO/Cu2O (FPD) electrode 
was set at 650 nm corresponding to the band gap of 
2.2 eV. While the absorption of FTO/Cu2O (CVD) 
electrode was red shifted to 700 nm indicates that the 
narrower band gap corresponding to the higher visible 
light absorption properties. 
 
3.1.2 Photoelectrocatalytic activity 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Photocurrent responses of FTO/Cu2O 
electrodes under the chopped visible light 
illumination. 

 
The photocurrent response of FTO/Cu2O 

electrodes from water reduction at the applied 
potential of -0.2V vs Ag/AgCl and under the chopped 
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visible light illumination were operated to study the 
photoelectrocatalytic activity of photoelectrode. Fig. 
2 shows that the photocurrent of the FTO/Cu2O 
electrode prepared by CVD method higher than that 
the FPD method about 2 times. The enhancing 
photocatalytic activity of FTO/Cu2O (CVD) is related 
to a narrower band gap energy properties caused to 
the increasing of the photoelectron generated 
efficiently to enhance water reduction efficiency. 

 
3.1.3 Charge transfer resistant properties 
 

The electrochemical impedance spectroscopy 
(EIS) was carried to verify the FTO/Cu2O electrodes 
performance of interfacial charge transfer properties 
at the bias potential of -0.2 V vs Ag/AgCl under 
visible light illumination. Fig. 3 shows the Nyquist 
plots of FTO/Cu2O (CVD) electrode has a smaller 
semicircle than that of FTO/Cu2O (FPD) electrode 
related with charge transfer resistant (Rct) values of 
FTO/Cu2O electrodes prepared by CVD and FPD 
methods were 364.8 and 1,754 ohm, respectively. It 
could indicate that the FTO/Cu2O electrode prepared 
by CVD method obtained the high efficiency for 
charge separation at the interfacial electrode 
electrolyte caused to improve the 
photoelectrocatalytic activities for water reduction. 
 

 
Fig. 3. Nyquist plots of FTO/Cu2O electrodes 
prepared by different methods of CVD and FPD in 
0.1 M Na2SO4 under bias potential of -0.2 V vs 
Ag/AgCl and visible light illumination condition. 
 

The results show that the FTO/Cu2O electrode 
fabricated by CVD method have many good 
characteristics and photoelectrocataytic activities for 
water reduction suitable to further apply to the CO2 
reduction to carbonyl and methanol compounds. 
 
3.2 The CO2 conversion to carbonyl compound 
performance using the developed FTO/Cu2O 
photocathode 
 

Based on the comparison of the electrodes 
properties, FTO/Cu2O (CVD) electrode was selected 
to study the optimum condition for CO2 compound 

conversion to carbonyl compound by using 
photoelectrocatalytic process. The 
photoelectrocatalytic cell was contained with 
FTO/Cu2O as a working electrode, Ag/AgCl as a 
reference electrode and Pt wire as a counter electrode 
in the Na2CO3/NaHCO3 buffer solution. The effects 
of bias potential, pH of electrolyte, the power of light 
intensity were studied for the optimum condition of 
carbonyl compound production. The absorbance band 
at 280 nm which related with the formation of 
carbonyl compounds [4] was monitored for 
considering the optimum condition (Fig.4).  

 
 

Fig. 4. UV spectra of carbonyl compound 
functional with the time of photoelectrocatlytic CO2 
reduction process. 

 
 The effect of applied potential is studied at -0.1, 

0.0, 0.1, 0.2 and 0.3 V vs Ag/AgCl and observed the 
absorbance value at the λ of 280 nm. Fig. 5 shows that 
the applied potential significantly affects with the 
CO2 conversion to a carbonyl compound. The 
specific bias potential of 0.2 V presented the highest 
performance for carbonyl compound production and 
was selected for next study. 

 

 
Fig. 5. Absorbance value of carbonyl compound 
production (λ=280nm) with the different bias 
potential in range of -0.1 to 0.3 V vs Ag/AgCl. 
 

The pH of the electrolyte was varied from 9 to 11 
at an applied potential of +0.2 V under visible light 
irradiation. Fig. 6 shows the proper pH value of 9 for 
CO2 compound conversion to the carbonyl 
compound. The power of light intensity was directly 
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related to the carbonyl compound production due to 
the high power of light intensity irradiate at the 
photosemiconductor cause high efficient to generate 
photoelectron for reducing CO2 to carbonyl 
compound as well. 

 

 
Fig. 6. Absorbance value of carbonyl compound 
production (λ=280nm) with the different pH value of 
9, 10 and 11. 

 
Moreover, the catalytic mechanisms to induce 

FTO/Cu2O photoelectrode for carbon dioxide 
conversion to carbonyl compounds were studied 
under photoelectrocatalysis (PEC), photocatalysis 
(PC) and electrocatalysis (EC) process. The result 
shows that the photoelectrocatalytic process (PEC) 
presented the highest efficiency for the CO2 
compound conversion to carbonyl compound (Fig. 7). 
This result confirms that the highest efficiency of 
PEC process due to the catalytic action applied 
potential and light irradiation at photoelectrode cause 
decreased the recombination effect of the electron-
hole pair at the Cu2O semiconductor efficiently 
induce photoelectron to reduce CO2 to carbonyl as 
well.   

 

  
Fig. 7. Absorbance value of carbonyl compound 
production (λ=280nm) with the different catalytic 
mechanism of photoelectrocatalysis (PEC), 
photocatalysis (PC) and electrocatalysis (EC) 
process. 
 
3.3 The CO2 conversion to MeOH compound 
performance using the developed FTO/Cu2O 
photocathode 
 

The CO2 conversion to MeOH was performed by 

using photoelectrocatalytic process with the working 
electrode of FTO/Cu2O. The effects of applied 
potential, the power of light intensity and catalytic 
mechanism were studied with the optimum condition 
for MeOH production. A cyclic voltammetry method 
was introduced to analyze the methanol concentration 
from the process using Pt wire as working and counter 
electrode and Ag/AgCl as a reference electrode. The 
correlation of methanol oxidation current at 0 V as       
a function of methanol concentrations range of                   
0 (blank) - 5,000 ppm (MeOH) were performed to use 
as the standard calibration curve (Fig. 8). 

 
 

 
 

 
 
Fig. 8. Cyclic voltammograms of methanol 
oxidation reaction at Pt wire electrode in 0.1 M 
Na2CO3 and the inset shows the standard calibration 
curve as a relation of oxidation current versus 
methanol concentrations. 
 

The effects of applied potential at -0.3, -0.4 and      
-0.5 V vs Ag/AgCl in 0.1 M Na2CO3 (CO2 saturated) 
under PEC process with   20 W tungsten lamp for 60 
minutes were studied. Fig.9 shows that the applied 
potential of -0.4 V presented the highest methanol 
generation to 575 ppm for 1h.  

 
 
 
Fig. 9. Methanol production by PEC process with 
the different of applied potentials for 1 h. 

 
The result indicates that the applied potential is 

specific to the kind of product from CO2 reduction 
process. The power of light intensity is one of the 
parameters affected by the CO2 conversion to MeOH. 
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The light intensity is direct related to the MeOH 
production efficiency. Therefore, the position and 
power of light source to irradiate at the 
photoelectrode have to consider the optimum 
condition. Furthermore, the catalytic mechanisms of 
FTO/Cu2O photoelectrode for CO2 compound 
reduced to methanol were studied with the process of 
PEC, EC, and PC. The result shows that the PEC 
process has the highest efficiency for the reduced CO2 
compound to methanol production of 726 ppm for       
1 h. 
 
3.4 Comparison of FTO/Cu2O prepared by CVD 
and FPD methods for CO2 compound conversion 
to carbonyl and methanol compounds  
 
The carbonyl and MeOH compound production 
efficiency were compared to confirm the CO2 
reduction performance of FTO/Cu2O(CVD) and 
FTO/Cu2O(FPD) photoelectrodes. The results show 
that FTO/Cu2O electrode prepared by CVD method 
presented the higher performance for converting CO2 
compound to both carbonyl (Fig.10a) and methanol 
(Fig.10b) compounds than that the FPD method.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10. Comparison the performance of FTO/Cu2O 
electrodes prepared by CVD and FPD for CO2 
compound conversion to (a) carbonyl and                     
(b) methanol compounds. 
 
4. CONCLUSIONS 
 

The developed cyclic voltammetry deposition 
method (CVD) electrodeposition method 
successfully for the Cu2O semiconductor fabricated 
on fluorine-doped tin oxide (FTO) and presented the 
good characteristic and more photoelectrocatalytic 
activities than that the previous research. The 

developed FTO/Cu2O photoelectrode was performed 
high efficiency to reduce CO2 solution into organic 
carbonyl and methanol compounds as well. This 
developed photoelectrocatalytic cell indicates that the 
powerful method for reducing CO2 from air pollutant 
and also producing value-added chemicals for 
alternative energy supplies.   
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ABSTRACT 
 

Organic dye is a toxic and carcinogenic substance, it is extensively used as the colorant in industries. 
There is a need to develop the efficient technique to eliminate the dye wastewater and control this environmental 
problem. The study is developed and designed the photoelectrocatalytic (PEC) reactor with the high efficiency, 
rapidity and simple method to remove dye from the industrial systems. The WO3/BiVO4 electrode was applied as 
the photoanode under visible light irradiation. The effects of batch and flow system, electrodes size, electrode 
position, light intensity, applied potential, pH of the solution and mechanism were studied for development and 
design reactor with the highest dye degradation efficiency. The optimum condition could be degraded methyl red 
dyes up to 85% for 3 hours. Significantly, this condition also applied to degrade dye wastewater from the industrial 
factory up to 93% for 3 hours. It could be reduced the chemical oxygen demand (COD) over 50% confirms high 
efficiency of PEC reactor with simple and short duration of the operation for dye degradation system.  It is 
appropriate to scale up and apply for remove dye from industrial system.  
 
 
Keywords: Photoelectrocatalytic reactor, Dye degradation, Visible light irradiation, WO3/BiVO4 
 
 

1. INTRODUCTION 
 

 The textile industry has been released the 
wastewater containing a variety of organic content, 
toxic and carcinogenic compounds to the 
environment. The high-efficiency method to remove 
this dye wastewater has been expected considering 
with a simple and low-cost process [1].  
Photoelectrocatalytic (PEC) method is one of the 
most interesting choices to overcome this advantage 
requirement. The key factors to improve the 
efficiency of PEC method are electrode development 
and PEC reactor designation. The previous work, a 
WO3/BiVO4 electrode was developed to enhance the 
photoelectrocatalytic activities of water oxidation [2] 
and dye degradation [3] under visible light 
irradiation. However, the previous work just studied 
only laboratory level. The development of the 
prototype of PEC reactor was expected to study for 
the scaling up with industrial application.  Therefore, 
the PEC reactor designing is required to improve the 
efficiency of the PEC cell [4, 5]. This research 
focuses on the development of visible light PEC 
reactor for dye degradation with the high efficiency, 
simple and short time operation method.   
 
 
 

2. EXPERIMENTAL 
 
2.1 WO3/BiVO4 electrode preparation  
 
       The WO3/BiVO4 electrode fabrication was 
described in our previous work [2]. A precursor of 0.1 
M BiVO4 solution was prepared by the mixing 
solution of 0.2 M Vanadium (IV) oxide 
acetylacetonate in acetyl acetone solution and 0.2 M 
bismuth (III) nitrate penta hydrate in acetic acid 
solution.  A 0.1 M WO3 solution was prepared by the 
mixing solution of 0.1 M tungstic acid in 30% 
NH4OH solution and then refluxing at 60°C for 1 
hour. The WO3/BiVO4 thin films were deposited on 
fluorine doped tin oxide (FTO) substrate by spin 
coating technique. The WO3 solution was deposited 
at first layer by spin coating method and covered with 
5 layers of BiVO4. Each layer deposition was dried at 
150°C for 5 minutes. The FTO/WO3/BiVO4 film 
electrode was calcinated at 550 °C for 1 hour. 
 
2.2 PEC reactor set up for dye degradation study 
 
      Figure 1 shows that the PEC reactor set up for dye 
degradation. The PEC reactor consisted of a beaker 
250 mL using the FTO/WO3/BiVO4 (35x40 mm) as 
an anode and Cu sheet ( 40 x 40 mm) as a cathode 
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and the electrodes were connected to a DC power 
supply. An 11W tungsten lamp was placed parallel to 
the FTO/WO3/BiVO4 anode. The synthetic methyl 
red dyes in 0.05 M NaCl and real dye without 
adjusting condition from paint industry were 
introduced to study the efficiency of dye waste water 
degradation. The wastewater in a container was 
circulated by a pump to study the effect of flow and 
batch system. The electrodes size, the angle of 
electrode position, light intensity, applying potential, 
pH of the solution and catalytic mechanism process 
were studied. The dye degradation efficiency was 
monitored by sampling the treated solution from PEC 
reactor every 10 minutes and measured an absorbance 
by UV-Vis spectrophotometer (UV-1601, Shimadzu 
Co., Ltd, Japan) at 420 nm for methyl red and 660 nm 
for real dye samples. The percentage of dye 
degradation was calculated by using: 
 
࢚ࢇࢊࢇ࢘ࢍࢋࡰ	%            ൌ ሺ	ି࢚ሻ	࢞	


         

 
where, A0= absorbance at t = 0 min, At = absorbance 
at t minutes after the treatment process [3]. In 
addition, chemical oxygen demand (COD) was 
determined to confirm the mineralization of dye 
degradation efficiency using standard dichromate 
method. 

    
Fig. 1. Schematic diagram of PEC reactor for study 
dye degradation 1: WO3/BiVO4 anode 2: Cu sheet 
cathode 3: Tungsten lamp 4: DC power supply 5: 
stirrer 6: flow pump  
 
3. RESULTS AND DISCUSSION 
     
3.1 Evaluation of the optimum condition on dye 
degradation  
 The effects of batch and flow system, 
electrodes size, electrode position, light intensity, 
applied potential, pH of the solution and mechanism 
were studied with the highest dye degradation 
efficiency. Figure 2 shows that the flow system 
presents higher dye removal than that the batch 
system due to the effect of surface refreshing 

improves the high oxidizing frequency of organic dye 
at the electrode surface. The larger electrode size of 
35×40 mm shows significant higher                % 
degradation for 9 times than the smaller electrode size 
of 2×2 cm which demonstrated that the active surface 
area is the key factor to enhance the dye oxidation 
efficiency proposes considering for further scaling 
up. 

 
Fig. 2. Comparison % dye degradation between Batch 
and Flow system. Using FTO/WO3/BiVO4   
photoanode electrode at 1.0V under 25W tungsten 
lamp in solution of 5 mg/L Methyl Red and 0.05M 
NaCl 

 
Based on the effect of the electrode position for dye 
removal, the degree of electrode placement 30, 45, 
and 90 degrees were studied. The experiments show 
that the electrode angle of 45 degrees has the highest 
removal potential due to at 45 degrees the dye 
solution flows through contact with the 
semiconductor surface better than 30 degrees and 90 
degrees. The effect of light intensity was studied at 
5W, 11W, 20W and 28W that classified by the power 
of tungsten lamp. The intensity of light is direct 
depended with the dye removal efficiency due to the 
fact that high light intensity stimulates semiconductor 
electrodes induces high hole (h+) generated at valence 
band, resulting in increasing the efficiency of dye 
oxidation process. However, at high light intensity 
irradiation may effect with electrode lifetime. 
Therefore, the suitable condition for high 
photocatalytic activity, long electrode lifetime and 
low energy consumption are considered. The light 
intensity of 11 W was selected with the optimum 
condition for next step. The effect of applied potential 
was studied in range of 0.5 to 2.0 V. The % dye 
degradation on PEC oxidation was significantly 
enhanced with more positive bias potential.  This can 
be explained by increasing the positive bias potential 
induce to enhance the electron flow rate from the 
anode electrode to the cathode electrode, caused the 
h+ increasing at the surface of the anode electrode and 
resulting in the oxidation reaction. However, 
increasing the voltage too much affects the lifetime of 
the electrode. Therefore, the optimum voltage 
condition was selected of 1.5 V. The initial solution 
pH is a key factor influencing the dye degradation 
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process. Figure 3 shows that the dye removal 
significantly increasing in the acidic condition. The 
result is related to the researched by Galenda et al. 
which pH 3 and 4 obtained highest methyl red 
degradation efficiency due to high adsorption ability 
of dye at semiconductor surface under light 
irradiation [6].  

Fig. 3. Effect of pH  value in the solution of 5 mg/L 
of  Methyl red and 0.05 M NaCl for dye degradation 
by using FTO/WO3/BiVO4 as photoanode, applied 
potential of 1.5 V.   
            
      The efficiency of synthetic methyl red dye 
removal was optimized at pH 4 with 11W and 1.5V. 
This optimum condition could be degraded methyl 
red dyes up to 85% for 3 hours. 
 

 
3.2 Catalytic mechanism of FTO/WO3/BiVO4 
photoelectrode for dye degradation 
 

The dye removed under various catalytic 
mechanism at FTO/WO3/BiVO4 photoelectrode were 
presented in figure 4 with phtoelectrocatalytic (PEC), 
photocatalytic (PC) and electrocatalytic (EC). It can 
be clearly observed that the PEC is the most powerful 
process to degrade the methyl red in aqueous solution. 
The highest dye removal (75%) is detected after 60 
min in PEC method, while only 49% and 40% of the 
dye degradation at the same degradation time are 
found in the PC and EC process, respectively.  

 
Fig. 4. Methyl red degradation using difference 
process of FTO/WO3/BiVO4 stimulation mechanism 
(potential 1.5 V, 11 W tungsten lamp, pH 4)   

3.3 The performance of PEC reactor for real dye 
wastewater treatment 
  

Fig. 5. Decolorization of dye and COD degradation 
of real dye wastewater effluent treated by 
WO3/BiVO4 thin-film PEC reactor as a function of 
degradation time (applied potential of 1.5 V, pH = 4 
and 11 W of tungsten lamp)  
 

          Figure 5 shows the color removal and 
COD reduction at 180 min intervals during the entire 
experiment. The optimum condition of PEC reactor 
was applied for removal the real dye waste water from 
industry. The developed PEC reactor presents dye 
removal up to 93% for 180 minutes can be achieved 
the efficiency for dye decolonization from dark blue 
until it becomes a clear solution. Especially, the result 
shows that the COD reduction up to 50% able confirm 
the mineralization efficiency of this technique. The 
results demonstrate that the PEC reactor can degrade 
practical dye wastewater efficiently. 
 
4. CONCLUSIONS 
 

The developed PEC reactor using 
FTO/WO3/BiVO4 photo anode presents high 
efficiency for 85% synthetic methyl red and 93% real 
dye degradation under visible light irradiation. This 
work demonstrated a high efficiency of PEC reactor 
with a simple and rapid method for dye degradation 
system suitable to scaling up and apply for dye 
removal from the industrial system. 
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ABSTRACT 
Photoelectrocatalytic (PEC) technique for water oxidation technologies could become important components 
in the renewable energy sector. BiVO4 has been receiving attention for applications in PEC cell for O2 evolution 
with high photoelectrocatalytic activity and the advantage of visible radiation absorption. The simple and high 
efficiency BiVO4 thin film fabrication for large scale is very important for scaling up to the industrial 
application. This research describes the BiVO4 thin films fabrication on fluorine doped tin oxide (FTO) by 
electrodeposition technique as simple, fast and suitable for scaling up of electrode preparation. Cyclic 
voltammetry deposition was developed by studied the effect of potential range, scan rate, number of scan, 
temperature and pH of solution to enhance the photoelectrocatalytic activity of water oxidation under visible 
light irradiation. The fabricated FTO/BiVO4 thin films were characterized by scanning electron microscope 
(SEM), X-ray diffractometer (XRD) and UV-Vis spectrophotometer. The developed FTO/BiVO4 present the 
photocatalytic activities for water oxidation improvement more than 10 times when comparing with the 
previous spin coating techniques. Therefore, this developing technique show that the high efficiency, fast, 
simple and suitable in scaling up able to approach for water oxidation in the industrial application.     
 
Keywords: Photoelectrocatalytic properties, Water oxidation, BiVO4, Electrodeposition  
 
 
INTRODUCTION 

 
Photoelectrochemical (PEC) water splitting is 

an alternative way to produce hydrogen and oxygen 
supporting the hydrogen fuel cell which an 
important choice in the renewable energy and green 
technology sector [1, 2]. The development of 
photoelectrocatalytic activity based on 
semiconductor materials with appropriate narrow 
band-gap energy is the key factor to energy 
conversion efficiency driven by sunlight. Recently, 
many metal oxide semiconductor materials such as 
Co3O4, Fe2O3, WO3, and BiVO4 have been 
employed as photocatalysts for visible light driven 
water splitting [3-6]. Among them, BiVO4 has 
recently been extensively investigated as a 
photoanode for the generation of oxygen from water 
due to its favorable optical band gap (~2.4 eV), non-
toxicity, and stability [7-9]. Especially in the last 
few years, the PEC performance of BiVO4 
photoanode has been significantly improved via the 
building of nanostructures [10, 11]. One of the most 
selected BiVO4 thin film fabrication is 
electrodeposition method due to the advantages of 
high efficient, simple, rapid method and practicable 
to scaling up.  

In this work, the FTO/BiVO4 fabricated thin 
films using cyclic voltammetry electrodeposition 
method (CVD) was developed by the study of the 
effects of apply potential range, scan rate, number 
of cycle scan, temperature, and pH of the solution. 
The developed BiVO4 prepared by CVD method was 
compared with the other electrodeposition technique 
and classical spin coating method. 

 

EXPERIMENTAL  
 
Materials 
 

Fluorine doped tin oxide (FTO, ~7 Ω/sq, Sigma-
Aldrich) was used as a bare electrode substrate. The 
chemicals used in this study was Bi(NO3)3·5H2O 
(98.0%, Sigma-Aldrich), VOSO4·xH2O (97%, 
Sigma-Aldrich), HNO3 (70.0%, Sigma-Aldrich) 
CH3COONa ( 99.0%, Sigma-Aldrich), and Na2SO4 
(Univar).. 

 
Preparation of BiVO4 thin films 
 

The BiVO4 thin films were fabricated on FTO 
substrate by electrodeposition technique.                     
A precursor solution was prepared by mixing 
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solution of 10 mM Bi(NO3)3 and 35 mM VOSO4 

and adjusted pH < 0.5 with HNO3[7]. Then 2 M of 
sodium acetate was added for adjusting pH of the 
solution to study the effect of pH at four pH values 
of 3.0, 4.0, 4.5, and 5.0.  Cyclic voltammetry was 
introduced for BiVO4 thin film fabrication by using 
potentiostat (Metrohm 663VA Stand). A typical 
three-electrode system was comprised of the FTO 
as working electrode, the Ag/AgCl (3 M KCl) as a 
reference electrode and a platinum wire as a counter 
electrode. The amorphous Bi-V-O film deposition 
was studied with the effect of several parameters; 
the apply potentials of +1.5 to +2.5 V, the precursor 
solution temperatures of RT (25°C), 40°C, 50°C, 
60°C, and 70 °C, the scan rate of 25, 50, 100, and 
250 mV/s and the number of cycle scan of 1, 3, 5, 
and 7 cycles. The crystalline BiVO4 thin film was 
carried out by annealing the amorphous Bi-V-O at 
the temperatures of 500°C. The optimum condition 
was considered with the highest photocurrent from 
the photoelectrocatalytic water oxidation depending 
with the FTO/BiVO4 photoanode from each 
condition. The photocurrent was measured at a 
fixed potential of 1.0 V vs. Ag/AgCl in 0.5 M 
Na2SO4 aqueous solution under chopped visible 
light illumination. 
 
 Characteristic and photoelectrocatalytic 
properties of BiVO4 thin films 
 

The morphologies of the BiVO4 thin films on 
FTO were investigated by using scanning electron 
microscopy (SEM, JEOL, JSM -5410LV). X-ray 
diffraction (XRD, JEOL, JDX-3530) analysis was 
carried out (Cu Kα radiation) to confirm the 
crystallinity of the prepared BiVO4 electrodes. The 
optical absorption spectra of the electrodes were 
measured by using a UV/vis spectrophotometer 
(Shimadzu, UV-1601). The photoelectrocatalytic 
activity and the electrochemical impedance 
spectroscopy (EIS) were performed with a 
VersaSTAT3 (Princeton Applied Research, Inc.) at 
the potential of 1.0 V vs. Ag/AgCl under visible 
light illuminated and frequencies ranging from 100 
kHz to 0.1 Hz. The characteristic and 
photoelctrocatalytic activities of BiVO4 thin films 
electrode prepared by CVD method were compared 
with the other BiVO4 thin films fabrication by the 
amperometry (keep the potential of 1.9 V) [7] and 
spin coating methods (5 layers of BiVO4) [12]. 

 
 

RESULTS AND DISCUSSION 

 
Evaluation of the optimum condition for BiVO4 
thin films fabricated by CVD method 
 
3.1.1 Effect of pH  
 

After dissolving Bi(NO3)36H2O with 
concentrated HNO3, VOSO4 was added in the 
chemical bath solution and adjusted pH again by 
sodium acetate to study the effect of pH value of 
3.0, 4.0, 4.5 and 5.0. At pH 3.0 the precursor 
solution was turbid and presented reddish brown 
peeling out occurring of BiVO4 film from FTO 
substrate because Bi(III) is soluble at a very low pH 
value, there is no film formation on the substrate. 
When pH of the electrolyte solution increases to the 
middle acidity rank, the BiVO4 film could be 
completely deposited on the FTO substrate which 
improved the photoelectrocatalytic activity at pH 
4.5. At the pH 5.0, the BiVO4 was also deposited on 
the FTO substrate but the photoelectrocatalytic 
activity was decreased due to the V(IV) precipitates 
from the solution at the pH above 5 [7]. This result 
indicates that the specific pH value of a precursor 
solution is very important to control the quality of 
BiVO4 thin film fabrication at FTO substrate.   
 
3.1.2 Effect of precursor solution temperature 

 
 
 
 
 
 
 
 

 
 
  

 
 
 
 

Fig.  1.  Amperograms of FTO/BiVO4 prepared with the 
different precursor solution temperatures of (a) Room 
Temperature (b) 40 °C (c) 50 °C (d) 60 °C and (e) 
70 °C 

 
The photoelectrocatalytic water oxidation of the 

BiVO4 photo anode obtained at the different precursor 
solution temperatures during cyclic voltammetry 
electrodeposition process are shown in Fig.  1.  It was 
found that at room temperature BiVO4 film could not 
be deposited on FTO substrate and did not present the 
photoelectrocatalytic activity. When the temperature 
was increased to 40°C a BiVO4 film was completely 
immobilized onto the substrate cause to the 
increasing photo current from the water oxidation. 
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However, the BiVO4 was agglomerated on the 
substrate surface and decreased photo current when 
the temperature is higher than 40oC. This effect due 
to the increasing temperature would create many 
ions on the surface that may resulted in the 
agglomerated and peeled BiVO4 [13]. Therefore, the 
temperature of a precursor solution for BiVO4 
electrodeposition was selected at 40oC. 
 
3.1.3 Effect of scan rate 
 

       Figure 2 shows that the effect of scanning 
rate on CVD technique for BiVO4 thin film 
fabrication related with the photocurrent from water 
oxidation. As a result, the low scan rate values of 25 
and 50 mV/s presented high photoelectrocatalytic 
water oxidation of FTO/BiVO4 electrode. The 
increasing scan rate to 100 and 250 mV/s were 
performed the decreasing of photoelectrocatalytic 
activity. It indicates that faster scan rate affects the 
speed of a precursor deposition to incompletely 
grow the BiVO4 on FTO while slower scan rate with 
more diffusion time of a BiVO4 precursor to deposit 
completely on the substrate. Based on this 
experiment, the scanning rate of 50 mV/s was 
selected with the highest photocurrent from water 
oxidation. 

 
 
 
 
 
 
 
 
 
 
 

 
 
Fig.  2.  Amperograms of FTO/BiVO4 prepared by the 
different scan rates of (a) 25 (b) 50 (c) 100 and (d) 250 
mV/s 
 
3.1.4 Effect of scanning cycle number 
 

The experiment shows that the photocurrent 
enhance with the increasing number of scans from 1-5 
cycles and decrease when the cycle is more than 5 
cycles ( Fig.  3) .   Moreover, the photocurrent was 
related with the EIS results which the charge transfer 
resistance decreased at the cycle scan 1 to 5 and 
increased at 7 cycles.  This result indicates that the 
photocurrent of BiVO4 depended on the film thickness 
that related with the number of the scan.  However, 
high film thickness may affect with the charge transfer 
rate resistance at the electrode surface. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.  3.  Amperograms of FTO/ BiVO4 electrode 
prepared by CVD method with the study of scanning 
cycle number (a) 1 (b) 3 (c) 5 and (d) 7 cycles 
 
 
Comparison BiVO4 electrode with different 
deposition method 

 
 The characteristic properties and 
photoelectrocatalytic water oxidation of different 
BiVO4 electrode fabrication methods were studied. 
The BiVO4 electrode prepared by CVD ( applied 
potential of 1.5-2.5 V) method was compared with 
the previous research of the amperometry method 
(keep the potential of 1. 9 V)  [ 7]  and spin coating 
method (5 layers of BiVO4) [12] 
 
3.2.1 Absorption properties 
 
 

 
 
 
 
 
Fig. 4. The UV-visible spectra of (a) FTO and  
FTO/BiVO4 electrodes prepared by different method 
of (b) Cyclic voltammetry (c) Amperometry and (d) 
spin coating  
 

The absorption edge of electrodes were used to 
calculate a band gap energy with equation 1. 
   

۳ ൌ 	


ૃ
      (1) 

 
Where, Eg is band gap energy and λ is absorption 
edge (nm) 
The band gap energy of BiVO4 from CVD, spin 
coating, and amperometric method were calculated 
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of 2.21, 2.38 and 2.29 eV, respectively (Fig.4). The 
results show that BiVO4 prepared by CVD have a 
narrower band gab energy than that other technique 
indicates that higher visible light absorption 
property.  
 
3.2.2 Photoelectrocatalytic properties 
 

   The photoelectrocatalytic properties were 
studied by measure the photocurrent from water 
oxidation reaction at the FTO/ BiVO4  electrode 
surface.  The photocurrent from FTO/ BiVO4 
prepared by CVD technique shows the significantly 
higher photocurrent than that the amperometry and 
spin coating technique about 2 and 15 times, 
respectively (Fig.  5) .  The result can use to confirm 
the photoelectrocatalytic improvement of the 
introduced CVD method for BiVO4 film fabrication. 
There are related with high absorption property of the 
electrode could be produce high photo hole(h+)  at 
valent band efficient to oxidize water to oxygen 
cause present high photocurrent from this reaction.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Photocurrent of BiVO4 electrode prepared by 
different methods (a) spin coating (b) amperometry (c) 
cyclic voltammetry 
 
3.2.3 Charge transfer resistant properties 
 
              An EIS measurement was applied to 
characterize electrochemical interfacial reaction of 
FTO/ BiVO4 electrode for water oxidation under 
visible light irradiation that shows in Fig.  6.  The 
narrowest semi-circle of the Nyquist plot of BiVO4 
electrode prepared by CVD method represents the 
lowest charge transfer resistant or highest electron 
transfer rate at the electrode surface. The result can 
be support the highest photocurrent of the electrode 
due to the reason of high photo e-- h+ generation and 
low e-- h+ recombination effective with the highest 
photoelectrocatalytic activity of the developed BiVO4 
electrode. 
 
 

 

 

 
 
 
 
Fig. 6 Nyquist plot of BiVO4 electrode prepared by 
different methods of (a) spin coating (b) amperometry 
(c) Cyclic voltammetry  
 

3.2.4 Morphology and crystalline structure 

Fig. 7. SEM images of (a) bare FTO substrate and 
FTO/BiVO4 electrode prepared by the different methods of 
(b) Amperometry  (c) Cyclic voltammetry and (d) Spin 
coating  
 
Figure 7 shows the morphology of bare FTO was 
changed by the covered BiVO4 and different 
characteristic depended on the deposition method. 
The morphologies of BiVO4 electrodes prepared by 
CVD method presented the small particle size and 
well distribution. The particles are clustered 
together and the size is different when BiVO4 was 
prepared by the amperometry method. While the 
spin coating method shows flat surface by the fused 
together of BiVO4. As a result, it can support that 
the uniform morphology given a good 
photoelectrocatalytic properties. Figure 8 shows the 
XRD patterns of BiVO4 film fabricated with applied 
potentials after annealing at 500 °C for 1 h. The 
XRD peaks observed at 2θ = 18.8°, 28.9° and 30.6° 
were indicated to the diffractions monoclinic 
BiVO4 plane of (011), (121) and (040), respectively. 
As the results show that the monoclinic BiVO4 
crystalline structure can be performed by all 
methods preparation after annealed at 500oC. 
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Fig. 8. X-Ray diffraction patterns of (a) FTO and 
the FTO/BiVO4 prepared by the different methods 
of (b) Cyclic voltammetry, (c) Amperometry            
(d) Spin coating  
 
 
CONCLUSIONS 
 

The BiVO4 thin film deposited on FTO using 
cyclic voltammetry method were successful 
optimized and presented the photoelectrocatalytic 
for water oxidation improvement under the good 
characteristic of films properties. This developed 
CVD method for FTO/BiVO4 fabrication shows the 
high efficiency, fast, simple method and suitable in 
scaling up able to approach for water oxidation in 
the industrial application.  
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ABSTRACT 
 

Chemical Oxygen Demand (COD) is one of the most extensively used parameter for water quality 
monitoring with the present of organic level as it can be used to predict a wastewater treatment. The COD 
determination method is based on as simple, rapid and non-toxicity method has been attracted. The 
photoelectrocatalytic (PEC) technique could covered the previous mentioned advantage and be an efficient method 
for determination of COD. A visible light responsive WO3/BiVO4 photoelectrode as COD sensor was proposed. 
A COD detection limit (a signal-to noise ratio of 3) of 1.66 mg L−1 COD with a linearity range of  10 –200 mg L−1 
COD were achieved at the optimum condition of applied potential of 1.0 V (vs. Ag/AgCl) and 100 W visible light 
illumination. This method exhibit high precision and accuracy with the percentage of the relative standard 
deviation and recovery of 3.17 and 100.87, respectively. The proposed PEC technique for COD sensor represents 
the simple, rapid and environmental friendly method for the COD monitoring in the wastewater system. 

  
 
Keywords: Chemical oxygen demand, photoelectrocatalytic cell, phtotoanode, Visible light responsive 
 
 
INTRODUCTION 

 
 Chemical oxygen demand (COD) is 
widely used for water monitoring as it can be used to 
represent the organic pollution level in wastewater 
[1]. The traditional dichromate method for COD 
determination is obtaining many drawbacks of a long 
time-consuming process, highly corrosive and toxic 
reagents in used [2, 3]. The COD determination 
method is based on as simple, rapid and non-toxicity 
method has been attracted [4]. The 
photoelectrocatalytic process (PEC) is one of the 
candidate methods with the several advantages of 
high oxidation ability, non-toxicity, and low cost [5]. 
TiO2 usually used in PEC with high photocatalytic 
activity and stable but it only responding with UV 
light cause low activity in the solar light application. 
The narrow band gap energy semiconductors have 
been investigated for the photooxidation under visible 
light region [6, 7]. In this work, a visible light 
responsive WO3/BiVO4 photoelectrode was 
performed for COD determination using 
photoelectrocatalytic process.  
 
 
 
 
 
 
EXPERIMENTAL 

 

Preparation of WO3/BiVO4 photoelectrode 
The FTO/WO3/BiVO4 film photoanode electrode 

was prepared by using precursor solutions of 0.05 M 
BiVO4 and 0.10 M WO3 as described in the previous 
research [6]. Fluorine-doped tin oxide (FTO) was 
used as the substrate for deposited WO3 at 1st layer 
and 5 layers of BiVO4 at outer side by using spin 
coating method at the condition of 1000 rpm for 60 s. 
Each layer deposition was dried at 150 ◦C for 5 min 
and calcined at 550 oC for 1 h with the last layer. 

 
The photoelectrocatalytic activity of 
FTO/WO3/BiVO4 photoelectrode and 
characterization study 

 
The fabricated FTO/WO3/BiVO4 electrode was 

studied the absorption properties by UV/Vis 
spectrophotometer (Shimadzu, UV-1601) in the 
wavelength of 300-800 nm. The photoelectrocatalytic 
activity for water oxidation was performed by a 
VersaSTAT3 (Princeton Applied Research, Inc.) with 
amperometry at the potential of 1.0 V vs. Ag/AgCl 
under visible irradiation.  
 
The photoelectrocatalytic performance of 
FTO/WO3/BiVO4 photoelectrode for COD 
determination study 

The fabricated FTO/WO3/BiVO4 was 
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introduced to the photoelectrocatalytic cell as 
working electrode combining with Ag/AgCl as a 
reference electrode and Pt wire as a counter electrode.  
The three electrode system was immersed in the 
electrolyte solution of 0.1 M Na2SO4 using cyclic 
voltammetry deposition technique (CVD) for 
determining the photocurrent from the organic 
glucose oxidation at the electrode surface. The COD 
value was calculated by the mole ratio of organic 
glucose and O2 by the equation of 1.1. 
 
C6H12O6(aq) + 6O2(g)           6CO2(g) + 6H2O(l) (1.1) 
 
The standard calibration curve was operated by 
measure the photocurrent depending on the COD 
value in the range of 10 – 200 mgO2/L. The effect of 
supporting electrolyte, pH and electrode size were 
studied for the optimum condition. The characteristic 
of the standard calibration curve for COD 
determination was performed by using glucose as the 
organic sample and considered with the optimum of 
sensitivity by slope, interference by y-interception 
value and linear regression (r) parameters. The figure 
of merit consist of linearity range, limit of detection 
(LOD), precision (% Relative standard deviation; % 
RSD) and accuracy (% Recovery) were performed to 
confirm the efficiency of PEC method for COD 
determination. 

 
RESULTS AND DISSCUSSION 

 
Characterization and photoelectrocatalytic 
activities of FTO/WO3/BiVO4 photoelectrode 
         

Fig. 1. the absorption spectra of FTO and 
FTO/WO3/BiVO4 electrode 
 
Fig. 1 shows the optical property of the fabricated 
FTO / WO3/ BiVO4 electrode over FTO substrate. It 
was found that the absorption edge was at 540 nm 
corresponding to the band gap energy (Eg) value of 
2.30 eV, which agree to the Eg value of the BiVO4. 
The result can use to confirm the BiVO4 existent on 
the FTO surface and facility to absorb visible light. 
The oxidation efficiency of FTO / WO3 / BiVO4 was 
studied to confirm the photoelectrocatalytic of the 

fabricated electrode. Figure 2 shows that the 
photocurrent under the light on significantly higher 
than light off condition corresponding with high 
photoelectrocatalytic water oxidation activity of the 
FTO / WO3 / BiVO4 photoelectrode . 

 

Fig. 2. The photocurrent of FTO/WO3/BiVO4 
electrode in 0.1 M Na2SO4 at an applied potential of 
1.0 V vs Ag/AgCl and under the chopper of visible 
light irradiation. 

 
Evaluation the photoectrocatalytic COD 
determination using FTO/WO3/BiVO4 electrode 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Standard calibration curve of COD 
determination by PEC method with the different 
FTO/WO3/BiVO4 electrode size of 0.5x0.5, 1x1 and 
2x2 cm  
 
 Figure 3 shows that the standard 
calibration information for COD determination , 
which considered with the higher slope, low y-
intercept value and r closest to 1.00 (Figure 3). The 
effect of pH value of the solution is a very important 
parameter in the phtotelectrocatalytic COD 
determination process. The result shows that the pH 
value of 4 is the specific condition for high sensitivity 
and good correlation photocurrent and COD value. 
Therefore, the pH should be kept constant by the 
buffer solution with the further work.  The supporting 
electrolyte is crucial to the charge transfer process 
between anode and cathode electrode. In order to 
select a suitable electrolyte and concentration of 
sodium salts were tested in the photoelectrocatalytic 
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process. However, this experimental the electrolyte 
solution of NaCl and Na2SO4 have no different result.  
The electrode size is one of the important parameter 
effects with the performance of COD determination. 
At the larger surface area shows higher sensitivity but 
more interference. The suitable surface size of 1x1 cm 
was selected with the optimum of sensitivity, 
interference and good correlation of photocurrent and 
COD concentration.   
 At the optimum condition with applied 
potential of 1.0 V (vs. Ag/AgCl) and 100W visible 
light illumination could also be applied for COD 
determination using potassium hydrogen phthalate 
(KHP) as another organic sample. Fig. 4 shows that 
this condition can be used for COD determination 
with several organic samples. However, the 
sensitivity is depended with the kind of organic 
sample. The COD detection limit (a signal-to-noise 
ratio of 3) and linearity ranges were 1.66 mgO2.L−1 
and 10 –200 mgO2.L−1, respectively. Moreover, the % 
RSD and % recovery were achieved of 3.17 and 
100.87, respective. The result indicates that the 
developed PEC method using FTO/WO3/BiVO4 
photoanode exhibited high performance for COD 
determination with high precision, accuracy, and low 
detection limit.   
 

 
Fig. 4. Standard calibration curve of COD 
determination by PEC method with the different 
organic samples of glucose and KHP.  

 
 

CONCLUSIONS 
The proposed PEC method using 

FTO/WO3/BiVO4 electrode represents a good 
performance for COD determination under visible 
light irradiation. This method shows a simple, rapid 

and environment-friendly technologies for the COD 
monitoring in the wastewater system. 
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ABSTRACT 
 
A coupled regional climate between atmosphere-ocean coupled model systems is developed using the regional 

model Weather Research and Forecasting (WRF) and Regional Ocean Modeling System (ROMS) to simulate 
performance rainfall during the rainy season over Thailand. The processes of the atmospheric model is provided 
to the ocean model. The wind (Uwind, Vwind), the atmospheric pressure (Patm), the relative humidity (RH), the 
atmosphere surface temperature (Tair), the cloud fraction (Cloud), precipitation (Rain), the short wave (SW), the 
long wave (LW). The processes of the oceanic model provides sea surface temperature (SST) to atmosphere model. 
The simulation period is during June-July-August (JJA) in 2014, and the results are compared with rainfall gauge 
station from Thai Metrology Department (TMD). The results show a good trend performance rainfall and can 
capture large amount rainfall in June, July and JJA 2014. The average rainfall and Mean Absolute Error (MAE) 
were show good value in June, July and JJA 2014, especially in June was shown good value average (236.25 mm) 
and MAE (4.389) than other months. 

 
Keywords: Coupled Model, Rainy Season, Regional Ocean Modeling System (ROMS), Thailand, Weather 
Research and Forecasting (WRF) 
 
 
INTRODUCTION 

 
Seasonal prediction of the Asian Monsoon 

System (ASM) rainfall in advance with high spatial 
resolution is a major challenge due to influence of 
multiple factors, including the topography of the 
subcontinent and the impact of the surrounding 
oceans [1]. The ASM is regarded to be separate into 
two subsystems the Indian Ocean monsoon system 
and the East Asian Monsoon System (EAMS) [2]. 
The two main points of AMS has impact over 
Thailand, that regimes are the northeast monsoon 
(winter season) during November to March and the 
southwest monsoon (summer season) during mid-
May to mid-October. The one important feature of 
climate in Thailand is rainfall. It is the main source 
of fresh water on the earth and is a major component 
of the hydrologic cycle on the earth’s surface. Hence, 
in every annual year, the southwest monsoon 
(summer season) is blow wet air form the Indian 
Ocean to over country. So it make the rainfall over 
Thailand in this period. Sometime the rainfall events 
occurred in Thailand producing breaking flash flood 
and enormous amount of property damage. 
Therefore we can say, the rainfall is the main factor 
for agriculture, industrial, irrigation and etc. in 

Thailand. However a good simulation and 
forecasting rainfall are main factor for improving 
water management. Because a good water 
management can prevent and decrease the damage 
from the natural disasters. 

A majority of the Atmospheric General 
Circulation Model (AGCMS) has difficulty in 
simulating the mean well as the intra-seasonal 
variability of monsoon rainfall mainly due to the lack 
of air-sea interactions [3]. On the other hand, 
coupled models are powerful tools for enhancing the 
skill of seasonal simulation and forecasting. It’s 
providing realistic simulation and forecasting over 
tropical phenomenon [4].  

However, the researches in Thailand are based on 
rainfall event. They were used AGCM and 
standalone regional model to simulation rainfall 
events that were neglected of air-sea interactions. In 
this study, to use a regional couple modeling system 
by the Coupled Ocean Atmosphere Wave Sediment 
Transport (COAWST) to simulate rainfall in rainy 
season of Thailand. The simulation period was 
during June, July and August (JJA) in 2014. The 
results was basic compared with rainfall gauge 
station from Thai Metrology Department (TMD) 
data.   
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METHODOLOGY  
 

The atmospheric model part 
 
The atmosphere part of the coupled model is the 

Weather Research and Forecasting model (WRF).  
This model was developed by the National Center 
for Atmosphere Research (NCAR). The model is 
contained with a terrain following sigma coordinate 
in the vertical coordinate, Arakawa C-grid 
staggering for horizontal grid, initial conditions, 
boundary condition, multiple-nested domain and full 
set of physical parameterisation options. The more 
detailed description of WRF in [5]. The physics 
parameterizations used in this study that is: WSM3-
class scheme for microphysics scheme, the Betts-
Miller-Janjic (BMJ) for cumulus scheme, the Rapid 
Radiative Transfer Model (RRTM) for long wave 
radiation scheme, the Duhia for short wave radiation 
scheme, the Noah Land-Surface Model for surface 
and the Yon-Sei University (YSU) Planetary 
Boundary Layer (PBL) scheme PBL scheme. The 
model domain is covers over Thailand and neighbor 
with horizontal grid spacing of 30 km, 28 layers in 
vertical levels and the model top of 50 hPa. 

   
The oceanic model part 
 

The oceanic part of the coupled model is the 
Regional Ocean Modeling System (ROMS). This 
model is a general class free-surface, terrain-
following numerical model that solve the three 
dimensional Reynolds-averaged Navier-Stokes 
equations using the hydrostatic and Boussinesq 
approximations. This model is based on primitive 
equation ocean model and uses finite-difference 
approximations on the Arakawa-C staggering in the 
horizontal with on a vertical stretched terrain-
following coordinate. The basic ideal case study the 
values of thetas, thetab and Tcline in this study are 
3.0, 0.4, and 50.0 respectively. The initial values of 
u wind (wind direction from east to west), v wind 
(wind direction from south to north), temperature, 
and salinity before transfer in coupled model are 0, 
0, 35, and 18 respectively. The oceanic model 
domain is the same as the regional atmospheric 
model. The horizontal grid spacing is 30 km. But the 
vertical level of oceanic model is 21 levels. The 
model domain is shown in Fig.1. 
 
The coupled and experiment configuration 

 
In this study was used the Coupled Ocean 

Atmosphere Wave Sediment Transport (COAWST) 
model system. The COAWST model system is an 
agglomeration of open source modeling components 
that has been tailored to investigate coastal processes 
of the atmosphere, ocean, waves and coastal 
environment [6]. The coupler is the Model Coupling 

Toolkit (MCT) that allow the transmission and 
transformation of various distributed data between 
component models using parallel coupled approach. 
MCT is a program written in Fortran90 and works 
with the MPI communication protocol. In this study 
used the COAWST coupled model to simulate 
WRF-ROMS over the rainy season in 2014 year. In 
the processes of the atmospheric model is provided 
to the ocean model. The wind (Uwind, Vwind), the 
atmospheric pressure (Patm), the relative humidity 
(RH), the atmosphere surface temperature (Tair), the 
cloud fraction (Cloud), precipitation (Rain), the short 
wave (SW), the long wave (LW). In the processes of 
the oceanic model provides sea surface temperature 
(SST) to atmosphere model [6]. The Fig.2 is 
represent a transfer parameter between atmosphere 
model and ocean model. 

 

 
Fig. 1 The domain was used in this study. This 
domain has 179×179 grids spacing covering at 
latitude -10.86 degree north to 45.89 degree north 
and longitude 68.65 degree east to 131.35 degree 
east 

 

 
Fig. 2 The application was showed configurations 
of data exchanged WRF and ROMS model 
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The model runs were initialized at 0000 UTC 1 
May 2014 and ended at 0000 UTC 31 August 2014 
for a three month simulation. The first month 
simulation (May 2014) was regarded as model spin-
up and excluded from comparison with observation, 
as show in Fig. 3. 

 

 
Fig. 3 The period month spin-up and month 
           simulation in this study. 

 
In this study was used the National Centers for 

Environmental Prediction (NCEP) Final Operational 
Global Analysis (FNL) data for initial data. The 
NCEP-FNL product is from the Global Data 
Assimilation System (GDAS). The grid spacing data 
are in 1-degree by 1-degree and 6-hourly intervals. 
The period of data during 1800 UTC 30 July 1999 to 
the present and the surface area covered longitude 
180 degree east to 180 degree west and latitude 90 
degree south to 90 degree north. Table 1 was 
concluded the physics parameterization schemes and 
scenario configuration. 

The observation data used to verify the results 
from the model. In this study are measurements 
made at 118 gauge stations from the Thai 
Meteorological Department (TMD). The location of 
118 gauge stations are covered Thailand, as shown 
in Fig 4.  

 
Table 1 The physics parameterization schemes and  
             scenario configuration. 

Physics Details 
Cumulus scheme BMJ 
Microphysics scheme WSM3 
Short wave radiation scheme RRTM 
Long wave radiation scheme Duhia 
Planetary boundary Layer  scheme YSU 
Land surface Noah 
Run period 3 Mon (JJA) 

 

118 Gauge Station Data (TMD) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 4 The station locations used for model  
          evaluations. 

 
RESULT AND DISCUSSION 

 
Fig 5 shows the month accumulate rainfall from 

TMD station data and month accumulate rainfall 
simulation from WRF-ROMS coupled model in June 
2014.  

The TMD station data show the rainfall 
distribution (in the rage of 0 mm to 400 mm) almost 
over the country. But the rainfall distribution with 
large amounts rainfall is (more than 500 mm) over 
Ubon Ratchathani and Nakhon Phanom province in 
the northeastern Thailand, Trat province in the coast 
eastern Thailand and Ranong province in the 
southern Thailand, as shown in Fig 5(a).  

The WRF-ROMS coupled model shows the 
rainfall distribution (in the range of 0 mm to 400 
mm) almost over the country. But the rainfall 
distribution with large amount rainfall is (more than 
500 mm) over Ubon Ratchathani and Nakhon 
Phanom province in the northeastern Thailand, as 
shown in Fig 5(b). 

Fig 6 shows the month accumulate rainfall from 
TMD station data and month accumulate rainfall   
simulation from WRF-ROMS coupled model in July 
2014.  

The TMD station data show the rainfall 
distribution (in the rage of 0 mm to 400 mm) almost 
over the country. But the rainfall distribution with 
large amounts rainfall is (more than 500 mm) over 
Ubon Ratchathani, Bung Kan and Nakhon Phanom 
province in the northeastern Thailand, Trat province 
in the coast eastern Thailand and Ranong province in 
the southern Thailand, as shown in Fig 6(a). The 
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WRF-ROMS coupled model shows the rainfall 
distribution (in the range of 0 mm to 400 mm) over 
center, lower northeastern and lower southern 
Thailand.  

 

But the rainfall distribution with large amount 
rainfall is (more than 500 mm) over northern, upper 
northeastern, western, Rayong and Trat province over 
coast eastern Thailand, as shown in Fig 6(b). 

 
TMD WRF-ROMS  

 
(a) (b)  

Fig. 5 Spatial rainfall pattern of month accumulate rainfall (mm) in June 2014: a) TMD and b) WRF-ROMS.
  

TMD WRF-ROMS  

 
(a) (b)  

Fig. 6 Spatial rainfall pattern of month accumulate rainfall (mm) in July 2014: a) TMD and b) WRF-ROMS. 
 
Fig 7 shows the month accumulate rainfall from 

TMD station data and month accumulate rainfall 
simulation from WRF-ROMS coupled model in 
August 2014.  

The TMD station data show the rainfall 
distribution (in the rage of 0 mm to 400 mm) almost 
over the country. But the rainfall distribution with 
large amounts rainfall is (more than 500 mm) over 
Mae Hong son in northern and Trat province in the 
coast eastern Thailand and Ranong province in the 
southern Thailand, as shown in Fig 7(a).  

The WRF-ROMS coupled model shows the 
rainfall distribution (in the range of 0 mm to 400 mm) 
almost southern and center of Thailand. But the 
rainfall distribution with large amount rainfall is 

(more than 500 mm) over northern, Bung Kan, Sakon 
Nakhon, Nong Khai and Udon Thani province in 
northeastern, Sa Kaeo province in coast eastern and 
Kanchanaburi province in western Thailand, shown 
in Fig 7(b). 

Fig 8 shows the month accumulate rainfall from 
TMD station data and month accumulate rainfall 
simulation from WRF-ROMS coupled model in June-
July-August (JJA) 2014.  

The TMD station data show the rainfall 
distribution (in the rage of 0 mm to 400 mm) almost 
over the country. But the rainfall distribution with 
large amounts rainfall is (more than 500 mm) over 
Ubon Ratchathani and Nakhon Phanom province in 
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the northeastern, Trat province in the coast eastern 
Thailand and Ranong province in the southern 
Thailand, as shown in Fig 8(a).  

The WRF-ROMS coupled model shows the 
rainfall distribution (in the range of 0 mm to 400 mm) 
almost southern and center of Thailand. But the 

rainfall distribution with large amount rainfall is 
(more than 500 mm) over almost northern,  Loei, 
Nong Bua Lamphu, Amnat Charoen, Yasothon, 
Nakhon Phanom and Udon Thani province in 
northeastern Thailand, as shown in Fig 8(b). 

 
 

TMD WRF-ROMS  

 

(a) (b)  
Fig. 7 Spatial rainfall pattern of month accumulate rainfall (mm) in August 2014: a) TMD and b) WRF-ROMS. 

 
TMD WRF-ROMS  

(a) (b)  
Fig. 8 Spatial rainfall pattern of month accumulate rainfall (mm) in JJA 2014: a) TMD and b) WRF-ROMS. 

 
Table 2 was shown the average rainfall. It was 

shown overestimate average rainfall than the TMD 
data in all cases. The Mean Absolute Error (MAE) 
was shown good performance in June (4.389). But 
show a more MAE value in July (12.126). In 
summary, the results was overestimated in average 
rainfall and the MAE results shown good 
performance with TMD data. 

   Fig. 10 shows the temporal MAE over Thailand. 
It’s shown less significant (more than 12) over 
Chiangmai, Lamphun, Lampang, Phetchabun and 
Chiangrai in northern, Loei in northeastern, Trat in 

eastern, Ranong and Phang Nga in southern Thailand. 
However, the overall of temporal MAE was shown 
good performance (less than 12) in many part of 
Thailand. For example over central, western, lower 
southern and northeastern Thailand. 

 
CONCLUSION 

 
In this research used a preliminary coupled 

model between atmospheric model WRF and 
Oceanic model (Regional Ocean Modeling System 
(ROMS)) to simulation performance rainfall during 
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the rainy season over Thailand. 
 
Table 2 Comparison TMD and WRF-ROMS  

 Average (mm) MAE 
 TMD WRF-ROMS  

Jun 186.45 236.25 4.389 
Jul 214.77 540.04 12.126 

Aug 237.98 416.32 7.150 
JJA 213.07 397.54 7.201 
 
 

 

 
Fig. 10 The temporal MAE in JJA 2014 over  
            Thailand. 

 
The simulation period is during June-July-

August (JJA) in 2014. The results from coupled 
models were shown overestimate accumulate 
rainfall in June, July, and August 2014. Table 2, the 
average rainfall were confirmed the coupled model 
overestimating in all cases. 

However, it can capture the large amount rainfall 
similarly TMD data. In June 2014, the coupled 
model can capture large amount rainfall similar 
TMD over Ubun Ratchathani and Nakron Phanom 
province in northeastern. In July 2014, the coupled 
model can capture large amount rainfall similarly 
TMD over Ubun Ratchathani and Nakron Phanom 
province in northeastern and Trat province in eastern. 
In June-July-August (JJA) 2014, the coupled model 
can capture large amount rainfall similar TMD over 
Ubun Ratchathani and Nakron Phanom province in 
northeastern.    

Therefore, the WRF-ROMS coupled model 
performed overestimate in simulating spatial 

distribution, compared with the TMD. However, the 
results show in a good trend performance rainfall and 
can capture large amount rainfall in June, July and 
JJA 2014. When comparison rainfall gauge stations 
by using MAE method over Thailand. The MAE 
shown the relation between TMD and the coupled 
model similar average rainfall value. The temporal 
MAE was shown good performance over Thailand. 
Future work, we will improve the result from the 
coupled model (WRF-ROMS). We will update the 
initial boundary condition from ideal case to real 
case in Oceanic model (ROMS).  
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ABSTRACT 

 
The long term of the amount of pollutant load was estimated by relation between water level and water quality. 

The long term data is not enough to the calculation of the amount of pollutant load. The pollutant load in floods is 
not cleared, so the pollutant load in flood condition is important for the annual pollutant load. The water quality is 
improved, and the water quality target is being achieved in the Yamato River. To improve the water quality, the 
sewage systems had been constructing from 1970’s in Yamato River Basin. The amount of annual nitrogen load 
in 2011 was estimated in 2016 by Taniguchi et al. However the long term change of amount of annual load is 
unclear. It is estimated that the form of nitrogen load was changed. This research is consider the influence for 
water quality of the construction of sewage system, improvement of riverbed and the River purification facility. It 
is estimate that the treatment systems had change the environment of the oxygen in the river bed.  
 
Keywords: Annual load, Water quality, Nitrogen, River flow rate, Sewage system 
 
 
INTRODUCTION 

 
The Yamato River had problems of waste water 

from sewage. The river water was polluted in 1970’s, 
as the city developed rapidly. The sewage system in 
the Yamato River Basin had established while each 
year. The condition of the water quality in the Yamato 
River was improved from 1970 to 2017. It is 
estimated that the nitrogen form in the river water was 
changed by the oxygen condition. The water quality 
and water flow of the database system was published 
by Japanese governments.  Resultingly, there was not 
enough data to calculate the amount of nitrogen load 
in Yamato River Basin[1] It is necessary that clear the 
relation between everyday data of water quality 
example EC and nitrogen concentrations. The 
research purpose is clear the relation between the 
everyday data and the monthly data. Moreover 
estimate the nitrogen load form change from 1970 to 
2016.  

 
 

RESEARCH AREA AND METHOD 
 

Fig.1 shows the map of the Yamato River Basin. 
Fig.2 shows the population of the Yamato River 
Basin. River basin is 1070km2. Green, yellow, pale 
blue and purple colors show forests, orchards, rice 
fields and housing sites. The population of the basin 
is about 2 million people in 2015. The basin has big 
cities in its upper stream, and the population of the 
Nara basin is 1 million people. Population increased 
significantly in high-growth period. The sewage 
system has been in use since 1970s. The cover area of 

the sewage system was 7.4% in 1975, 33% in 1990, 
58.7% in 2000 and 85.3% in 2013[3]. The analysis of 
nitrogen load was performed using data for the water 
information system of Ministry of Land, 
Infrastructure, Transport and Tourism, Japanese 
Government. However there was not enough data to 
calculate the amount of nitrogen load in Yamato 
River Basin, so some estimation methods were 
applied for making this calculation[4]. 

 
 

 
Fig. 1 Map of the Yamato River Basin 
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Fig. 2 Population of the Yamato River Basin 
 

 
TIME SRIES OF WATER QUARLTY AND 
FLOW RATE 
 

Fig. 3 shows a time series of BOD concentration 
at Fujii, Asaka and Taishi Bridge. The graph used 
data of Ministry of Land, Infrastructure and 
Transport. The BOD concentration was high from 

1974 to 1988. And the BOD concentration in 2012 
decreased about the one-fourth of 1970’s. The 
Taishi Bridge is located at lower stream of the out 
flow point of Sewage System in Nara. And Fujii is 
located in lowest point of the Nara Basin, The water 
in the Nara Basin is collected at the point. Asaka is 
lowest point of the Yamato River Basin. The BOD 
concentration is not measured in all years. So it is 
difficult to know the annual BOD load, and estimate 
the influence of decompose the Organic compound 
by the data only. However the BOD change tends 
several year is similar, the BOD concentration range 
is same in 3 points. Therefore it is estimated that the 
BOD concentration is not almost change at the 3 
point in the River. The trends of the BOD 
concentration is analyzed at the follow in detail. 

Fig. 4 shows the time series of nitrogen 
concentration at Fujii. The Total-Nitrogen is high 
from 1982 to 1988, same as BOD concentration 
tends. The T-N concentration is not measured before 
1981. The ammonia nitrate concentration is high from 
1970 to 1988. The ammonia nitrogen concentration 
decrease from 1989 to 2012. The nitrate nitrogen 
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concentration tends to increase year by year 
from1976 to 1999, and not change after 2000. Nitrite 
nitrogen concentration is always low. 
Generally, organic compounds in an anaerobic 

condition were decomposed to ammonia by bacteria. 
The reaction formula is given by the following 
equation (1). 
 

43324431631062 POH  16NH  53CO  53CH  POH)(NHO)(CH   (1) 
 

The Nitrification in an aerobic condition is shown 
by the following equation (2). 
 

32
 -

32275

-
324

CO1.88H 0.98NO  O1.04H  NOHC 0.0024)  (0.0181

 HCO 1.98  1.86O  NH



 (2) 

 
Generally Ammonia changes into nitrate in 

aerobic conditions and then finally organic 
compounds change into nitrate. These reactions 
depend on activity of living organisms. Temperature 
is important for the activity of the organisms. 
However nitrate nitrogen concentration did not 
change with temperature. Nitrate acid was consumed 
by photosynthesis or denitrification and the biological 
activities of photosynthesis or denitrification were 
also dependent on temperature.  

Denitrification reaction is shown by the following 
equation (3).  
 

 O148.4H  POH  16NH  42.4N  106CO
84.8H 84.8NO  POH)(NHO)(CH

243322

3431631062


    (3) 

 
Photosynthesis reaction is shown by the following 

equation (4). 
 

2431631062

243
-

32

138O   POH)(NHO)(CH
 O122H POH 16H  16NO  CO 106


     (4) 

 
As the form of nitrogen is change by the reactions, 

the nitrogen concentration is  
 
INFLUENCVE OF DECOMPOSITOIN OF 
ORGANIC COMPONENT  
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Fig. 5 Relation between T-N and ammonia nitrate 

concentration at Fujii 
 

Fig. 5 shows the relation between T-N and 
ammonia nitrate concentration at Fujii. T-N 
concentration was increased with ammonia nitrate 
concentration, and T-N concentration was decreased 
in recent years. The ammonia nitrogen concentration 
is different by period. The cause is the sewage 
system is constructed constantly in the period, and it 
is estimated that the sewage water had become 
gradually not directly inflow the river. As the 
ammonia is created by organic compound 
decompound, the cause of ammonia rich is that 
organic compound become ammonia in the river, or 
not inflow ammonia directly.  It was estimate that 
the ammonia nitrate concentration has been tend to 
include by constant ratio against T-N. In recent years, 
as the ammonia nitrogen concentration is low, it was 
estimate that organic compound did not flow into 
river, or ammonia was change to nitrate. The 
ammonia nitrogen concentration before 2000 is 
increased with T-N concentration. The T-N 
concentration 1970s was estimated from ammonia 
nitrogen concentration. 
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Fig. 6 Relation between nitrogen nitrate concentration 
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and T-N at Fujii 
 
Fig. 6 shows the relation between T-N and 

nitrogen nitrate concentration at the Fujii. The 
nitrate nitrogen concentration is clarity increased 
with T-N concentration after 2000. However the 
nitrate nitrogen concentration is not related to T-N 
concentration before 2000. Moreover T-N 
concentration is high in low nitrate nitrogen 
concentration. It is estimated that the nitrate nitrogen 
change became clarity by construction of the sewage 
system. Recent years, the 80% of amount of river 
water in the Yamato River Basin is treatment water 
of sewage system.  It is estimated that the water 
quality of the river water is almost due to the sewage 
system condition. However before 2000, the 
housing water of sewage is inflow directly into the 
river, in the river, the organic compound of nitrogen 
is change to ammonia, finally change nitrate. The 
chemical change of nitrogen is due to the fungus, the 
reaction is different by water temperature, therefore 
it is estimated that nitrogen concentrations is not 
stable. 
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Fig. 7 Relation between water temperature and T-N 

at Fujii 
 

Fig. 7 shows the relation between water 
temperature and T-N at Fujii. The T-N concentration 
is decreased with Water temperature. The T-N 
concentration before 2000 is tend to higher than its 
after 2000. It is estimated that the cause of high T-N 
concentration is due to high ammonia nitrogen 
concentration.  So, if ammonia concentration exist, it 
is considered that more actually nitrogen load can be 
calculated. Moreover it was estimated that the 
nitrogen concentration can be calculated using by 
temperature before and after 2000. 

 
 
 
 

 
 

WATER LEVEL CHANGE AND NITORGEN 
CONCENTRATION CHANGE 
 

0 81 2 3 4 5 6 7 8
0

2000

1000

2000

Water level

Fl
ow
 r
at
e

Flow rate = 7.00(Water level)^ 2.60

Year

1970～1975

1975～1980
1980～1985

1985～1990

1990～1995
1995～2000

2000～2005
2005～2010

2010～2015
2015～2020

 
Fig. 8 Relation between Water level and flow rate at 

Fujii 
 

Fig. 8 shows the relation between water level 
and flow rate at Fujii. The water level is measured 
every day, however flow rate is not measured every 
day, and moreover flow rate in flood time cannot 
measured direct.  Therefore the flow rate is 
calculated using next formula by the water level. 

 
ܨ ൌ 7.00ܹଶ.   (5) 
F:Flow rate (m3/sec) W:Water level(m) 

 
 

 
 
Fig. 9 Relation between water level and T-N 

concentration at Fujii 
 

Fig. 9 shows the relation between water level 
and T-N concentration at Fujii. The T-N 
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concentration is not change by the water level. The 
range of water level is narrow, and the range of 
seasonal change of T-N concentration is tend to 
large compared with range of water level. It was 
estimated that the T-N concentration is not 
influenced by the increased the flow rate by 
precipitation et.al. Generally it is considered that the 
T-N concentration is decreased with cause of 
dilution of precipitation. However T-N 
concentration is not decreased by dilution, moreover 
it is estimated the nitrogen is supply from other 
source example farmland or rice field. Therefore it 
was considered that the T-N concentration is small 
influenced by dilution. 

 
 

 
Fig. 10 Relation between the water level at the Ouji 

and the water level at the Fujii 
 

Fig. 10 shows the relation between the water 
level at Ouji and the water level at Fujii. Ouji is 
located upper about 2.7km distance from Fujii. The 
section from Ouji to Fujii has only little stream, the 
flow rate of the little stream is not influence. The 
water level at Fujii was no data in several year, so the 
water level at Fujii was interpolated by the water level 
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Fig. 12 Time series of T-N load (t/year) 
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data at Ouji. The water level at Fujii was calculated 
by next formula. 

 
 

CALCULATION OF ANNUAL LOAD  
 
 

 Fig. 11 and 12 show the time series of T-N load. 
The T-N concentration was related to water 
temperature. The T-N load could be calculated 
roughly. The flow rate was calculated from the water 
level. The T-N load was multiplied flow rate and T-
N concentration. Generally, in the case of 
calculation of the load amount, the influence of the 
flow rate is larger than the concentration. Annual 
total nitrogen load at Fujii station was calculated to 
be maximum 7208t/year in 1976, minimum 1334t 
/year in 2010. The T-N load was decreased less than 
3500t/year after 1994. It is estimated that the cause 
of T-N load of decrease is influence of construction 
of the sewage system and the river purification 
facility. 

 
 
CONCLUSION 
 

 The amount of nitrogen load was estimated and 
the distribution of nitrogen load was analyzed in 
Yamato River Basin from 1970 to 2016. Although 
there was not enough data to calculate nitrogen load 
in the basin, some estimation methods were applied 
for calculation. At Fujii station, flow rate is 
calculated by water level.  Total nitrogen load is 
estimated using water temperature. Annual total 
nitrogen load at Fujii station was calculated to be 
maximum 7208t/year in 1976, minimum 1334t /year 
in 2010. The T-N load was decreased less than 

3500t/year after 1994. It is estimated that the cause 
of T-N load of decrease is influence of construction 
of the sewage system and the river purification 
facility. The main nitrogen form before 2000 was 
ammonia, the main after 2000 was change to nitrate.  

 As against the ratio of T-N is cleared, it was 
estimated that the nitrate nitrogen load was about 
70% of T-N after 2000, and   the ammonia nitrogen 
load was more than 50% of T-N before 2000 when 
there are many. 
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ABSTRACT 

 
There were about 66 copper active mines in the Sadamisaki Peninsula from middle Meiji to Taisho era 

although all mines closed. It is important to evaluate influence of waste water and tailings from mines 
accompanied with past copper mine activity on environment for surrounding area. Sea water heavy metal 
concentration is low and changeable however heavy metal concentration of seaweed is generally high because of 
bio-concentration and depends on long term surrounding condition. Therefore, it is easy to measure heavy metal 
concentration and to evaluate long term environment. Then, seaweeds were sampled at both the Sadamisaki 
Peninsula and the surrounding non copper mine areas, the Yashiro Island in Yamaguchi prefecture and Kada in 
Wakayama prefecture and copper, iron, manganese, lead, zinc and arsenic concentrations of seaweeds were 
measured. As a result, copper and iron concentrations of green seaweed at sampled at the Takaura Bay in the east 
of the Sadamisaki Peninsula were 100 to 350 ppm and 100 to 1000 ppm respectively and ten times higher than 
those of the other samples. Manganese, lead, zinc and arsenic concentrations for seaweed sampled at the 
Sadamisaki Peninsula were almost the same as those sampled at the other areas. As ore minerals of the copper 
mines were mainly pyrite FeS2 and chalcopyrite CuFeS2, the waste water and tailing contained iron and copper. 
The biggest mine, the Takaura mine in the Sadamisaki area faced the Takaura Bay. High copper and iron 
concentrations of seaweed sampled at the Takaura Bay were thought to indicate contamination caused by activity 
of copper mine.  
 
Keywords: Heavy metal, Mine, Seaweed, Contamination 
 
 
INTRODUCTION 

 
Seaweed contains 15 kinds of trace elements 

besides various kinds of minerals taken from sea 
water. The elements are in indispensable for human 
beings and humans and marine creatures [1]. 
Seaweed gets nutrition and heavy metal by taken in 
seawater. Then, seaweed reserves the heavy metals 
such as arsenic in the body for long term. This 
characteristic is bioconcentration. It is clear that 
heavy metal concentration in seaweed is higher than 
that in seawater by bioconcentration. In previous 
studies, characteristics of trace element 
concentration in each region were studied [2]-[6].  

 The one of the study area is the Sadamisaki 
Peninsula located in the western part of Ehime 
prefecture and the area is famous for many closed 
copper mines operated in Taisho to beginning of 
Showa era [7]. And development of mines was 
actively carried out in Taisho era.  

Figure.1 shows points of mining trace in the 
Sadamisaki Peninsula. There were 66 mine traces 
operated during the heyday. Although at present all 
mines closed, waste water from some closed mines 
and from tailings of mines still flows into sea. As the 
most area of the Sadamisaki Peninsula is 
mountainous and its coast is steep slope and cliff, 
waste water directly flows into sea.  

Therefore, seaweed sampled around the 

Sadamisaki Peninsula can be assumed as seaweed in 
metal contamination sea. Then, seaweed in the 
Sadamisaki Peninsula and the other areas are 
sampled and their metal contaminations are 
measured for evaluating metal contamination in sea.  
  

Fig.1. Points of mining trace 
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METHOD AND STUDY AREA 
 

Fig.2 shows sampling area, the Sadamisaki 
Peninsula, Yashiro Island in Yamaguchi prefecture 
and Kada in Wakayama Prefecture.  

 Fig.3 shows 14 sampling points around the 
Sadamisaki Peninsula, 8 points along the Seto Inland 
Sea and 6 points along the Uwakai Sea. 

8 sampling points along the Seto Inland Sea are 
Lighthouse, Yobokori, Myoujin, Kojima, Ooe, 
Ikatagoshi, Mue and Izumi, 6 points along the 
Uwakai Sea are Uchinoura, Takaura, Inoura, Natori, 
Futami and Mekkomisaki. 

The seaweed are collected at the time of the ebb 
tide. 

The collected seaweeds are dried and then 
dissolved with concentrated nitric acid. Heavy metal 
concentration of solution is measured by ICP-AES. 
Heavy metal concentration in seaweed was 
calculated according to equation (1) 

 
ሻሺܜܐܑ܍ܟ	ܡܚ܌	ܖܑ	ܖܗܑܜ܉ܚܜܖ܍܋ܖܗ۱ ൌ

ሺफሻ܌ܑ܋܉	܋ܑܚܜܑܖ	ܗ	ܜܐܑ܍܅ሻൈሺ܌ܑܝܙܑܔ	ܖܑ	ܖܗܑܜ܉ܚܜܖ܍܋ܖܗ۱

ሺफሻ܍ܔܘܕ܉ܛ	ܗ	ܜܐܑ܍ܟ	ܡܚ۲
(1) 

 
RESULTS 

 
The heavy metal concentrations in seaweed at 
the Sadamisaki Peninsula 

 

In the previous study, heavy metal concentration 
in seaweed at the Kii Peninsula was measured and 
heavy metal concentration pattern for each seaweed 
species was also clarified. It’s known that Cu, Fe 
and Mn concentrations in green seaweed were 
higher than those in brown and red seaweed and that 
there was no clear difference of Pb and Zn 
concentrations among green, brown and red 
seaweeds and that As concentration in brown 
seaweed was higher than those in green and red 
seaweed. In this research, to clarify the tendency 
around the Sadamisaki Peninsula based on the 
previous study. 
 
Cu concentrations in seaweed 

 

 

 
Fig.4.1 shows Cu concentration of seaweed. 

Green seaweed, brown seaweed, and red seaweed 
are shown as circle, triangle and square. The Seto 
Inland Sea and the Uwakai Sea are shown as solid 
and open symbol. Cu concentrations in seaweed 
along the Seto Island Sea were 0.19 to 6.57 ppm, Cu 
concentrations in seaweed along the Uwakai were 
0.26 to 337 ppm. 

Fig.4.2 shows Cu concentrations in Ulvales.  Cu 
concentrations in most green seaweed were 1 to 10 
ppm. Especially, Cu concentration in green seaweed 
at Takaura was 121 to 334 ppm. 

Fig.2. Sampling area 
 

Fig.3. Sampling points at the Sadamisaki Peninsula 
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Fig.4.1 Cu concentration in seaweed at the 
Sadamisaki Peninsula 
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Fig.4.2 Cu concentration in Ulvales at the 
Sadamisaki Peninsula 
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Fe Concentration in Seaweed 

 
Fig.5.1 shows Fe concentrations in seaweed at 

the Sadamisaki Peninsula. Fe concentrations in 
seaweed along the Seto Inland Sea were 30 to 1676 
ppm, and along the Uwakai were 30 to 8196 ppm. 

 

 
Fig.5.2 shows Fe concentration in Ulvales. Fe 

concentrations at Kojima and Ikatagoshi were 3109 
ppm and 1313 ppm, Fe concentrations at Takaura 
and Mekkomisaki were 1619 to 8195 ppm and 3082 
to 4102 ppm. 
 
Mn Concentration in Seaweed. 

 

 

 Fig.6 shows Mn concentrations in green 
seaweed along most points were several to several 
10 ppm. Especially Mn concentrations in Ulvales at 
Takaura were 136 to 206 ppm. 

 
Pb Concentration in Seaweed  
 

Fig.7 shows Circles show green seaweed, 
triangles show brown seaweed, and squares show 
red seaweed. Pb concentrations in green, brown and 
red seaweed at 8 points along the Seto Inland Sea 
were 0.1 to 10 ppm. On the other hand Pb 
concentrations in green, brown and red seaweed at 7 
points along the Uwakai Sea were 0.1 to several 10 
ppm. Therefore Pb concentrations at the Sadamisaki 
Peninsula were no clear difference between green, 
brown and red seaweed. 
 
Zn Concentration in seaweed 
 

Fig.8 shows Circles show green seaweed, 
triangles show brown seaweed, and squares show 
red seaweed. Zn concentrations in green, brown and 
red seaweed at all 15 points were 10 to 100 ppm. 
Therefore there was no clear difference in 15 points. 

 

 

 
As Concentration in Seaweed 
 

Fig.9 shows As concentrations in brown seaweed 
at all fifteen points were several to 100 ppm. 
Therefore there was no clear difference in 15 points. 
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Fig.8 Zn concentrations in seaweed at the 
Sadamisaki Peninsula 
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Fig.6 Mn concentrations in seaweed at the 
Sadamisaki Peninsula 
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The heavy metal concentrations in seaweed at the 
three sampling areas  
 
     The heavy metal concentrations in seaweed at the 
Sadamisaki Peninsula were compared with the 
Yashiro Island and Kada. The Yashiro Island is 
along the Seto Island Sea, Kada is along the Osaka 
bay. 
 
Cu concentrations in seaweed 
 

 

     Fig.10 shows Cu concentrations in seaweed at the 
three sampling area. Cu concentrations in seaweed at 
Takaura were higher than those of the other area. 
 

Fe concentrations in seaweed 

 
Fig.11 shows Fe concentrations in seaweed at the 

three sampling area. Fe concentrations in seaweed at 
Takaura were higher than those of the other area. 
 

Mn concentrations in seaweed 
 

 Fig.12 shows Mn concentrations in seaweed at 
the three sampling area. Mn concentrations in 
seaweed at the Yashiro Island were higher than 
those of the Sadamisaki Peninsula. 

 

 
Pb concentrations in seaweed 
 
      Fig.13 shows Pb concentrations in seaweed at 
the three sampling area. Pb concentrations in 
seaweed at Takaura and Mekkomisaki were higher 
than those of the other area. 
 

Zn and As concentrations in seaweed 
 

Fig.14 and 15 show Zn and As concentrations in 
seaweed at the three sampling area. Zn and As 
concentrations in seaweed at the Sadamisaki 
Peninsula were not higher than those of the other 
area. 
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Fig.12 Mn concentrations in seaweed  
at the three sampking area 
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Fig.10 Cu concentrations in seaweed  
at the three sampling area 
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Fig.11 Fe concentrations in seaweed  
at the three sampling area
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DISCUSSION 

 
Cu and Fe concentrations in Ulvales at Takaura 

were higher than those of the other areas.  
The heavy metal concentrations were studied 

about seaweed species at Takaura. Cu, Fe and Mn 
concentrations in Ulvales at Takaura were about 10 
to 20 times higher than those of the other kinds of 
seaweed at Takaura although Pb, Zn and As 
concentrations in Ulvales at Takaura were not higher 
than those of the other kinds of seaweed at Takaura. 

The heavy metal concentrations in Ulvales at 
Takaura were compared with the other areas.  

 Cu concentrations in Ulvales at Takaura were 
about 100 times higher than those of the other areas 
at the Sadamisaki Peninsula, Fe concentrations in 
Ulvales at Takaura were about 10 times higher than 
those of the other areas at the Sadamisaki Peninsula. 

Also Cu concentrations in Ulvales at Takaura 
were about 10 times higher than those at the Yashiro 
Island. And Fe concentrations in Ulvales at Takaura 
were 100 times higher than those at the Yashiro 
Island. 

The other hand, the heavy metal concentrations 
in Hijiki and Ishige at Takaura were not higher than 
those in Ulvales at Takaura. The heavy metal 
concentrations in Hijiki and Ishige at Takaura were 
compared with those in Hijiki and Ishige at the other 
areas. Cu, Pb, Zn and As concentrations in Hijiki 
were about the same as those at the other areas. Fe 

and Mn concentrations in Hijiki at Takaura were 
lower than those at some areas. Cu, Fe, Mn, Pb, Zn, 
and As concentrations in Ishige were about the same 
as those at the other areas. 

So, Cu, Fe and Mn concentrations in Ulvales 
were considered to be a sensor for finding 
contaminated area. 
 
CONCLUSION 
 

There were about 66 closed copper mines in the 
Sadamisaki Peninsula from middle Meiji to Taisho 
era. The Takaura Mine was the biggest copper mine 
in the Sadamisaki area operated from middle Meiji 
to Taisho era. As ore minerals of the copper mines 
were mainly pyrite FeS2 and chalcopyrite CuFeS2 

[8], the waste water and tailing contained iron and 
copper. The Takaura mine faced the Takaura Bay. 
At Takaura, Cu, Fe and Mn concentrations in green 
seaweed were very high. High copper and iron 
concentrations of seaweed sampled at the Takaura 
Bay were thought to indicate metal contamination 
caused by activity of now closed copper mine. Also 
Fe concentrations in green seaweed at Kojima were 
higher than those sampled at the other areas. It is 
faced inside the bay, so sampling point is not 
influenced by ocean current.  

The heavy metal concentrations in seaweed at the 
Sadamisaki Peninsula were compared with the 
Yashiro Island and Kada. 

Cu and Fe concentrations in green seaweed at 
Takaura were 100 to 350 ppm and 100 to 1000 ppm 
respectively and about 10 to 20 times higher than 
those sampled at the Yashiro Island and Kada. The 
other metal concentrations in seaweed at the 
Sadamisaki Peninsula were not higher than those of 
the Kada and Yashiro Island. Takaura area is 
concluded to be Cu and Fe contaminated area using 
seaweed heavy metal concentrations comparing 
normal area such as the Kada and Yashiro areas. 
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ABSTRACT 

 
Water retention property of soil is determined by soil texture, soil structure, and physical properties of grain 

surface. Specifically, it is influenced by various factors such as pore size, pore shape, connectivity to neighbor 
pores, and contact angle of grains in a bottom-up manner. The water retention curve, which is a relation between 
retained water in soil and matric potential, can exhibit different shape depending on such factors. However, from 
our previous numerical experiments with a pore-network model, it was suggested that the various water retention 
curves can be integrated into an almost identical curve irrelevantly to different pore-size distributions when 
variously saturated porous media is evaluated by an evaluation index derived from the percolation theory. The 
evaluation method is called invaded percolation probability here, and it is extended from the percolation 
probability, which is the one that evaluates a degree of connectability of a network. In this study, more detailed 
numerical experiments for imbibition process are conducted and the applicability of the invaded percolation 
probability is investigated. It is found from the obtained results that a common curve of the invaded percolation 
probability is obtained if pores in the pore-network do not have any correlation with their neighbor pores. In a case 
where the pore-network has some spatial structure, it was found that a different curve of the invaded percolation 
probability is obtained, and that this evaluation method is applicable unless the structure is disturbed.  
 
Keywords: Water Retention Property, Pore-network, Percolation Theory, Invasion Percolation 
 
INTRODUCTION 

 
Soil is essential for not only agriculture but also 

all terrestrial flora and fauna including humankind. 
Among various soil properties such as physical, 
dynamic, and chemical ones, hydraulic properties are 
quite important for crop production since water 
retention characteristics and permeability have a large 
influence on crop growth. So far, many models such 
as van Genuchten-Mualem model [1], [2], which is 
one of representative functional ones based on the 
bundle of capillary tubes model, have been utilized. 
In addition, to reproduce the hydraulic properties of 
soil in a bottom-up manner, an approach with a 
network of pores has been conducted focusing on the 
importance of connectivity of pores [3] after Fatt et al. 
proposed a pore-network model [4], and this 
approach was employed to analysis pore structure [5], 
[6]. Recently, detail shape of pores and frequency of 
pore size is being directly grasped due to the 
development of observation apparatus such as a high-
resolution X-ray CT (computed tomography) scan [7].  

On the other hand, it was reported that invasion 
phenomena such as imbibition and drainage 
processes can be put together into a single curve 
based on the percolation probability from the analysis 
with the percolation theory [8]. The curve, which is 
referred to the invaded percolation probability in this 
study, shows a relationship between invadable and 
invaded pores, and resembles the water retention 
curve, which shows a relationship between matric 
potential and saturation or water content in soil. 

While physical indices are used in both axes in the 
water retention curve, proportions of invadable and 
invaded pores to total pores are used in the invaded 
percolation probability. The matric potential in the 
water retention property corresponds to the 
proportion of invadable pores in the invaded 
percolation probability, and saturation to the 
proportion of invaded pores. By introducing this 
evaluation method, there is a possibility various water 
retention curves obtained from different soil type is 
treated in a unified way, and this deepens 
understanding of invasion processes as a basic 
principle. In this study, applicability of the evaluation 
method and factors that determine the shape of the 
invaded percolation probability are investigated 
through numerical experiments.  

 
MODEL  
Pore-network Model 

 
To conduct numerical experiments in the 

following section, a pore-network model is utilized, 
and it is extracted from a virtual porous medium 
which is made by the discrete element method. A 
virtual porous medium is composed of equal-size 
spherical grains packed randomly in a cubic container. 
From the porous media, a pore-network is extracted 
with the modified Delaunay tessellation method [9]. 
In Fig. 1, a virtual porous medium, which is formed 
by about 5800 spherical grains of 0.2 mm in a 
3mm×3mm×3mm container, and a pore-network 
extracted from the porous medium are shown.  
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A pore-network consists of pore bodies (PBs) and 
pore throats (PTs). Pore bodies are relatively large 
pores and are represented by circles in Fig. 1. Pore 
throats are relatively small pores that connect two 
PBs, and are represented by tubes here. The extracted 
pore-network, which is referred to Network1 here, in 
Fig. 1 (b) has about 14,000 PBs and 35,500 PTs, and 
frequency distributions of pore sizes and coordinate 
number, which is the number of PTs that a single PB 
connects, are shown in Fig. 2. Figure 3 shows the 
correlations between coordinate numbers and 
between pore body radii of PBs and other PBs 
surrounding them. Except for the vicinity of the right 
ends of both graphs, where values disperse since the 
number of samples in each dot is small, the shape of 
the graphs is generally flat, which shows that neither 
coordinate number nor PB size have strong spatial 
correlation with their neighbors. But the level of low 
radii is a little lower compared with others, which 
means that small PBs tend to connect small PBs.  
 
Percolation Probability 

 

In the percolation theory, a network is represented 
by sites and bonds, which correspond to PBs and PTs, 
respectively, in a pore-network model. In an analysis 

using networks, two processes are considered on a 
network: One is a site process, in which sites play a 
main role, and the other is a bond process, in which 
bonds play a main role. In a case of a site process, 
each site takes one state from two states: ‘open’ or 
‘close’. When a site is open, the open site can convey 
something, which depends on an objective system 
and information, electricity, and infectious disease 
are given as an instance [10]. In this study, open sites 
represent invadable pores that are small enough, and 
close sites represent non-invadable pores that are 
large in a case of imbibition process. Then, conveyed 
matter is water. In a case of drainage process, open 
(invadable) pores are the ones that are large enough, 
and conveyed matter is air. Basically, the imbibition 
process into normal (hydrophilic) soil can be treated 
as a site process, because PBs regulate water invasion. 
This means that if water can invade into a certain PB, 
water can inevitably invade into the PTs connecting 
to the PB since the connecting PTs are smaller than 
the PB. And the drainage is treated as the bond 
process for the same reason.  

The percolation probability is an index of 
connectability inside a network, and is represented by 
a relation between the proportion of all open elements 
(sites or bonds) in a network and that of the largest 
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open cluster, which is the maximum subnetwork 
formed by open elements, among all open clusters in 
the network. Normally, as the proportion of open 
elements increases, the number of open clusters 
decreases, and one large subnetwork is formed 
eventually by connecting each other.  

In Fig. 4, two types of percolation probability of 
the site process are shown: one is a normal 
percolation probability as a network, in which the 
percolation probability is computed based on random 
numbers given to sites. The other is a percolation 
probability that is computed based on the PB size. 
These show a typical shape of the percolation 
probability. As the proportion of open sites increases, 
the percolation probability rises suddenly at a point, 
and approaches a diagonal line asymptotically. The 
point of sudden rise is referred to the percolation 
threshold, and it shows phase transition since the 
system changes from non-conveyable to conveyable 
at this point. In soil physics, the transition point has 
an important meaning. In a case of imbibition process, 
it corresponds to the point where water begins to 
invade into soil at the water-entry pressure of the soil. 
It can be interpreted in the following way. When the 
pressure passes across the water-entry pressure, the 
proportion of invadable pores becomes large enough 
so as to form a large subnetwork that spreads from 
one side to the opposite side. In a case of drainage 
process, it corresponds to air-entry pressure.  

 
Invasion Percolation and Invaded Percolation 
Probability 

 
The dynamic process of water- or air-invasion is 

modeled by the invasion percolation [11]. The 
invasion percolation is a temporally and spatially 
discretized model, and invading fluid proceeds into 
invadable pores step by step satisfying the continuity 
rule. Hence, each pore takes one state from three 
states in addition to open (invadable) and close (non-
invadable). The third state is ‘invaded’, which means 
an invadable pore invaded by invading fluid literally.  

As reported by Takeuchi et al. [8], the number of 
pores invaded in one time step has an effect on the 
invading mode. When the number is large enough, 

fluid invades uniformly forming an invading front, 
and the amount of remains that are not invaded is 
small. When the number is small enough, fluid 
invades in a fingering manner, and the amount of 
remain is large even if all pores are invadable.  

After the invasion process is finished, the invaded 
percolation probability, which is a relation between 
the proportion of invadable pores and that of invaded 
pores, is calculated from the obtained final state of the 
network in the same way with the percolation 
probability [8]. The invaded percolation probability 
never exceed the percolation probability from its 
definition.  

 
NUMERICAL EXPERIMENTS 
 

Based on the extracted pore-networks, various 
pore-networks with different frequency distribution 
of pore sizes are generated, and two numerical 
experiments of the imbibition process are conducted 
in this study. In an imbibition process, pores that 
satisfy the following inequality are classified as 
invadable.  

we cp p     (1) 

with 

c air waterp p p  , we advcos /p P A   (2) 

where wep  is the water-entry pressure of an objective 
pore, and cp  is the capillary pressure, airp  and waterp  
are the air and water pressures at the vicinity of the 
air-water interface, P  and A  are the wetted 
perimeter and the cross-sectional area of the pore,   
is the interfacial tension, and adv  is the advance 
contact angle of the grain surface. The air pressure is 
assumed to be constant, and the water pressure is to 
be hydrostatic from the pressure at the pore-network 
bottom, to which desired pressure is imposed. The top 
and bottom are open to air and water, respectively, 
and the four side faces are enclosed by walls. Then, 
air and water cannot go in and out through side faces. 
Water is supplied from the bottom, and air is 
discharged from the top freely in an imbibition 
process. The maximum number of pores invaded in 
one time step is set as 10,000, which gives no limit 
substantially.  
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Different Packings of Grains 
 
Three pore-networks extracted from different 

porous media, which are made from randomly-
perturbed initial position of grains, are used to 
investigate the individual difference of the pore-
network. As shown in Figs. 2 through 4, the 
frequency distributions of the coordinate number and 
pore sizes, the correlation with neighbor PBs, and the 
percolation probability are almost identical, although 
these three pore-networks have different topology. 
Besides, the computed results of the water retention 
property and the invaded percolation probability 
shown in Figs. 5 and 6, respectively, are also almost 
identical. These results assure that the volume of 
porous media employed in this study is sufficient, and 
that this volume exceeds the representative 
elementary volume (REV).  

In addition to the verification of porous media 
volume, another experiment is conducted to 
investigate the effect of the arrangement of PBs. In 
the normal percolation probability, each site is treated 
equally. Hence, whether a site is open or close is 
given stochastically. On the other hand, the size of 
each PB is used as a value in the PB-size-based 
percolation probability. That is, 0.3 in the horizontal 
axis in Fig. 4 means that 30% of sites (pores) from the 
smaller ones are open. Figure 4 shows that the 
arrangement of PBs makes discrepancy between 
normal and PB-size-based percolation probability. 
The percolation threshold of the normal percolation 
probability is about 0.35, and that of the PB-size-
based one is about 0.55. From this result, it is found 
that the networks as a pure network have potential to 
form an open subnetwork which expands sufficiently 
if about 35% of sites are open, and however the 
network as a pore-network need about 55% of open 
sites (invadable PBs). This implies that small PBs do 
not exist uniformly in the pore-network. This 
inference is supported by the fact that the small PBs 
whose radius is about 0.03 mm or less tend to connect 
to small PBs from Fig. 3.  

Another three virtual pore-networks in which PB 
size is randomly shuffled in each network are made 

from the three pore-networks, respectively. The 
generated pore-networks are referred to ‘shuffled’, 
and the original ones are to ‘original’ here. The 
computed water retention curves and invaded 
percolation probability are shown in Figs. 5 and 6. 
These figures show that the difference between each 
type of pore-network is small enough, and that the 
water entry pressure of the original pore-networks is 
larger than that of the shuffled pore-networks 
reflecting the large percolation threshold of the 
original pore-networks.  

In Fig. 7, the correlation of neighbor PBs of the 
shuffled pore-networks is shown. Unlike that of the 
original pore-networks in Fig. 3 (b), totally flat graphs 
except for the right end are obtained, which shows 
each size of PBs connect to all size of PBs evenly. In 
Fig. 8, spatial distributions of invadable and invaded 
PBs in the original and shuffled pore-networks of 
Network1 are shown when the percentage of 
invadable PBs is 34.9%. At this time, the water 
pressure applied to the bottom of the pore-network is 
-26 cmH2O, and only little water invades from the 
bottom face in the original pore-network while water 
spreads in the shuffled pore-network as shown in Figs. 
5 and 8. Table 1 shows that invadable PBs forms 
separate small clusters in the original pore-network, 
and that a big cluster is formed in the shuffled pore-
network.  

 
Table 1 Properties of invadable clusters 

 

 original shuffled 
the number of pores 14060 
the number of invadable pores 4907 
the number of clusters 1860 1045 
the minimum of NIP† 1 1 
maximum of NIP 54 2364 
mean of NIP 2.7 4.8 
standard deviation of NIP 4.1 73.6 

†NIP is the number of pores in an invadable cluster.  
 

Various Distributions of Pores 
 

In this subsection, three different types of pore-
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size distribution, such as average-shift type, variance-
change type, and bimodal type, are given to PBs and 
PTs of Nerwork1 (Fig. 9) to investigate the effect of 
pore size distributions on water retention property and 
invaded percolation probability. In the average-shift 
type, the distributions are shifted upward or 
downward without changing its shape from the 
original distribution (A3), and in the variance-change 
type, the variance of distributions are changed larger 
or smaller from the original distribution (V3). A3 and 
V3 are equal to Network1. In the bimodal type, 
bimodal distributions are generated by mixing two 
different distributions of B1 (=A1) and B5 (=A5) at 
various rates. The cumulative distributions of 
invadable pores to the matric potential of each 
distributions type are shown in Fig. 10. In the same 
way with the previous subsection, pore-size-shuffled 
versions of each pore-network are also generated.  

The computed water retention properties and the 
invaded percolation probabilities are shown in Figs. 
11 and 12. It is found from these figures that although 
the shape of water retention curves changes variously 
depending on the pore-size distributions, all the 
obtained invaded percolation probability are almost 
identical except for the bimodal distribution in the 
original pore-network, and that the shapes of the 
invaded percolation probability is the same with those 
in Fig. 6 and derives from the percolation probability 
of the site process shown in Fig. 4.  

In the original pore-network with the bimodal 
distribution, the invaded percolation probability of B2, 
B3 and B4 deviate from others. This is because the 

structure of small pores, which form many clusters of 
several pores in the pore-network, was destroyed by 
mixing different size of pores. But even in a case of 
the shuffled pore-network, the obtained invaded 
percolation probability of the bimodal distributions is 
almost identical to those of other distributions since 
shuffled one does not have such structure.  

Further, it is also found that the water-entry 
pressure of a pore-network can be estimated from the 
percolation probability of the site process (Fig. 4) and 
the cumulative distribution of invadable pores (Fig. 
10). As an example, a case of A1 is explained here. It 
is found from Fig. 4 that the percolation thresholds of 
the original and shuffled pore-networks are about 
0.55 and 0.35, respectively, and it is found from Fig. 
10 (a) that the values of the matric potential of both is 
about -39 cmH2O and -48 cmH2O when the 
cumulative probability of those are 0.55 and 0.35. 
This value is identical to the water-entry pressure of 
A1, which is about -38 cmH2O and -48 cmH2O from 
Fig. 12 (a).  
 
CONCLUTIONS 
 

In this study, two types of numerical experiment 
were conducted using extracted pore-networks from 
virtual porous media to investigate the applicability 
of the evaluation method termed invaded percolation 
probability. From the first numerical experiment, it 
was shown that porous media randomly packed with 
equal-size spherical grains have a spatial structure 
that small pores form separate clusters compared with 
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the uniformly distributed pore-network, and that the shape 
of the percolation probability and the invaded percolation 
probability depend on the structure. In addition, it was also 
found that the structure obstructs water invasion and makes 
the water-entry pressure higher as a result. From the second 
experiment with various pore size distributions, it was 
shown that almost identical invaded percolation probability 
in each type of pore-network are obtained unless the pore 
structure is destroyed, while various water retention curves 
are obtained depending on the different pore size 
distributions. This shows the feature of the evaluation 
method that the same type of network has the same shape 
of invaded percolation probability. Hence, it is concluded 
that this evaluation method based on the percolation theory 
is applicable, but the shape of the percolation probability is 
valid only in the same type of soil.  
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ABSTRACT 

 
Shell of cicada is useful for evaluating heavy metal contamination because heavy metal concentration of 

cicada is high and has long term information. Soil heavy metal concentration is variable and each soil mineral is 
quite different chemical composition and its concentration is not always bioavailable concentration. Adult cicada 
flies after emergence and then it is difficult to determine original metal source. Then, cicada shell is easy to 
determine original metal source area. In order to investigate effectiveness of using shell of cicadas for evaluating 
the heavy metal concentration of the soil, heavy metal concentration of shell of popular cicada, Cryptotympana 
facialis in metropolitan parks and factory site was studied. It is thought that heavy metal concentration is high in 
factory site, and urban park is not so. Cicada larvae absorb nutrients from trees. Cherry is very popular at both 
parks and factory sites and many shells of cicada were sampled surface of cherry tree. Heavy metal 
concentrations of leafs and flower of cherry were concluded to be also high and heavy metal of shell of cicada 
was thought to derive from soil through trees.    

 
Keywords: Heavy metal, Cicada, Cherry, Contamination, Park 
 
 
INTRODUCTION 
 

Chemical substances such as metals will affect 
ecosystems and the environment when excess 
amount of metal is released into environment. As 
heavy metals in the soil increase, it also affects 
ecosystems, groundwater and plants. Therefore, it is 
necessary to grasp the heavy metal concentration of 
the soil [1]. 

However, it is not a good idea to directly measure 
metal concentration of soil because all amount of 
heavy metal in soil is not soluble and organisms 
cannot use all amount of heavy metal in soil. Then, 
bioavailable heavy metal concentration is important 
for health of organization. Then, heavy metal 
concentration of organization is thought to depend 
on bioavailable heavy metal concentration. Cicada 
larva live for long term underground and get nutrient 
from tree root [2]. Adult cicada flies and then it is 
difficult to determine its original ground where its 
cicada lives. Cicada shell is useful for measuring the 
soil heavy metal concentration. Cicada shell is found 
on the tree around the ground. Tree gets nutrient and 
metal from soil. Therefore, metal concentrations of 
tree leaves, tree flowers and cicada larva are used for 
evaluation of metal contamination. The habitat of 
cicada larvae depends on trees [3]. Cicada shell was 
seen most often on the surface of cherry tree and 
then cherry flower and leaves were also analyzed.  

Cicada shells were sampled at metropolitan parks 
and cherry trees are also found in the parks. Cu, Zn, 
Fe, Pb and Mn were studied for evaluation of heavy 
metals. 

 
METHOD AND STUDY AREA 

 
Fig.1 shows 12 sampling points in Osaka, Japan. 

Osaka is an urban area. 

 
Fig.1 sampling points in Osaka, Japan. 
 
No.1 sampling point is site after chemical factory. 

Many factories are lined up around the No.1 
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sampling pint. There is a possibility that the waste 
discharged at the factory is absorbed by the soil. 
No.2 to No.12 sampling point is metropolitan parks. 
There are no factories in the surrounding area, and it 
is a place where artificial environmental burden is 
difficult to apply. Therefore, soil contamination is 
considered to be small. The heavy metal 
concentrations of soil are expected to differ between 
No. 1 and No. 2 to No. 12. By comparing 
concentrations of cicada shell sampled at No. 1 and 
No. 2 to No. 12, heavy metal contamination and 
effectiveness of using cicada shell were evaluated.  

Cicada shell, cherry flowers and cherry leaves 
are collected. The shell of the cicada collected is a 
black cicada (Cryptotympana facialis). The cicadas 
that inhabit the most in Osaka are black cicadas[4]. 
Therefore, black cicada was selected. The shell of 
the black cicada was attached to the cherry tree the 
most. The cherry tree chose a Cerasus ×yedoensis 
which is the tree with the most number of shells of 
black cicadas. At least 20 cicada shells were 
sampled in each place. A cherry flower was taken 1 
g in each place. A cherry leaves was taken 3 leaves 
in each place. Cicada shells were collected in July of 
2016, cherry flower and cherry leaves were collected 
in May of 2017.  

The concentration of heavy metals for each piece 
of cicada shell was measured. At least 10 pieces (13 
pieces in No.1 sampling points) in one place were 
measured. Cherry flowers and leafs measured the 
heavy metal concentration per 0.02 g. Cherry 
flowers were measured in 0.2 × 4 pieces (0.2 × 5 
pieces in No. 1 sampling point, 0.2 × 3 pieces in No. 
6 sampling point). Cherry leaves were measured 0.2 
× 5 pieces per place. As a pretreatment, the cicada 
shell was washed with an ultrasonic washer and then 
dried. Cherry flowers and leaves only dried. Then, 
they were dissolved in concentrated nitric acid, 
filtered, and ICP plasma emission spectrometer was 
used to measure the concentration of heavy metal in 
nitric acid. The concentration of heavy metals in 
nitric acid was converted into heavy metal 
concentrations of cicada shell, cherry flowers and 
cherry leaves using the formula shown below.	
 

Aሺppmሻ ൌ Bሺppmሻ ∗ େሺሻ

ୈሺሻ
              (1) 

 
A= Concentration in dry sample 
B= Concentration in nitric acid 
C= Weight of nitric acid 
D= Weight of dry sample 
 
The dry sample is a cicada shell, a cherry flowers 

and a cherry leaf. Measurement items are Cu, Fe, 
Mn, Zn, Pb. 

 
 
 
 

RESULTS 
 

1. Cu Concentration in cicada shell, cherry 
flowers and cherry leaves 

 
Fig.1 shows Cu concentration in cicada shell. 

The maximum value is 32 ppm. The minimum value 
is 5 ppm. The average value is 11 ppm. Cu 
concentrations in No. 1, No. 2, No. 5 and No. 11 
sampling points are high. Cu concentrations in No. 6 
and No. 9 sampling points are low. Cu concentration 
in No. 1 sampling point is 6 to 32 ppm. Cu 
concentration in No. 2 sampling point is 10 to 14 
ppm. Cu concentration in No. 5 sampling point is 9 
to 26 ppm. Cu concentration in No. 11 sampling 

point is 7 to 26 ppm. Cu concentration in No. 6 
sampling point is 5 to 7 ppm. Cu concentration in 
No. 9 sampling point is 6 to 8 ppm.  

 
Fig.1 Cu concentration in cicada shell 
 
Fig.2 shows Cu concentration in cherry flower. 

The maximum value is 26 ppm. The minimum value 
is 4 ppm. The average value is 12 ppm. Cu 
concentrations in No. 2, No. 5 and No. 9 sampling 
points are high. Cu concentrations in No. 11 and No. 
12 sampling points are low. Cu concentration in No. 
2 sampling point is 19 to 26 ppm. Cu concentration 
in No. 5 sampling point is 13 to 18 ppm. Cu 
concentration in No. 9 sampling point is 12 to 15 
ppm. Cu concentration in No. 11 sampling point is 4 
to 8 ppm. Cu concentration in No. 12 sampling point 
is 6 to 8 ppm. 

 
Fig.2 Cu concentration in cherry flower 
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Fig.3 shows Cu concentration in cherry leaf. The 
maximum value is 23 ppm. The minimum value is 4 
ppm. The average value is 10 ppm. Cu 
concentrations in No. 5 and No. 6 sampling points 
are high. Cu concentrations in No. 3, No. 4, No. 11 
and No. 12 sampling points are low. Cu 
concentration in No. 5   

Fig.3 Cu concentration in cherry leaf 

 
sampling point is 18 to 23 ppm. Cu concentration 

in No. 6 sampling point is 10 to 17 ppm. Cu 
concentration in No. 3 sampling point is 4 to 6 ppm. 
Cu concentration in No. 4 sampling point is 5 to 7 
ppm. Cu concentration in No. 11 sampling point is 6 
to 8 ppm. Cu concentration in No. 12 sampling point 
is 7 to 9 ppm. 

Cu concentration in cicada shell, cherry flower 
and cherry leaf is high in No. 5 sampling point. Cu 
concentrations in shell of cicadas were 5 to 32 ppm. 
Cu concentration in cherry flower were 4 to 26 ppm. 
Cu concentrations in cherry leaf were 4 to 23 ppm. 
Cu concentration in cicada shell, cherry flower and 
cherry leaf is similar. 

 
2. Fe Concentration in cicada shell, cherry 

flowers and cherry leaves 
 
Fig.4 shows Fe concentration in cicada shell. The 

maximum value is 3300 ppm. The minimum value is 
638 ppm. The average value is 1632 ppm. Fe 
concentrations in No. 10 sampling points are high. 
Fe concentrations in No. 2 sampling points are low. 
Fe concentration in No. 10 sampling point is 1440 to 
3300 ppm. Fe concentration in No. 2 sampling point 
is 770 to 2012 ppm.  

Fig.4 Fe concentration in cicada shell 

 
Fig.5 shows Fe concentration in cherry flower. 

The maximum value is 305 ppm. The minimum 
value is 72 ppm. The average value is 128 ppm. Fe 
concentrations in No. 3 and No. 5 sampling points 
are high. Fe concentrations in No. 10 and No. 12 
sampling points are low. Fe concentration in No. 3 
sampling point is 125 to 305 ppm. Fe concentration 
in No. 5 sampling point is 138 to 244 ppm. Fe 
concentration in No. 10 sampling point is 72 to 162 
ppm. Fe concentration in No. 12 sampling point is 

90 to 100 ppm. 
 
Fig.5 Fe concentration in cherry flower 
 
Fig.6 shows Fe concentration in cherry leaf. The 

maximum value is 185 ppm. The minimum value is 
67 ppm. The average value is 115 ppm. Fe 
concentrations in No. 2, No. 5 and No. 8 sampling 
points are high. Fe concentrations in No. 1, No. 7 

and No. 9 sampling points are low.  
Fig.6 Fe concentration in cherry leaf 
 
Fe concentration in No. 2 sampling point is 130 

to 182 ppm. Fe concentration in No. 5 sampling 
point is 142 to 175 ppm. Fe concentration in No. 8 
sampling point is 100 to 185 ppm. Fe concentration 
in No. 1 sampling point is 70 to 111 ppm. Fe 
concentration in No. 7 sampling point is 70 to 86 
ppm. Fe concentration in No. 9 sampling point is 67 
to 97 ppm. 

Fe concentration in cicada shell is 10 to 25 times 
higher than Fe concentration in cherry flower and 
cherry leaf. 
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3. Mn Concentration in cicada shell, cherry 
flowers and cherry leaves 

 
Fig.7 shows Mn concentration in cicada shell. 

The maximum value is 1655 ppm. The minimum 
value is 159 ppm. The average value is 533 ppm. 
Mn concentrations in No. 5, No. 8 and No. 9 
sampling points are high. Mn concentrations in No. 
11 and No. 12 sampling points are low. Mn 
concentration in No. 5 sampling point is 387 to 917 
ppm. Mn concentration in No. 8 sampling point is 
336 to 1655 ppm. Mn concentration in No. 9 
sampling point is 230 to 964 ppm. Mn concentration 
in No. 11 sampling point is 184 to 821 ppm. Mn 
concentration in No. 12 sampling point is 159 to 713 
ppm. 

 
Fig.7 Mn concentration in cicada shell 
 
Fig.8 shows Mn concentration in cherry flower. 

The maximum value is 120 ppm. The minimum 
value is 10 ppm. The average value is 38 ppm. Mn 
concentrations in No. 6 and No. 9 sampling points 
are high. Mn concentrations in No. 7 and No. 11 
sampling points are low. Mn concentration in No. 6 
sampling point is 100 to 120 ppm. Mn concentration 
in No. 9 sampling point is 78 to 104 ppm. Mn 
concentration in No. 7 sampling point is 11 to 18 
ppm. Mn concentration in No. 11 sampling point is 
10 to 15 ppm. 

 
Fig.8 Mn concentration in cherry flower 
 
Fig.9 shows Mn concentration in cherry leaf. The 

maximum value is 300 ppm. The minimum value is 
15 ppm. The average value is 119 ppm. Mn 

concentrations in No. 2, No. 3, No. 6, No. 9 and No. 
12 sampling points are high. Mn concentrations in 
No. 8 and No. 11 sampling points are low.  

Fig.9 Mn concentration in cherry leaf 
  
Mn concentration in No. 2 sampling point is 144 

to 200 ppm. Mn concentration in No. 3 sampling 
point is 125 to 252 ppm. Mn concentration in No. 6 
sampling point is 183 to 300 ppm. Mn concentration 
in No. 9 sampling point is 121 to 236 ppm. Mn 
concentration in No. 12 sampling point is 119 to 188 
ppm. Mn concentrations in No. 8 sampling point is 
15 to 17 ppm. Mn concentration in No. 11 sampling 
point is 19 to 32 ppm. 

Mn concentration in cherry flower and cherry 
leaf has variation. However, Mn concentration in 
cicada shell has no variation. Mn concentration in 
cicada shell is more than 10 times higher than Mn 
concentration in cherry flower. Mn concentration in 
cicada shell is more than 5 times higher than Mn 
concentration in cherry leaf. 

 
4. Zn Concentration in cicada shell, cherry 

flowers and cherry leaves 
 
Fig.10 shows Zn concentration in cicada shell. 

The maximum value is 1377 ppm. The minimum 
value is 11 ppm. The average value is 146 ppm.  

Fig.10 Zn concentration in cicada shell 
 
Zn concentrations in No. 1, No. 5 and No. 11 

sampling points are high. Zn concentrations in No. 4 
and No. 6 sampling points are low. Zn concentration 
in No. 1 sampling point is 138 to 1377 ppm. Zn 
concentration in No. 5 sampling point is 77 to 272 
ppm. Zn concentration in No. 11 sampling point is 
25 to 1276 ppm. Zn concentration in No. 4 sampling 
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point is 11 to 203 ppm. Zn concentration in No. 6 
sampling point is 15 to 68 ppm. 

 
Fig.11 shows Zn concentration in cherry flower. 

The maximum value is 211 ppm. The minimum 
value is 28 ppm. The average value is 75 ppm.  

Fig.11 Zn concentration in cherry flower 
 
Zn concentrations in No. 1, No. 2 and No. 3 

sampling points are high. Zn concentrations in No. 
10 and No. 12 sampling points are low. Zn 
concentration in No. 1 sampling point is 85 to 211 
ppm. Zn concentration in No. 2 sampling point is 53 
to 147 ppm. Zn concentration in No. 3 sampling 
point is 75 to 152 ppm. Zn concentration in No. 10 
sampling point is 28 to 93 ppm. Zn concentration in 
No. 12 sampling point is 40 to 60 ppm. 

Fig.12 shows Zn concentration in cherry leaf. 
The maximum value is 71 ppm. The minimum value 
is 20 ppm. The average value is 41 ppm. Zn 
concentrations in No. 4, No. 5 and No. 9 sampling 
points are high. Zn concentrations in No. 3 and No. 
11 sampling points are low. Zn concentration in No. 
4 sampling point is 38 to 63 ppm. Zn concentration 
in No. 5 sampling point is 59 to 71 ppm. Zn 
concentration in No. 9 sampling point is 34 to 66 
ppm. Zn concentration in No. 3 sampling point is 20 
to 47 ppm. Zn concentration in No. 11 sampling 
point is 24 to 37 ppm. 

 
Fig.12 Zn concentration in cherry leaf 
 

5. Pb Concentration in cicada shell, cherry 
flowers and cherry leaves 

 

Fig.13 shows Pb concentration in cicada shell. 
The maximum value is 339 ppm. The minimum 
value is 1 ppm. The average value is 31 ppm. Pb 
concentrations in No. 1 sampling points are high. Pb 
concentrations in No. 3, No. 6 and No. 7 sampling 
points are low. Pb concentration in No. 1 sampling 
point is 12 to 339 ppm. Pb concentration in No. 3 
sampling point is 1 to 3 ppm. Zn concentration in No. 
6 sampling point is 1 to 2 ppm. Zn concentration in 
No. 7 sampling point is 1 to 3 ppm. Pb concentration 
in cherry flower and cherry leaf could not be 
detected. 

 
Fig.13 Pb concentration in cicada shell 
 
Pb concentration in cicada shell of No. 1 

sampling point is high. 
 
Consideration 

 
Cu concentration in the cicada shell, cherry 

flowers and cherry leaves was high at No. 5 
sampling point. No. 5 sampling point is the Osaka 
Castle Park. In 1945, there was an air raid at the 
Osaka Castle Park. At that time, bombs and bullets 
were dropped. Dropped bullets accumulated in the 
soil, and the concentration of Cu was thought to be 
high[5]. 

The concentration of Fe contained in the cicada 
shell is very high. Therefore, it is thought that larva 
of cicada absorb a large amount of Fe.  

Mn concentration in the cicada shell is very high. 
Therefore, it is thought that larva of cicada absorb a 
large amount of Mn. In addition, Mn concentration 
in the cherry flowers and cherry leaves has a large 
difference between the maximum value and the 
minimum value. However, the Mn concentration in 
the shell of the cicadas has a small difference 
between the maximum value and the minimum value. 
Therefore, there is no correlation between Mn 
concentrations of cicadas and cherry trees. 

Zn and Pb concentrations in cicada shell, cherry 
flowers and cherry leaves at sampled No.1 were 
higher than those at sampled other areas. Then, Zn 
and Pb concentrations in soil at No.1 were thought 
to be higher than those at the other areas.    
 
Conclusion 
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In this study, the heavy metal concentration of 

the soil from cicada shell, cherry flowers and cherry 
leaves were estimated.  

As a result, it was found that some heavy metal 
concentrations in the cicada shells were higher 
values than heavy metal concentrations contained in 
cherry flowers and cherry leaves.  

In addition, heavy metal concentrations in the 
cicada shell, cherry flowers and cherry leaves were 
variable with places. Heavy metal concentrations in 
plant are thought to depend on those in soil as 
generally plant absorbs heavy metal from soil.    

As well as heavy metal concentrations in plant, 
heavy metal concentrations in cicada are thought to 
be influenced by soil heavy metal concentration and 
then cicada shell is also depend on soil heavy metal 
concentration.     

Therefore, shell of cicada is effective for 
estimating heavy metal concentration from soil. 
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ABSTRACT 
 
Rain cloud direction is important for high precipitation around the mountains. The cloud direction is to 

determine how many times cloud meets mountains. When cloud or wet air from sea crosses mountain in land, 
updraft brings out at the mountain and new cloud occurs. As a result, at the mountain, amount of precipitation is 
higher than that around the area. However, when cloud or wet air passes through other mountain before it comes 
to the mountain, it rains heavily at the first mountain and then it rains little at the second mountain. Wet air or 
cloud from the Osaka Bay can go to the Ikoma Mountains directly from west to northwest direction and in this 
case, at the Ikoma Mountains, we have a lot of rain relative to Osaka Plain. However, wet air or cloud from 
southwest to south firstly meets the other mountain and we have small rain at the Ikoma Mountains because wet 
air or cloud precipitates before they arrive at the Ikoma Mountains.  
 
Keywords: Amount of Precipitation, Topography, Cloud Direction, Osaka Plain, Ikoma Mountains 
 
 
INTRODUCTION 

 
About 60 present area of the Japan’s land is the 

mountain. Since heavy rain leads to landslides [1], it 
is necessary for safety to estimate amount of 
precipitation in mountain. It has been recognized 
that amount of precipitation increased with altitude 
in mountain [2]. In other hand, it has been reported 
that amount of precipitation didn’t increase in 
mountain. For example, Yamada et al (1995) [3] has 
been reported that relational expression between 
altitude and amount of precipitation estimate from 
precipitation sample in the Yubari Mountain, 
Hokkaido, and the Gozaishyo Mountain, Mie 
prefectural, Japan. However, sample gathered in the 
Owase, Mie prefectural didn’t increase with altitude. 
Yamada (1984) [4] has reported from samples 
gathered by 28 typhoons in the upper stream of Tone 
River that amount of precipitation increased with 
altitude when wind was blocked by mountain. When 
wind crosses mountains in land, updraft brings out at 
the mountain and new cloud occurs. New cloud can 
make new precipitations. Wakimizu et al (1991) [5] 
has reported that topography on windward side of 
the mountain can change distribution of precipitation. 
A number of studies reported relationship between 
topography and wind is the important factor for 
amount of precipitation. Relationship topography 
and precipitation has not been clarified because 
topography of mountain is complicated. Therefore, 
in this study, the purpose is to clarify the relation 
between precipitation amount and topography and 
then rain sample was sampled from the Osaka Plain 
to the Ikoma Mountains covering big topography 

change.  
 

METHOD 
 

Sampling and Analysis 
 
Fig. 1 shows location of sampling points. Fig.2 

shows location of sampling point and cross-section 
from the Osaka Plain to the Ikoma Mountains. The 
Ikoma Mountains is located in the north-south 
direction on the border of Osaka and Nara in Japan. 
There were 7 rain gauges points at the east of Osaka, 
Plain, East Plain, Foot, Hillside Top, East Top and 
East Hillside in east side of the Ikoma Mountains. 

Fig.1  Location of sampling points 
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Rain sampling was performed 43 times by every 
precipitation from May in 2014 to December in 
2015. 500ml bottle made of polyethylene with wide 
mouth, 43.6 mm in diameter was used for sampling. 
It was put on the ground at each sampling points. 
Precipitation amount was measured by the following 
equation. 

 
P ൌ ሺW ρ⁄ ሻ ሺሺC 2⁄ ሻଶ ൈ πሻ⁄                                     

 
P: Precipitation amount (mm), W : Weight (g), 

ρ : Density of water (10⁻³ g/mm³), C : Caliber of 
Sampler (43.6 mm) 

Data of wind direction and wind speed were 
obtained from Japan Meteorological Agency (JMA) 
at Yao point. Yao point is the closest observation 
station from sampling area. Wind direction of each 
event was selected the most numerous direction and 
was shown by 8 directions. Cloud direction was 
estimate by weather chart. Cloud direction shows 
direction where rain cloud coming from and was 
shown by 8 directions. Weather chart was 
announced by Japan Weather Association.   
 
RESULTS AND DISCUSSION  

 
Precipitation ratio in each event 

 
Fig.3 shows precipitation ratio in each sampling 

points. Precipitation ratio is the value obtained by 
dividing amount of precipitation on each sampling 
point by amount of precipitation on East Plain for 
comparing amounts of precipitation between Plain to 
East Top. Altitude of three sampling points, Plain, 

East Plain, and Foot are 0, 0, 10 m and their 
sampling points were called flat area. Precipitation 
ratios for three sampling points, Plain, East Plain 
and Foot varied 0.5 to 1.5 and their average ratios 
were 1.0. Amount of precipitation in the flat area 
was constant. Altitude of four sampling points, 
Hillside, Top, East Top, and East Hillside are 120, 
430, 440, 280 m and their sampling points were 
called mountain area. Average of precipitation ratios 
for thee sampling points, Hillside, Top and East 
Hillside were 1.3 however average of precipitation 
ratios for East Top was 1.0. It was thought that 
amount of precipitation on mountain area was higher 
than those of flat area excluding East Top. Each 
precipitation ratio for Hillside, Top and East Hillside 
were not always over 1.0. Therefore, it was found 
that precipitation on the mountain was not always 
high. In particular for East Top, amount of 
precipitation is less than those of another mountain 
area. For mountain area, high precipitation 
phenomenon was not simple and very complicated. 

 
Characteristic of high precipitation in mountain 
area 

 
From Fig.3, precipitation ratios in each sampling 

points were variable and complicated. The sampling 
point Top is the mountain peak and then each event 
was grouped into two types based on precipitation 
ratio of sampling point Top. Precipitation ratio for 
Top of over 1.5 was defined as A group events. 
Precipitation ratio for Top of less than 1.1 was 
defined as B group events. A group events have 12 
events. B group events have 9 events.  

Fig.4 shows precipitation ratio of A group events 
classified based on Top precipitation ratio. Average 
precipitation ratio of A group events in Hillside, Top 
and East Hillside was about 1.6. Precipitation ratio 
for East Top varied from 0.4 to 2.4 and the average 

Fig.2 Location of sampling point and cross-
section view. Circles are sampling points 
and names are Plain, East Plain, Foot, 
Hillside, Top, East Top and East Hillside 
from west point. Diamond is the 
meteorological observation stations at 
Yao. 

Fig.3 Precipitation ratio in each sampling point. 
Circle is the value in each event. Triangle 
is the average ratio of each event. 
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was 1.3. For A group events, precipitation ratio 
increased with altitude from foot via Hillside to Top 
along the mountain slope. However for the east side 
of Top, precipitation ratios for East Top were clearly 
low and precipitation ratios for East Hillside also 
were lower than those for Top.    

Fig.5 shows precipitation ratio of B group events 
classified based on Top precipitation ratio. 
Precipitation ratios for four sampling points, Hillside, 
Top and East Hillside varied 0.5 to 1.0. Precipitation 
ratios for Top were almost same as those for Hillside 
and East Hillside and higher than those for East Top.  

Average precipitation ratio of B group events for 
Hillside, Top and East Hillside was about 0.9. 
Average precipitation ratio for East Top was about 
0.5. In mountain area from Hillside to East Hillside, 
precipitation ratio of A group events was higher than 
those of B group events. Precipitation ratio of both 
A and B group events in East Top were lower than 
those around anther mountain sampling points.  

Fig.6 shows air motion types based on shape of 

mountain, one peak or multiple peaks. When shape 
of mountain is multiple, air moves around mountain. 
When air meets slope, air rises along slope. Air 
temperature decreases with elevation by adiabatic 
expansion and then saturated vapor pressure 
decreases. When air vapor pressure is over the 
saturated vapor pressure, raindrops occur and make 
rain cloud. When shape of mountain is cone, air 
moves around mountain. Cloud is moved by air. 
Thus, small precipitation ratio for East Top was 
thought to be caused by cone shape of mountain 
peak, because rain clouds move to around mountain 
and updraft does not occur.  

 
Relationships between wind direction and high 
precipitation of mountain area 

 
Table.1 shows weather conditions of A group 

events. Table.2 shows weather conditions of B group 
events. Amount of precipitation in table.1 and 2 are 
value for the sampling point Plain. Precipitation 

Fig.4  Precipitation ratio of A group events. 
Circle is the value in each event. Triangle 
is the average ratio of each event. 

Fig.5  Precipitation ratio of B group events 
Circle is the value in each event. Triangle 
is the average ratio of each event.
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ratio in table.1 and 2 are value for the sampling point 
Top. Both A and B group events had all season. 
Seasons of A and B group events were variable.   

Amount of precipitation of A group events for 
the sampling point Plain were from 4.6 to 124.8 mm. 
Amount of precipitation in B group events for the 
sampling point Plain were from 6.8 to 178.1 mm. 
August 6, 2014 of A group events and July 16, 2015 
in B group events were both Typhoon rain. A and B 
group events were variable types of rain. Thus, the 
difference between A and B group events do not 
depend on rain scale and then increase of 
precipitation with altitude is not thought to be 
caused by scale effect.  

Most of wind directions in A group events were 
north to west. Most of wind directions in B group 
events were east. Some wind directions of A group 
events were east and north east. Similarly one wind 
direction of B group events was west. Then, wind 
direction is not absolute parameter to determine 
whether A or B group events. However, western and 
northern wind can easily come up the Ikoma 
Mountains slope because the mountain direction is 
south to north and most of events was thought to 
depend on wind direction.    

 
Relationships between raincloud direction and 
high precipitation 

 
Wind direction can cover the phenomenon of 

most precipitation. Then, cloud direction during rain 
time was studied.  

Fig.7 shows schema diagram of cloud direction. 
a), b), c) and d) indicate that rain clouds come from 
the northwest, west, southwest and south 
respectively.Table.3 shows direction of rain clouds 
for each event. A group events had only northwest 
and west. B group events were Southwest, south, 
west and northwest directions and many events of B 
group were southwest directions. If rain clouds come 
from northwest or west, rain clouds move from the 
Osaka Bay to the Ikoma Mountains across the Osaka 
Plain.  

Rain clouds go up along the slope of the Ikoma 

Table.3  Direction of the rain clouds for each event. 
Left side: A group events, Right side :B 
group events 

Table.1  Weather conditions of A group events  
 

Amount of
Precipitation

Precipitation
Ratio

Wind
Direction

Wind
Speed

(mm) (m/s)
Sampling for

Plain
Sampling for

Top
13-Jul-14 18.2 1.6 SW 2.6
6-Aug-14 196.9 1.6 NE 4.6
11-Dec-14 10.0 2.1 W 2.4
15-Jan-15 34.4 1.5 N 3.5
22-Jan-15 23.3 1.6 W 2.7
1-Mar-15 29.2 1.5 NW 3.2
1-Apr-15 8.7 1.9 N 3.2
3-Apr-15 21.6 1.7 N 3.2
19-Apr-15 25.8 1.5 SW 3.2
16-Sep-15 8.9 1.7 N 3.2
1-Oct-15 47.2 2.6 W 3.2

A
group
events obtained by JMA

at Yao point

 
Table.2  Weather conditions of B group events  
 

Fig.7  Schema diagram of cloud direction. a), b), 
c) and d) indicate that rain clouds come 
from the northwest, west, southwest and 
south respectively. 

A group
events

Cloud
Direction

B group
events

Cloud
Direction

26-May-14 W 30-Mar-14 SW
13-Jul-14 W 29-Apr-14 SW
6-Aug-14 NW 15-Aug-14 SW
11-Dec-14 NW 28-Dec-14 SW
15-Jan-15 W 29-Mar-15 SW
22-Jan-15 NW 8-Jun-15 S
1-Mar-15 W 26-Jun-15 W
1-Apr-15 NW 16-Jul-15 S
3-Apr-15 NW 27-Oct-15 NW
19-Apr-15 W
16-Sep-15 W
1-Oct-15 W

Amount of
Precipitation

Precipitation
Ratio

Wind
Direction

Wind
Speed

(mm) (m/s)
Sampling for

Plain
Sampling for

Top
30-Mar-14 35.8 0.9 E 3.4
29-Apr-14 18.3 0.6 E 3.1
15-Aug-14 5.6 0.6 E 1.6
28-Dec-14 12.0 0.8 W 1.2
29-Mar-15 7.5 1.1 N 2.2
8-Jun-15 29.8 0.9 E 2.6

26-Jun-15 22.8 0.9 E 2.8
16-Jul-15 143.2 0.8 NE 1.9
27-Oct-15 6.7 0.7 SE 2.0

obtained by JMA
at Yao point

B
group
events
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Mountains and new rain clouds occur around the 
mountains and amount of precipitation increases 
around the mountain area. If rain clouds come from 
southwest or south, rain clouds cross the Izumi 
Mountains before the Osaka Plain. When rain clouds 
cross the Izumi Mountains, new rain clouds occur 
around the Izumi Mountains and amount of 
precipitation increase around the Izumi Mountains. 
After passing through the Izumi Mountains, some 
clouds disappear and wet air is dried because of rain 
around the Izumi Mountains. Then, rain cloud 
direction is important for high precipitation around 
the mountains.  

The cloud direction is to determine how many 
times cloud meets mountains. For the sampling site 
at the Ikoma Mountains cloud from northwest to 
west meets firstly the Ikoma Mountains and 
precipitation around the sampling area is high. 
However cloud from southwest to south meets firstly 
the Izumi Mountains and secondly meets the Ikoma 
Mountains and then, precipitation around the Ikoma 
Mountains is not high as shown in Fig. 8. 
  
CONCLUSION 

 
The purpose of study is to clarify the relation 

between precipitation amount and topography. Then 
rain sample was sampled from the Osaka Plain to the 
Ikoma Mountains covering big topography change. 
As a result, amount of precipitation in the flat area 
was constant. Amount of precipitation on mountain 
area was higher than those of flat area however it 
was not always higher than flat area. The sampling 
point Top is the mountain peak and then each event 

was grouped into two types based on precipitation 
ratio of sampling point Top. Precipitation ratio of 
over 1.5 for Top was defined as A group events. 
Precipitation ratio of less than 1.1 for Top was 
defined as B group events.  

Most of wind directions in A group events were 
north to west. Most of wind directions in B group 
events were east. Some wind directions of A group 
events were east and north east. Similarly one wind 
direction of B group events was west. Then, wind 
direction is not absolute parameter to determine 
whether A or B group events. However, western and 
northern wind can easily come up the Ikoma 
Mountains slope because the mountain direction is 
south to north and most of events was thought to 
depend on wind direction.  

Wind direction can cover the phenomenon of 
most precipitation. Then, cloud direction during rain 
was studied. Cloud directions in A group events 
were northwest or west. The other hand, cloud 
directions in B group events were southwest or south. 
If rain clouds come from southwest or south, rain 
clouds cross the Izumi Mountains before the Osaka 
Plain. When rain clouds cross the Izumi Mountains, 
new rain clouds occur around the Izumi Mountains 
and amount of precipitation increases around the 
Izumi Mountains. After passing through the Izumi 
Mountains, some clouds disappear and wet air is 
dried at the Ikoma Mountains because of rain around 
the Izumi Mountains.  

Therefore rain cloud direction is important for 
high precipitation around the mountains. The cloud 
direction is to determine how many times cloud 
meets mountains. When cloud meets firstly the 

Fig.8 Relation between Amount of precipitation and topography  
 

Cloud or Wet air rise

Amount of 
precipitation

Place Flat Firstly 
Mountain

Secondly 
Mountain

Constant Increase Constant

Make cloud and 
Amount of precipitation 
Increase

Dry air can’t make cloud 

Mountain Mountain
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mountain, amount of precipitation is high around the 
mountain. However when cloud meets secondly the 
mountain, amount of precipitation is not high around 
the mountain. 

 
 

REFERENCES 
 

[1] I. M. Patuti, Ahmad R, K. B. Suryolelono, 
“Mechanism and Characteristics of The 
Landslides in Bone Bolango Regency, 
Gorontalo Province, Indonesia”, International 
Journal of GEOMATE, Vol. 12, Issue 29, pp. 1-
8, Jan., 2017. 

[2] Yabusaki S, Kono T, “Characteristics of stable 
isotopes in precipitation at Kyoto basin”, 
Bulletin of geo-environmental science, Vol. 14, 
2010, pp23-30. 

[3] Yamada T, Hibino T, Araki T, “Statistical 
Characteristics of Rainfall in Mountainous 
Basins” Journal of Japan Society of Civil 
Engineers, No. 527, 1995, pp1-13. 

[4] Yamada K, “Special Distribution of Heavy 
Rainfall in Mountainous area”, Proceedings of 
The Japanese Conference on Hydraulics, 
Vol.28, 1984, pp.509-513. 

[5] Wakimizu K, Kobayashi T, Hyashi S, “On 
Characteristics of the Rainfall Distribution on 
the Isolated Conical Mountain”, Science 
bulletin of the Faculty of Agriculture, Kyushu 
University, Vol. 46, Feb. 1992, pp. 237-242. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 
Seventh International Conference on Geotechnique, Construction Materials and 

Environment, Mie, Japan, Nov. 21-24, 2017, ISBN: 978-4-9905958-8-3 C3051 

INFLUENCE OF WASTE LOADING RATE ON BIOGAS 
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ABSTRACT 

Higher growth rate for acidogens compared to methanogens in Anaerobic Digestion (AD) process could result in 
Volatile Fatty Acids (VFAs) accumulation, pH drop, and process instability. The organic waste loading rate and its 
distribution could alleviate this problem. The objective of this study was to evaluate the effect of organic waste 
loading rate and load distribution on biogas generation from organic fraction of municipal solid waste (OFMSW). 
Biomethane potential (BMP) tests were carried out in 2 phases. In phase 1, the effect of 3 different organic waste 
loading rates was investigated by adding 3, 6, or 9 g of OFMSW to each BMP bottle. In phase 2, the objective was 
to analyze the effect of distributed loading of OFMSW. The results from phase 1 showed that the lower the organic 
load, the higher was the methane generation. The specific biogas generation for all three loading rates was 297 mL/g 
for 3 g organic load, 155 mL/g for 6 g organic load, and 142 mL/g for 9 g organic load, respectively. The results 
from phase 2 showed that that there was a distinct advantage in a staged fed (distributed organic waste loading) 
BMP assay with faster biodegradation and a higher yield with increasing intervals of loading. It was observed that 
the reactors with three loads of 1 g (3 X 1 g) spread over the duration of the test produced higher total biogas at a 
faster rate compared to the 1 X 3 g and 2 X 1.5 g OFMSW loading. 

Keywords: Anaerobic Digestion, Biogas, Municipal Solid Waste, Organic Loading Rate, Leachate. 

INTRODUCTION 

OFMSW is mainly the waste contained in kitchen 
waste and yard waste which contain organic content 
from which gas and energy can be tapped and utilized. 
The methane generated from the OFMSW is of 
significance, since this is utilized to generate energy. 
Methane constitutes to anywhere from 40%-60% of 
landfill gas generated [1]. By better understanding of 
landfill decomposition processes, a shift in the 
philosophy of landfill design from the storage concept 
towards a process-based (or bioreactor) approach was 
inevitable in the recent decades. 

An anaerobic Bioreactor LandFill (BLF) has a 
shorter stabilization time compared to conventional 
engineered landfills and is more of a treatment system 
than a typical landfill. In BLF technology, the entire 
landfill works as an anaerobic digester and accelerates 
the waste decomposition by maintaining a healthy 
anaerobic bacterial consortium. During the acid 
formation phase of AD of OFMSW, the hydrocarbons 
that were broken down by hydrolysis are converted 
into VFAs, mainly acetic acid, butyric acid and also 
hydrogen gas with a drop in pH. This along with high 
concentrations of ammonia inhibits methanogenic 
bacteria and restricts the potential biogas and methane 
production [2]-[3]. Since the specific growth rate for 
acidogens are significantly higher than methanogens, 
VFA accumulation causes the pH to drop which proves 
detrimental to the methanogens. Leachate recirculation 
with supplemental water addition employed in BLFs 

dilutes the total VFAs and moderates the pH which 
makes the substrate and conditions in the landfill more 
conducive for the methanogens [4].   

Since the concentration of VFAs is a function of the 
rate of hydrolysis of carbohydrates and lipids, it was 
decided to evaluate the effect of organic waste loading 
rate and load distribution on biogas generation from 
OFMSW. It was hypothesized that the organic loading 
rate would have an effect on the performance of AD 
process. Also, it was hypothesized that by distributing 
the organic waste load over time would result in a more 
stable AD process and an increase in methane yield. 

MATERIALS AND METHODS 

To achieve the objectives, a series of BMP assay 
experiments under a controlled environment was 
conducted as explained below. Two hundred and fifty 
mL Kimax® glass bottles capped with butyl rubber 
stoppers were used to perform mesophilic BMP assays. 
BMP tests were carried out in 2 phases. In phase 1, the 
objective was to determine the effect of 3 different 
organic waste loading rates by adding 3, 6, or 9 g of 
prepared OFMSW waste to each bottle, each 
duplicated. In phase 2, the objective was to analyze the 
effect of distributed loading of OFMSW with the best 
loading obtained from batch phase 1, which was 3 g. A 
total organic load of 3 g of prepared OFMSW was 
added to reactors in different time intervals. In the first 
case, the entire 3 g of organic load was applied right at 
the start of the batch test, in the second case; the initial 

902



load of 1.5 g was supplemented by a second load of 1.5 
g at the end of day 16. And finally in the third set of 
reactors, the initial load of 1 g was supplemented by 
two loads of 1 g each at the end of day 16 and day 29. 
All BMP tests were duplicated. Total working volume 
for all BMP tests was 200 mL consisting of OFMSW 
(as discussed above), 30 mL of leachate, 70 mL of 
mesophilic anaerobic inoculums, and 100mL of 

distilled water added for dilution. The leachate blend 
(30 mL) used was a mix of young leachate and old 
leachate. Anaerobic sludge collected from a local 
wastewater treatment plant was used as inoculum. The 
characteristic properties of the anaerobic inoculums 
obtained from R.O. Pickard Environmental Center, 
Ottawa, are also given in Table 1.  

Table 1. Properties of prepared OFMSW and Inoculums 

Alkalinity 
mg/L 

COD 
mg/L 

Ammonia as 
N mg/L 

Moisture 
Content % TS mg/L VS mg/L pH 

OFMSW 1,600 536,317 779 65.4 305,100 268,200 4.9 
Inoculums 4,250 26,500 990 na 20,900 11,800 7.3 

A mixture simulating the OFMSW was prepared in 
the lab to be used in the experiments as a model waste 
to minimize compositional variation seen in a real 
OFMSW. The model waste composition was intended 
to simulate kitchen waste and industrial food 
processing waste and had a similar composition as the 
Canada Food Guide, thus was representative of 
Canadian kitchen waste [1]. To reduce the particle size, 
the model waste was placed in a food processor for 30 
s at high speed and stored at 4°C until being used. 
Equal portions of NaHCO3 and KHCO3 were added to 
each bottle to achieve an alkalinity concentration of 
between 4,000 and 6,000 mg/L (as CaCO3). This 
buffered the pH in the bottles between 7.8 and 8.1. The 
bottles were subsequently sparged with nitrogen gas for 
two minutes to produce anaerobic conditions and then 
sealed. The measurement of the gas produced by the 
batch BMP bottles were monitored on a daily basis 
using a tube in tube manometer. Bottles were incubated 
at 35 ± 1°C in a New Brunswick Scientific Controlled 
Environment Incubator Shaker at 80 rpm, to keep 
bacteria and substrate in suspension. The measurement 
of the gas produced by the batch BMP bottles were 
monitored on a daily basis using a tube manometer. 
Gas samples were analyzed for gas composition with 
thermal conductivity gas chromatograph (series 400, 
Gow-Mac Instrument Co., USA). VFAs were measured 
using the gas chromatographic method (5560-D, 
APHA, 2005) with an Agilent-6890 gas 
chromatograph.  

RESULTS AND DISCUSSIONS 

The results from the BMP tests, phase 1, are shown 
is Fig. 1, which shows the total biogas generated 
(average of the two duplicates) for 3 different organic 
waste loading. The total biogas yields were used to 
compare the performances of the reactors with the 
three different organic loads of 3 g, 6 g and 9 g. The 
biogas produced from the reactors with 9 g of prepared 
food waste had an initial surge in gas production which 
saturated after day 21 producing nearly 1200 mL of 
biogas in total. The reactors with 6 g of OFMSW waste 
on the other hand produced nearly 900 mL of gas. 

Based on the data for 6 g and 9 g and after deducting 
the biogas contribution from the leachate and 
inoculum, the average gas production under these 
conditions per gram of OFMSW waste was anywhere 
between 142 mL and 154 mL. Based on this, the 
reactor with 3 g should technically have produced only 
450 mL of gas. On the contrary, the reactor with 3 g of 
waste actually produced 890 mL of gas. This indicates 
that the biodegradable portion in the reactors with 6 g 
and 9 g of waste was not completely utilized. The 
specific biogas generation for all three loading rates 
was as follows:  
Batch bottle with 3 g organic load:  297 mL/g 
Batch bottle with 6 g organic load: 155 mL/g 
Batch bottle with 9 g organic load: 142 mL/g 

This meant that in terms of performance, the lower 
the organic load, the higher was the performance in 
terms of methane generation. One possible reason for 
this is that as the amount of food waste increases, the 
methanogenic bacteria experience a lower pH because 
of the increased acidogenesis in case of higher organic 
loading and as a result do not perform to the full 
potential. Methanogenic bacteria have a lower specific 
growth rate compared to acidogenic bacteria and due to 
this, the acid formation happens quicker which in turn 
drops the pH. This also makes available an excess 
substrate for methanogenic bacteria in cases of higher 
organic loads and this shock loading cannot be well 
received by the methanogenic bacteria. This explains 
why the initial rate of gas production was higher for the 
higher organic loads of 9 g and 6 g bottles while the 3 g 
reactors had a more consistent production curve. The 
results observed in this study indicated that the reactors 
having an organic loading rate of 3 g had the highest 
efficiency in terms of biodegradation. This however, is 
not to be mistaken as a standard value of organic 
loading or optimal loading for all bioreactor landfills. 
From this set of batch tests, it can be observed there is 
a limit on the amount of loading which can be 
effectively utilized by the methanogenic bacteria 
within the bioreactor landfill. This is more or less a 
threshold beyond which there is an inhibitory effect 
caused by the either the additional organic load which 
increases the VFA content and drops the pH or 
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possibly even the increase in ammonia to inhibitory 
levels. The concentration of acetic acids at the 
beginning, 3 weeks after the start, and at the end of test 
was 280, 1160, and 140 mg/L, respectively, showing 
the increase in VFA content discussed above.  

COD concentrations of these bottles at the start, 
after week 3 and at the end of day 60 of the BMP 
bottles is presented in Fig.2. During the start-up of the 
reactors, the average initial COD concentration in the 
bottles was found to be 3,690 mg/L. After 3 weeks of 
biodegradation, the COD concentration had dropped 
down to 2,770 mg/L of COD. Though the decrease is 
not very high till the end of the third week, the biogas 
generation curve gives an explanation as to why the 
decrease is not that high. The biogas generation rate till 
the end of the third week is comparatively lower (452 
mL of biogas for 3 g loading) which explains why 
there is not much of decrease in the COD 
concentration.  

Ammonia concentrations of these bottles at the 
start, after week 3 and at the end of day 60 of the BMP 
bottles are presented in Fig.2. During the start-up of the 
reactors, the average initial ammonia concentration in 
the bottles was found to be 405 mg/L. The average 
ammonia concentration in these batch bottles was 
noted to be 479 mg/L at the end of 3 weeks of 
operation. There is a significant amount of hydrolysis 
of proteins taking place as a result of which the 
ammonia concentration is comparatively higher at this. 

The results from the BMP tests, phase 2, are shown 
is Fig. 3, which shows the total biogas generated 
(average of the two duplicates) for 3 different 
distribution of organic waste loading investigated in 
this study. The same total organic load of 3 g of 
prepared OFMSW waste was added to all reactors in 
different time intervals as explained above. The test 
results shown in Fig. 3 indicate that there is a distinct 
advantage in a staged fed (distributed organic waste 
loading) batch BMP assay with faster biodegradation 
and a higher yield with increasing intervals of loading. 
It was observed that the reactors with three loads of 1 g 
(3 X 1 g) spread over the duration of the test started 
producing biogas at a rate corresponding to the total 
biodegradable portion of the food waste. Immediately 
after a loading, the biogas generation curve for 3 X 1 g 
showed much steeper curves and by day 30 the reactor 
had produced the same biogas yield (618 mL) as the 
reactors loaded once with 3 g (1 X 3 g) of food waste. 
In calculating the biogas production for each case the 
biogas contribution from the leachate and inoculum is 
deducted. With every subsequent loading, the rate of 
gas production had increased and by day 45, the reactor 
with 3 X 1 g loading rate had yielded the same amount 
of gas (1400 mL) produced by the reactor with 2 X 1.5 
g loading rate. In addition to producing biogas faster, 
the reactor with 3 X 1 g loading also produced a higher 
total biogas generation of 1530mL compared to the 1 X 
3 g and 2 X 1.5 g loading which produced a total of 
896 mL and 1367 mL, respectively. The reactors with 
the 2 X 1.5 g loading showed similar characteristics to 

the 3 X 1 g loading reactors with the exception that the 
biogas production rate was very high after the second 
loading. These reactors equaled the biogas yield (560 
mL) from the 1 X 3 g reactors on day 24; soon after the 
second loading was applied. The reactors with the 1 X 
3 g single loading reactors showed a very smooth and 
consistent curve with the least yield and the slowest 
rate compared to the other reactors. The cumulative 
biogas generation curve resembles a standard batch 
BMP assay curve.  

A possible explanation for this increased 
performance with smaller loads spread out over time is 
that the bacteria responsible for biodegradation have 
already acclimatized to the food waste. In addition to 
this, the acidogenic and methanogenic bacterial 
consortia are at a better balance which results in more 
conducive pH stability and a good VFA balance. The 
methanogens would have been able to utilize the 
substrate since the methanogenic bacterial population 
would be well acclimatized which is the rate limiting 
step for organic biodegradation. No VFA measurement 
was available for this set of test due to a malfunction of 
the equipment. 

CONCLUSIONS 

The test results indicated that a lower the organic 
loading rate of 3 g had the highest efficiency in terms 
of biodegradation compared to the higher organic loads 
of 9 g and 6 g of OFMSW. The results observed in this 
study also indicated that that there was a distinct 
advantage in a staged fed batch BMP assay with faster 
biodegradation and a higher yield with increasing 
intervals of loading. 
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Fig. 1  Average cumulative gas production for different organic loading- BMP tests- Phase 1 

Fig. 2  COD (left) and Ammonia (right) at the start, after 3 weeks and completion 

Fig. 3  Cumulative gas production for distributed organic waste loading - Phase 2 
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ABSTRACT 

Providing safe water supply is one of important public health priorities. The water quality of water supply is 

closely associated with human health. The aim of this study was to assess the quality of water in the urban water 

supply systems and their authority organization to assess the existing performance of water supply system and 

their organization. The sampling locations were covered of 4 cities namely, Nakhon Ratchasima (Korat), 

Chaiyaphum, Buriram and Surin provinces. The total of 13 samples site locations of urban water supply system 

which owned by provincial and municipal waterworks authority. Water samples of each sampling site locations 

were collected from water resource, storage tank and household taps water and analyzed for various parameters. 

The results showed he water quality of urban water supply system had met water quality standards in parameter 

turbidity, TSS, TDS, Nitrate and total coliform except colour, iron due to the retention time of sedimentation 

process is not the proper. And there were problem with residual chlorine at storage tank and household tap water 

which were lower than standard limit and might affect with population health. There were no difference between 

the performance of provincial and municipal waterworks authority. The outcome of this study can support 

improvement of urban water supply system and their authority organization 

. 

Keywords: Urban water supply system, Water quality, Authority organization, Thailand 

INTRODUCTION 

Access to safe water supply is a basic concern 

for human health and health protection. According 

to the World Health Organization (WHO), a 

concentration of microorganisms, parasites or 

substances posing a possible risk to human health 

has to be prevented [1]. The water quality of water 

supply is closely associated with human health. If 

the water supply was contaminated by pollutants and 

microorganisms, it would affect with water qualities 

and affect the health of the population. Thus, water 

supply system and authority organization are obliged 

to monitor water quality for human consumption. 

The water qualities need to meet standard, which is 

why quality of water resource and tap water of water 

supply system should be assess to state their aspect 

of problems. Water supply in urban area is 

challenged by increasing population. In this study, 

the sampling locations were covered of 4 cities 

namely, Nakhon Ratchasima (Korat), Chaiyaphum, 

Buriram and Surin provinces. This region is covers 

more than one-third of the country which is called 

“Khorat plateau”. The water supply consumption in 

this area has been seriously concerned because of 

the low level of rainfall intensity and long dry period 

in this area. This study is one of four sub-projects in 

research project “Study of Management Efficiency 

of Water Resources and Urban Water Supply 

Systems in North-Eastern Region in Thailand”. The 

main goal was thoroughly evaluating the existing 

urban water supply system in northeastern region of 

Thailand in term of the water resources, water 

quality, associated health risk and engineering 

aspect. The aim of this study was to assess the 

quality of water in the urban water supply systems 

and their authority organization to assess the existing 

performance of water supply system and their 

organization. The outcome of this study can support 

improvement of urban water supply system and their 

authority organization. 

METHODS 

Study Sites and Sampling 

This study was carried out to collect water from 

urban water supply system in the lower northeastern 

of Thailand. The area covers of 4 provinces namely 

Nakorn Ratchasima (N), Chaiyaphum (C), Buriram 

(B) and Surin (S) provinces as shown in Fig 1. The 

urban water supply system was typically consisted 

of the coagulation-flocculation, sedimentation, 

filtration and disinfection systems. The water source 

of water treatment system was commonly taken 

from surface water. The water supply systems in 

northeastern Thailand are organized by two 

organizations: the  provincial   waterworks  authority 
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and the local authority.  Thus, this study was focused 

on urban water supply system owned by provincial 

and municipal waterworks authority. The total of 13 

samples site locations of urban water supply system 

were collected during dry period (January-April, 

2016) and rainy period (July-October, 2016). The 

distribution of 13 sampling site locations was shown 

in Table 1.  

Table 1 Sampling site locations of urban water 

supply system. 

Study area  
Authority organization 

Provincial Municipal Total 

Nakorn Ratchasima (N) 2 4 6 

Chaiyaphum (C) 2 1 3 

Buriram (B) 1 1 2 

Surin (S) 1 1 2 

Total 6 7 13 

Analytical Methods 

Water samples of each sampling site locations 

were collected from water resource, storage tank and 

household taps water. Water samples were analyzed 

for various parameters and analytical methods as 

shown in Table 2.  

Table 2 Parameters and analytical methods. 

Data Analysis 

Water quality assessment 

The results of water quality were checked with 

the guideline of World Health Organization (WHO) 

for water resources quality and standard of 

metropolitan waterworks authority for storage tank 

water quality and household tap water quality as 

shown in Table 3. The percentages of not exceed 

standard water sample were calculated by using the 

Eq. (1) 

  100  
 leTotal samp

tandard xceed  s were not e

  that   samples Number of 

  ard ed  stand%Not  exce  
 (1) 

Statically analysis 

The results of water quality of provincial and 

municipal waterworks authorities were analyzed, 

mean and standard deviation (SD) and analyzed 

variance with Independent Sample Test (2-tailed). 

SPSS Statistics Version 22.0 

Table 3 Water quality standard. 

Parameters Units 
Water quality standards 

Surface water* Tap water**  

Physical and Chemical quality 

Turbidity NTU - ≤ 4 
Colour Pt-Co ≤ 300 ≤ 15 

DO mg/L ≥ 4 - 
BOD mg/L ≤  2 - 

Nitrate mg/L ≤  5 ≤  50 
Iron mg/L ≤  50 ≤  0.3 

Manganese mg/L ≤  5 ≤  0.3 
Hardness mg/L ≤  500 - 

Chloride mg/L - ≤  250 
Ammonia nitrogen mg/L ≤  0.5 - 

TDS mg/L ≤  1500 ≤  1500 
Residual chlorine mg/L - ≥ 2 

Biological quality 

Total Coliform MPN/100 mL ≤  20000 Not found 

* : The guideline of World Health Organization (WHO).

**   : Standard of metropolitan waterworks authority. 

Parameters Analytical methods [2] Parameters Analytical methods [2] 

Physical and Chemical quality Physical and Chemical quality 

Turbidity 2130 B. Nephelometric Method Nitrite, Nitrate 4500-NO2
-, NO3

- B. Spectrophotometric  

Colour 2120 D. Spectrophotometric Method Fluoride 4500-F- D. SPADNS Method 

BOD 5210 B. 5-day BOD Test Method Ammonia-N 4500-NH3 C. Titrimetric Method 

Iron 3500-Fe B. Phenanthroline Method TKN 4500-Norg Kjeldahl Method 

Manganese 3500-Mn B. Persulfate Method TDS, TSS 2540 C., D. Gravimetric Method 

Hardness 2340 C. EDTA Titrimetric Method Residual chlorine 4500-Cl B. Iodometric Method 

Sulfate 4500-SO4
2- E. Turbidimetric Method Biological quality 

Chloride 4500-Cl- B. Argentometric Method Total Coliform 9222 B. Membrane Filter Method

Fig. 1 Map of the study area and the sampling locations. 
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RESULTS AND DISCUSSION 

Water Quality Assessment 

Surface water resource quality 

     The results of surface water resource qualities 

were presented in Table 4. The results showed the 

parameters; turbidity, Iron, hardness, sulfate, 

chloride, TKN and ammonia-N met the guideline of 

WHO and not exceed standard value in 100% of 

samples. However, the parameters; colour, DO, 

manganese, nitrate, total coliform and BOD had 

number of samples that were limit exceed standard 

in range of 8-50% of samples.  And all sampling site 

locations had surface water resource quality that 

were limit exceed standard of BOD about 50% of 

samples. These indicated that water resources of 

urban water supply were polluted due to wastewater, 

urban area and dense population. And Nakhon 

Ratchasima is the second largest cities in Thailand 

and had the poorest water resources among the other 

sampling cities. 

Table 4 The percentage of water samples that were 

not exceed standard for water source. 
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Water quality of water source

Water quality of storage tank 

     As shown in Table 5, the water quality at storage 

tank had values of parameters TSS, TDS, nitrate and 

total coliform that met the standard of metropolitan 

waterworks authority in 100% of water samples. 

And the water quality of storage tank in Nakhon-

Ratchasima also had limit exceed in parameters 

colour, turbidity, iron, manganese and residual 

chlorine. These results indicated that they might 

have the problem with the process of water 

treatment. These findings were supported by 

conclusion of the sub-research project that the 

retention time of sedimentation process is not the 

proper range [3]. 

Water quality of household taps water 

     As shown in Table 6, the water quality of 

household tab water had value of parameter turbidity, 

TSS, TDS, nitrate and total coliform that met the 

standard of metropolitan waterworks authority in 

100 % of samples. However they found more than 

50% of water samples that had residual chlorine less 

than standard limit and had lower concentrations 

than at storage tank. These results indicated that the 

distribution system might have problems about 

leakage of piping.  It was supported by conclusion of 

the sub-research project that found the amount of 

water loss from distribution system of water supply 

system were in range of 31-47% of water production 

[3]. These might affect with population health.  

Table 5 The percentage of water samples that were 

not exceed standard for storage tank. 
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Table 6 The percentage of water samples that were 

not exceed standard for household tap 

water. 
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Water quality of household tap water

Efficiency of Water Supply System Plants 

The efficiencies of water supply system were 

calculated by the reduction concentration of water 

qualities from water resource to storage tank.  In Fig. 

2, 3 and 4 shown the efficiency of urban water 

supply system in range of 76.6-95.8% for colour, 

47.1-82.9% for iron and 0-68.5% for manganese. 

These results indicated that only Chaiyaphum urban 

water supply system had manganese removal 

efficiency higher than 50%, the others were lower 

than 25%. To assess the distribution system by 

comparison water qualities between storage tank and 

household tap water. In Fig. 5 shown increasing of 
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iron concentration from storage tank to household 

tap water. These result indicated that the distribution 

system of water supply system had problem. It was 

supported by conclusion of the sub-research project 

that they had a potential problems of leakage in 

water supply system and the maintenance of 

equipment [3].  The distribution system in many 

cities in Thailand are decade old. And numerous 

water contaminants has been reported in many cities 

in Pakistan, which could be the results of decade old 

cast iron pipes and mixing  of sewerage water with 

portable water in poorly  managed the water 

distribution system [4,5]. 

Fig. 2 Remove efficiency of urban water supply 

system for colour. 

Fig. 3 Remove efficiency of urban water supply 

system for iron. 

Fig. 4 Remove efficiency of urban water supply 

system for manganese. 

Fig. 5 The comparison of iron concentration 

between storage tank and household tap 

water.  

The Authority Organization Comparison 

     To assess performance of the authority 

organization by comparison the water qualities of 

provincial and municipal waterworks authority by 

compared percentages of water samples that were 

not exceed standard level as show in Table 7 for 

water source, Table 8 for storage tank and Table 9 

for household tap water. The data of water resource 

qualities were analyzed with Independent Sample 

Test (2-tailed) and presented the p-value, mean and 

SD of water qualities in Table 10. The results of p-

values shown they had no significant in all 

parameters between the water resource qualities of 

provincial and municipal waterworks authority 

except sulfate parameter. However, they shown that 

many parameters had high SD values; these 

indicated that the data were fluctuating. And when 

considered of mean values, they shown that 

municipal authority waterworks had better water 

qualities than of provincial authority waterworks.  

Table 7 The percentage of water samples that were 

not exceed standard for water source 

compared between Province and Municipal 

waterworks authority. 
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Table 8 The percentage of water samples that were 

not exceed standard for storage tank 

compared between Province and Municipal 

waterworks authority. 
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Table 9 The percentage of water samples that were 

not exceed standard for household tap water 

compared between Province and Municipal 

waterworks authority. 
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Table 10 The conclusion of data analysis with 

Independent Sample Test (2-tailed) of 

water source.     

Mean SD Mean SD

Colour Pt-Co 136.9 103.1 112.2 84.1 0.524 Non-sig.

Turbidity NTU 12.2 14.0 9.8 10.5 0.629 Non-sig.

pH - 6.9 0.6 7.1 0.3 0.225 Non-sig.

DO mg/L 4.9 1.3 4.3 1.7 0.347 Non-sig.

Iron mg/L 1.1 1.4 0.8 0.5 0.371 Non-sig.

Manganese mg/L 0.7 0.7 1.0 2.4 0.681 Non-sig.

Hardness mg/L 40.0 35.7 55.8 35.9 0.300 Non-sig.

Sulfate mg/L 0.01 0.01 0.02 0.02 0.019 sig.

Chloride mg/L 50.1 78.0 44.5 60.0 0.843 Non-sig.

TSS mg/L 29.6 24.3 31.2 26.6 0.886 Non-sig.

TDS mg/L 288.3 352.1 262.2 229.5 0.827 Non-sig.

BOD mg/L 3.1 1.6 2.5 1.2 0.292 Non-sig.

Nitrate mg/L 0.6 0.5 0.9 1.6 0.623 Non-sig.

TKN mg/L 0.3 0.3 0.2 0.3 0.801 Non-sig.

Parameter Provincial MunicipalUnits p-value Result 

Water source

Table 11 The conclusion of data analysis with 

Independent Sample Test (2-tailed) of 

storage tank.  

Mean SD Mean SD

Colour Pt-Co 18.8 16.8 13.8 11.5 0.383 Non-sig.

Turbidity NTU 1.6 0.7 1.4 1.0 0.483 Non-sig.

pH - 6.8 1.1 7.3 0.6 0.140 Non-sig.

DO mg/L 5.8 1.1 5.6 1.5 0.737 Non-sig.

Iron mg/L 0.4 0.4 0.4 0.6 0.732 Non-sig.

Manganese mg/L 0.3 0.4 0.9 2.4 0.405 Non-sig.

Chloride mg/L 28.2 24.3 50.9 61.2 0.241 Non-sig.

TSS mg/L 27.6 34.0 22.4 25.5 0.656 Non-sig.

TDS mg/L 125.2 65.8 217.3 244.0 0.218 Non-sig.

Nitrate mg/L 0.7 0.6 1.1 1.8 0.402 Non-sig.

Residual chlorine mg/L 0.5 0.6 0.7 1.2 0.582 Non-sig.

Parameter

Storage tank

Units p-value Result Provincial Municipal

Table 12 The conclusion of data analysis with 

Independent Sample Test (2-tailed) of 

household tap water.     

Mean SD Mean SD

Colour Pt-Co 12.4 9.8 13.3 9.2 0.825 Non-sig.

Turbidity NTU 0.9 0.4 1.2 0.7 0.208 Non-sig.

pH - 7.2 0.5 7.2 0.4 0.933 Non-sig.

DO mg/L 5.5 0.9 5.4 0.9 0.798 Non-sig.

Iron mg/L 0.4 0.5 0.4 0.6 0.963 Non-sig.

Manganese mg/L 0.1 0.2 0.9 2.6 0.378 Non-sig.

Chloride mg/L 29.1 25.5 56.7 67.5 0.236 Non-sig.

TSS mg/L 17.6 17.6 20.1 20.4 0.770 Non-sig.

TDS mg/L 152.9 94.7 245.6 287.4 0.342 Non-sig.

Nitrate mg/L 0.4 0.4 1.3 2.1 0.155 Non-sig.

Residual chlorine mg/L 0.2 0.3 0.4 1.0 0.590 Non-sig.

Units p-value Result 

Household tap water

Provincial MunicipalParameter

  The p-value, mean and SD of water qualities of 

storage tank and household tap water were analyzed 

by Independent Sample Test (2-tailed) and 

concluded in Table 11 and 12 respectively. The 

results of p-values shown they were no difference in 

all parameters of the water qualities at storage tank 

and household tap water between provincial and 

municipal waterworks authority. However, they had 

high SD values similar with water resources 

qualities and indicated that the data were fluctuating. 

On the other hand, when considered of mean values, 

they shown that provincial authority waterworks had 

better values than of municipal authority 

waterworks. These results indicated that the urban 

water supply system which authorized by municipal 

authority waterworks produced water qualities better 

than urban water supply system of provincial 

authority waterworks. However, the conclusion of 

the sub-research project was survey people 

satisfaction by using questionnaires; it was found 

that 83.43% of people were satisfied with the quality 

of water and the service of water supply authority 

organization [6]. 
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CONCLUSION 

In conclusion, the water quality of urban water 

supply system had met water quality standards in 

parameter turbidity, TSS, TDS, Nitrate and total 

coliform except colour, iron due to the retention time 

of sedimentation process is not the proper. And there 

were problem with residual chlorine at storage tank 

and household tap water which were lower than 

standard limit and might affect with population 

health. There were no difference between the 

performance of provincial and municipal 

waterworks authority. The outcome of this study can 

support improvement of urban water supply system 

and their authority organization. 
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ABSTRACT 

    Textile wastewater is a considerable source of environmental contamination due to its strong color, high pH 

and chemical oxygen demand (COD), and low biodegradability. The discharge of textile wastewater not only has 

diverse aesthetic effects, but such discharge can be carcinogenic, mutagenic and generally detrimental to our 

environment. Thus, textile wastewater should be removed completely before they are discharged into received 

water. Many methods have been reported for treating textile wastewater, among which coagulation and 

adsorption are widely used processes due to their relatively simple operation and low cost and suitable for 

household industry. The aim of this study was using the combination coagulation and adsorption processes to 

treat textile wastewater in household-scale industry. Coagulation performance and removal efficiencies in COD 

and color from four varies sources of textile wastewaters were investigated. The effluent from coagulation was 

treated with adsorption. The adsorption isotherm and removal efficiencies were investigated. The results showed 

the combination processes had the overall COD were in range of 72.9-93.8% and color removal efficiencies 

were in range of 70.6-98.5%. The results of coagulation study were found that in some cases of wastewater were 

effective in color removal but failed in COD removal, in another cases, had fail in color but were effective in 

COD removal efficiencies. The results showed varies of pH had much affected on color removal efficiencies 

more than COD removal efficiencies. The further experiments should be carried out to improve the combination 

removal efficiencies for application as suitable for textile household industry. 

Keywords: Coagulation, Adsorption, Textile wastewater, household industry

INTRODUCTION 

Textile wastewater is a considerable source of 

environmental contamination due to its strong color, 

high pH and chemical oxygen demand (COD), and 

low biodegradability. Due to toxic and carcinogenic 

effects of textile wastewater on living creatures and 

negative effects to photosynthetic activities of 

aquatic plants, removal of coloring agent, and 

chemical complex compounds in wastewater appears 

to be very important for human health and 

environment [1, 2]. Thus, textile wastewater should 

be removed completely before they are discharged 

into received water. Elimination of both dyes and 

COD in the textile wastewater by conventional 

wastewater treatment methods is very difficult. 

Conventional treatment methods such as biological, 

anaerobic microbial degradation, coagulation, 

adsorption and chemical oxidation, membrane 

separation process, electro-chemical are generally 

unsuccessful for the removal of wastewater 

containing dyes [2]. However, all of the methods 

suffered from one or another limitation. There is no 

single economically and technically viable method 

to solve this problem and usually two or three 

methods have to be combination in order to achieve 

adequate level of color and COD removal [1].  Many 

methods have been reported for treating textile 

wastewater, among which coagulation and 

adsorption are widely used processes due to their 

relatively simple operation and low cost [3, 4] thus 

they are suitable for household industry. In this 

study the coagulation and adsorption processes were 

selected as combination to treat textile wastewater 

because of they were the most effective techniques 

for treatment textile wastewater and its simple 

design and low cost.  The dyes of textile household 

industry can be classified as natural and synthetic 

which are complex organic molecules having groups 

such as azo, carbonyl, methane, nitro, quinoid, etc. 
[5].  The aim of this study was using the combination 

of coagulation and adsorption processes to treat 

textile wastewater in household industry. The 

performance of coagulation and adsorption 

processes were investigated in term of COD and 

color removal efficiencies. The outcome of this 

study could be applied to be used as the wastewater 

treatment process for textile household industry. 
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MATERIALS AND METHODS 

The scope of this study was carried out to 

investigate wastewater treatment of textile 

household industry on the sub-district namely Pak 

Thong Chai, Pak Thong Chai district, this district is 

in the southern part of Nakhon Ratchasima Province, 

northeastern Thailand as shown in Fig.1. And it is a 

famous place to produce textile products especially 

Thai silk. There are many groups of household 

industry. Thus, in this study divided the group of 

textile household industries in two groups according 

with dye type.  The dyes can be classified as natural 

and synthetic dye. The four sampling sites of textile 

household industries were selected; two sampling 

sites have used synthetic dyes in their process 

namely, Mudchada and Kayabatic. Another two 

sampling sites have used natural dyes in their 

process namely, Bandu-Yellow and Bandu-Red.  

The procedure of study is presented in Fig.2. 

Fig. 1 The scope of this study namely Pak Thong 

Chai in the southern part of Nakhon 

Ratchasima Province. 

Fig. 2 The procedure of study. 

The characteristics of wastewater and analytical 

methods 

The study was carried out to collect raw 

wastewater from four sampling sites of textile 

household industries were Mudchada, Kayabatic, 

Bandu-Yellow and Bandu-Red. Wastewater samples 

were analyzed for various parameters and analytical 

methods as shown in Table 1. 

Table 1 Parameter and analytical methods for 

      wastewater. 

Parameters Unit Analytical methods [6]

pH - pH Meter

Color Pt-Co 2120 C. Spectrophotometric Method

COD mg/L 5220 C. Closed Reflux ,Titrimetric Method

TS mg/L 2540 B. Total Solid Dried at 103-105
๐ 

C

TDS mg/L 2540 C. Total  Dissolved Solid Dried at 180
๐ 

C

TSS mg/L 2540 D. Total  Suspended Solid Dried at 180
๐ 

C

TVS mg/L 2540 E. Fixed and Volatile Solid Dried at 550
๐ 

C

VSS mg/L 2540 E. Fixed and Volatile Solid Dried at 550
๐ 

C

VDS mg/L 2540 E. Fixed and Volatile Solid Dried at 550
๐ 

C

Physical and Chemical quality

The coagulation process 

The chemicals of coagulation 

The coagulation-flocculation studies were carried 

out using the jar test method to determine the 

optimum pH range, suitable volume of 

polyaluminium chloride (Al2(OH)3Cl3 or PAC and 

polymer for each sampling wastewater. 

The performance of coagulation process 

The coagulation studies were carried out by use 

the optimum pH range, volume of PAC and polymer 

from chemical of coagulation study. Calculated 

COD and color removal efficiencies by using Eq. (1).  

 
100   

0
C

e
C

0
C

 Efficiency%Removal  


      (1) 

The adsorption process 

Adsorption isotherm 

Adsorption isotherm studies were carried out at 

six different activated carbon (AC) mass (1, 2, 3, 4, 

5 and 6 g.) which had Iodine was 1,015.30 mg/g. A 

series of 250 mL Erlenmeyer flask containing 200 

mL of treated textile wastewater with coagulation 

process and required amount of AC mass were 

mixed using the shaker at constant agitation speed of 

150 rpm. The sorbent was then separated by 

filtration. The filtration treated textile wastewater 

was measured color.  
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The performance of adsorption process 

Batch adsorption experiments were performed as 

a function of varies pH (2, 4, 6, 8, 10, and 12). The 

conditions of batch experiment are shown in Table 2. 

A series of 250 mL Erlenmeyer flask containing 100 

mL of treated textile wastewater with coagulation 

process, 2 g of AC mass and required varies of pH 

were mixed using the shaker at constant agitation 

speed of 150 rpm. The sorbent was then separated 

by filtration. The filtration treated textile wastewater 

was measured color.  Influent and effluent of 

adsorption process were analyzed COD and color. 

Calculated COD and color removal efficiencies by 

using Eq. (1).  

Table 2 The conditions of Batch adsorption 

experiments. 

M
u

d
ch

ad
a

K
ay

ab
at

ic

B
an

d
u

-Y
el

lo
w

B
an

d
u

-R
ed

Mass (g) 2 3 2.5 3

Temperature (
o
C) 25 25 25 25

Volume of MB solution (mL) 100 100 100 100

Contact time (hour) 4,24 4,24 4,24 4,24

Agitation speed (rpm) 150 150 150 150

pH

Factor

pH

2,4,6,8,10,12

RESULTS AND DISCUSSION 

Characteristics of Textile wastewater 

       As shown in Table 3, The results of raw 

wastewater characteristics were in wide range of 

COD from 2,872-84,624 mg/L, pH from 4.1-9.7 and 

color from 543-19,000 Pt-Co. The ratio of TDS/TS 

of all wastewater samples were in range of 0.8531-

0.9842. These results indicated that raw wastewater 

contained dissolved solid more than 80%. And in 

Fig.3 showed the raw wastewater of synthetic dye 

group, Mudchada and Kayabatic had the ratio 

FDS/TS higher than the natural dye group of Bandu-

Yellow and Bandu-Red. On the other hand, the 

natural dye group had the VDS/TS volatile dissolved 

solid higher than synthetic dye group. These 

indicated that raw wastewater of natural dye 

contains mainly organic substances which were in 

form of dissolved solids. The natural dye extracted 

from many kind of plants which are organic matter. 

Whereas the synthetic dye group contained mainly 

complex organic molecules having group such as 

azo, carbonyl, methane, nitro, quinoid, etc. [5].  

These results similar with many researches [7] that 

reported wastewater from textile industries contains 

low biodegradability and had different types of dyes, 

which because of high molecular weight and 

complex structures.  

Table 3 The characteristic of raw textile wastewater 

from household industry. 

Mudchada Kayabatic BanDu -Yellow BanDu -Red

COD(mg/L) 2,872 2,733 84,614 10,708

pH 6.1 9.7 8.9 4.1

Color (Pt-Co) 543 9,671 51,867 5,650

TS(mg/L) 11,827 2,928 72,043 6,733

TSS(mg/L) 187 97 10,580 351

TDS(mg/L) 11,640 2,831 61,463 6,382

TVS(mg/L) 2,301 1,257 47,257 6,671

VSS(mg/L) 117 143 9,737 776

VDS(mg/L) 2,184 1,113 37,520 5,896

VS/TS 0.1946 0.4292 0.6559 0.9908

TDS/TS 0.9842 0.9670 0.8531 0.9479

VDS/TS 0.1847 0.3803 0.5208 0.8756

Parameter
Synthetic Dye Natural Dye

Fig. 3 The solid fraction of raw textile wastewater. 

The coagulation process 

The chemicals of coagulation 

       The results of coagulation studies were carried 

out to determine the chemicals and optimum pH for 

coagulation process. They were found the optimum 

pH were in range of 9 and 6 for synthetic dye group 

and for natural dye group respectively as shown in 

Fig 4 and the volume of PAC and polymer were 5 

mL (Dosages PAC is 50,000 mg/L) and 0.4 mL 

(Dosages Polymer is 1,000 mg/L) for synthetic dye 

group and were 9 mL and 0.4 mL for natural dye 

group respectively as shown in Fig.5 and 6. 

Fig. 4 The Results of coagulation studies to 

      determine the optimum pH  
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Fig. 5 The Results of coagulation studies to 

      determine the optimum PAC. 

Fig. 6 The Results of coagulation studies to 

      determine the optimum polymer. 

Table 4 The conclusion of optimum conditions for 

coagulation process. 

PAC (mL)
a

Polymer (mL)
b

pH

Mudchada 5 0.4 9

Kayabatic 5 0.4 9

Bandu-Yellow 9 0.4 6

Bandu-Red 9 0.4 6
Natural Dye

Optimum Condition
Sample

Synthetic Dye

a Dosages PAC is 50,000 mg/L 
b Dosages Polymer is 1,000 mg/L 

3.2.2 The performance of coagulation process 

       The results of optimum conditions for 

coagulation process as summarized in Table 4 were 

carried out to treated raw wastewater from four 

sampling sites for measuring the performance of 

coagulation process.  The wastewater samples before 

and after treated by coagulation process were 

analyzed COD and color and calculated the removal 

efficiencies. The results of COD and color removal 

efficiencies of coagulation process were presented in 

Table 5 and Fig.7. They showed Mudchada and 

Bandu-Red had a same range of COD removal 

efficiencies were 44.44 and 46.86% respectively in 

the other hand, Kayabatic and Bandu-Yellow had 

similar range of COD removal efficiencies only 6.06 

and 9.62 %.  Whereas, the color removal efficiencies 

Kayabatic and Bandu-Yellow higher than Mudchada 

and Bandu-Red. And coagulation process showed 

none of color removal efficiencies from wastewater 

of Bandu-Red. The mechanism of coagulation 

applied to decolorize wastewater is still not clear, 

color removal by coagulation is found in some cases 

very effective, in another cases however, has fail at 

all [8].  The efficiency of the coagulation-

flocculation method depends on the raw wastewater 

characteristics, pH and temperature of the solution, 

the type and dosage of coagulants, and the intensity 

and duration of mixing [9].  

Table 5 The results of COD and color removal 

efficiencies  of coagulation process 

pH
Color 

(Pt-Co)

COD 

(mg/L)
pH

Color 

(Pt-Co)

COD 

(mg/L)
Color COD 

Mudchada 9.0 473 7,067 6.9 333 3,755 29.58 46.86

Kayabatic 9.0 9,778 7,533 5.1 3,847 7,076 60.66 6.06

Bandu-Yellow 6.0 19,000 34,667 6.9 11,222 31,333 40.94 9.62

Bandu-Red 6.1 4,507 1,200 4.2 5,248 667 0.00 44.44

Sample

Before Coagulation-

Flocculation

After Coagulation-

Flocculation
% Removal

Fig. 7 The results of COD and color removal 

efficiency of coagulation process 

The adsorption process 

Adsorption isotherm 

       Langmuir and Freundlich isotherms are widely 

recognized and have been successfully applied to 

defining many adsorption equilibriums and evaluate 

adsorption equilibrium of dyes from effluent of 

coagulation. Therefore, dye adsorption data were 

analyzed by Langmuir and Freundlich Eq. (2) and 

(3), respectively;  

m
KX

1

m
X

e
C

X

e
C

         (2) 

ef log C
n

1
     log Klog X            (3) 

Where K and Xm are Langmuir constants (L mg-1) 

and maximum monolayer adsorption capacity (mg 

g-1), respectively and Freundlich coefficients n and 

Kf are related to adsorption intensity and adsorption 

capacity, respectively. Isotherm coefficients of both 

models are given in Table 6. They were shown 

Freundlich isotherm are much closer to experimental 
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points than Langmuir isotherm.  The coefficients of 

determination, R
2
 of Freundlich isotherm were in 

range of 0.8583-0.9973 and R
2 

of Langmuir 

isotherms were in range of 0.6791-0.9940. 

Madchada had the highest adsorption capacity 1.39 

Pt-Co/g. 

Table 6 The constants of Langmuir and Freundlich 

isotherms for adsorption process. 

qmax (Pt-Co/g) KL (L/g) R
2

Kf (Pt-Co/g) n R
2

Mudchada 78.125 6.57 x 10
-3

0.9994 1.39 1.49 0.9973

Kayabatic -31.95 -3.77 x 10
-4

0.9980 2.92 x 10
-14

0.21 0.9354

Bandu-Yellow -212.77 -8.10 x 10
-5

0.6791 3.39 x 10
-22

0.16 0.8583

Bandu-Red 294.11 6.78 x 10
-4

0.9356 0.038 0.47 0.8770

Sample
Langmuir constant Freundlich constant

3.3.2 The performance of adsorption process 

         Batch adsorption experiments were performed 

as a function of varies pH (2, 4, 6, 8, 10, and 12) in 

effluents after coagulation processes.  Influent and 

effluent of adsorption process were analyzed COD 

and color. The Calculations of COD and color 

removal efficiencies were summarized in Fig.8 and 

9 respectively. The results showed varies of pH had 

much affected on color removal efficiencies more 

than COD removal efficiencies. In table 7, the 

optimum condition and removal efficiencies for 

adsorption processes were selected and concluded 

the performance of adsorption processes by 

consideration of effluent characteristics and standard. 

Fig.8 The performance of adsorption process in 

COD removal.  

Fig. 9 The performance of adsorption process in 

color removal. 

Table 7 The selected performance of COD and 

color removal efficiencies of adsorption 

process  

pH
Color 

(Pt-Co)

COD 

(mg/L)
pH

Color 

(Pt-Co)

COD 

(mg/L)
Color COD 

Mudchada 8.0 67 4,337 8.4 10 333 85.00 92.32

Kayabatic 8.0 2,730 9,131 8.9 1,529 280 44.00 96.93

Bandu-Yellow 2.1 3,218 24,533 3.2 803 22,933 75.04 6.52

Bandu-Red 2.0 2,621 933 4.1 1,663 667 36.54 28.57

Sample

Before Adsorption After Adsorption % Removal

pH
Color 

(Pt-Co)

COD 

(mg/l)
pH

Color 

(Pt-Co)

COD 

(mg/l)
Color COD 


Mudchada 8.010 66.67 4,337.07 8.45 10.00 333.30 85.00 92.32

Kayabatic 8.013 2,730.00 9,130.67 8.88 1,528.80 280.00 44.00 96.93

Bandu-Yellow 2.080 3,217.78 24,533.33 3.24 803.30 22,933.33 75.04 6.52

Bandu-Red 2.002 2,621.11 933.33 4.13 1,663.33 666.67 36.54 28.57

Sample

Before Adsorption After Adsorption % Removal
The performance of combination coagulation and 

adsorption processes 

       The conclusions of COD and color removal 

efficiencies for combination coagulation and 

adsorption processes are presented in Table 8. The 

overall removal efficiencies were calculated by 

selection optimum condition for coagulation and 

adsorption process under the characteristics of 

effluent and standard for textile effluent. The results 

showed the combination processes had the overall 

COD were in range of 72.9-93.8% and color 

removal efficiencies were in range of 70.6-98.5%. 

Although the performance of the combination 

processes obtained high removal efficiencies but the 

COD concentrations did not meet the standard for 

industry effluent. Our studies are going on to 

improve the removal efficiencies of this combination 

system such as using the other type of coagulants 

and optimum conditions for adsorption process. 

Table 8 The conclusion of overall COD and color 

removal efficiencies for combination 

coagulation and adsorption processes  

pH
COD

(mg/L)

Color 

(Pt-Co)
pH

COD

(mg/L)

Color 

(Pt-Co)
COD Color 

Mudchada 6.1 2,872 543 8.4 333 10 88.4 98.2

Kayabatic 9.7 2,733 9,671 8.9 280 1,529 89.8 84.2

Bandu-Yellow 8.9 84,614 51,867 3.2 22,933 803 72.9 98.5

Bandu-Red 4.1 10,708 5,650 4.1 667 1,663 93.8 70.6

Effluent %Over all 

removal efficiency
Influent

Sample

pH
COD

(mg/l)

Color

(Pt-Co)
pH

COD

(mg/l)

Color

(Pt-Co)
COD Color

Mudchada 6.1 2,871.7 543.3 8.4 333.3 10.0 88.4 98.2

Kayabatic 9.7 2,733.1 9,671.0 8.9 280.0 1,528.8 89.8 84.2

Bandu-Yellow 8.9 84,614.4 51,866.7 3.2 22,933.3 803.3 72.9 98.5

Bandu-Red 4.1 10,707.8 5,650.0 4.1 666.7 1,663.3 93.8 70.6

Effluent %Over all

removalefficiency
Influent

Sample

CONCLUSION 

       In conclusion, the results showed the 

combination processes had the overall COD were in 

range of 72.9-93.8% and color removal efficiencies 

were in range of 70.6-98.5%. The results of 

coagulation study were found that in some cases of 

wastewater from Mudchada and Bandu-Yellow were 

effective in color removal but failed in COD 

removal, in another cases, wastewater from 

Kayabatic and Bandu-Red, had fail in color but were 

effective in COD removal efficiencies. The results 

showed varies of pH had much affected on color 

removal efficiencies more than COD removal 

efficiencies. The further experiments should be 

carried out to improve the combination removal 

efficiencies for application as suitable for textile 

household industry. 
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ABSTRACT 

 
Pisha sandstone is a special kind of soft rock that is severely eroded by wind, rainfall and gravity force, and 

the surface land is degraded resulted from the excessive human activities, and the vegetation coverage rate in this 
area is extremely low. In order to control it and develop new methods, the material components, nutrient content 
and the shear strength was studied and the field experiment used the new comprehensive method based on a kind 
of hydrophilic polyurethane (W-OH) was carried out. The results shows that in Pisha sandstone, the main minerals 
are quartz, feldspar, plagioclase, montmorillonite, illite, kaolinite, montmorillonite is the main cementitious 
material but is easy to expand when meets water. The nutrient content is low, organic matter, total nitrogen, total 
phosphorus, total potassium and available phosphorus belong to the six-level, available nitrogen is five-level and 
available potassium is four-level. In the field experiment, vegetation coverage rate of the control model was more 
than 95% after 4 months, and there was almost no shallow trench. The amount of sediment erosion was reduced 
by more than 90%, indicating that the effect of erosion prevention and promoting vegetation growth is significant. 
A demonstration project of 0.2 km2 had been carried out in Odors in 2015 in this control model and a good result 
has been received, and the method has been widely accepted by local people and soil conservation bureau.  
 
Keywords: Field experiment; Growth promotion; Mineral component; Sediment yield; Shear strength; Water and 
soil conservation 
 
 
INTRODUCTION 

 
Pisha sandstone is formed in Jurassic, Triassic and 

Cretaceous period [1]. It is widely distributed in an 
adjacent region close to Shanxi, Shaanxi and Inner 
Mongolia autonomous region in the Yellow River 
basin and Ordos Plateau (Fig. 1) [2], [3]. It is 
composed of a thick layer sandstone, arenaceous 
shale, and mudstone [4], [5]. The total area that Pisha 
sandstone underlies is approximately 16,700 km2 [6], 
[7]. The Pisha sandstone has a low degree of 
diagenesis, poor bonded mechanism, and low 
compressive strength. As a result, it is extremely hard 
when it is dry but rapidly disintegrates when faced 
with water [7]-[9]. Due to the special properties of 
Pisha sandstone, in the condition of rainfalls, erosion 
occurs frequently in gullies and the erosion rate is 
considerably large [10]. The soil erosion modulus can 
reach about 3,000 ~ 4,000 t/ (a·km2) on average 
according to the available statistical data. Coarse 
sediment (particle size＞0.05 mm) [11] derived from 
the Pisha sandstone area is the primary sediment [12] 
source of coarse sediment into the reaches of the 
Yellow River and accounts for 71.1% of the total 
coarse sediment yield (0.301 billion tons per year) 

[13]. About half of the coarse sediment is deposited 
so that the lower reaches of the Yellow River has 
gained the reputation as the “Hanging River” [14]. 
Consequently, the Pisha sandstone area is called the 
most severe soil erosion region in both Loess Plateau 
and in the world [4], [5], [15]. 

From 1950s, the control measures for water and 
soil conservation in Pisha sandstone areas are mainly 
biological and engineering measures [16]. Among 
them, the biological measures are mostly applied, 
such as forest shelter belt, windbreak and sand 
fixation forest, slope protection plants, seabuckthorn 
flexible dam and so on [12], [15]. Engineering 
measures mainly include slope engineering, such as 
Terrance, level trench, scale-hole, intercepting ditch, 
protection engineering of gully head and channel 
engineering [7]. Nevertheless, there are some 
limitations for these measures and they cannot 
achieve the comprehensive goals of soil solidification, 
erosion resistance, vegetation growth promotion, and 
steep slope governance [14]. 

Recently, Pisha sandstone solidification and 
improvement combined with vegetation growth 
becomes a trend to protect and utilize this resource as 
well as controlling its adverse effects on the 
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environment [17]. Wu, et al. [18] studied a kind of 
hydrophilic polyurethane as a sand fixation agent. Su 
[19] analyzed the influence of EN-1 on engineering 
mechanical characteristics and simulated slope 
resistance to scour of Pisha sandstone weathered soil. 
Han et al., [20] proposed to compound soil with Pisha 
sandstone and aeolian sandy soil to improve the water 
retention characteristics Li et al., [21] used Pisha 
sandstone via alkali activation process to produce a 
new raw structural material. 

In order to develop a new efficient method to 
protect Pisha sandstone erosion, a novel hydrophilic 
polyurethane composite material (W-OH) was 
introduced [22] and based on it a new dual stereo 
configuration control model combined vegetation 
measures was proposed in the first time to protect 
Pisha sandstone. Actually, W-OH has been used on 
sand fixation to control desertification and to achieve 
ecological restoration [23]. In this paper the 
characteristics of Pisha sandstone and the reason for 
erosion were studied, and then the field experiment 
based on the comprehensive method was also carried 
out and the effect was evaluated in the following four 
months.  

 

Fig. 1 Distribution of Pisha sandstone, is 
experimental plot. 

 
MATERIALS AND METHODS  

 
Materials  

 
Pisha sandstone was taken from the Erlaohu Gou 

in Ordos, Inner Mongolia Autonomous Region, 
China and it belongs to bare Pisha sandstone area. 
Horizontal stratified sampling method combining 
artificial and mechanical excavation [24] was used to 
get the samples with a bulk density ranging from 1.36 
~ 1.58 g/cm3, and a water content from 7.9 ~ 21.1%. 
The liquid limit (WL) is 32.2%, plasticity (IP) is 10.6, 
specific gravity (Gs) is 2.65, and the optimum water 
content (Wop) is 17%. 

W-OH: a kind of hydrophilic polyurethane 
composite (produced by Toho Chemical Industry Co. 
Ltd,). This plyometric material doesn’t contain any 

heavy metal ion and has no harmful effect on 
vegetation and animals [23]. 

 
Methods  

 
The mineral components were analyzed by X-ray 

method based on "transfer target polycrystalline X-
ray diffraction method General" (JY / T 009-1996) by 
X-ray diffractometer (XRD-7000S, produced in 
Shimadzu Corporation).  

 
Field experiment 

 
In order to study the effect of the novel material 

and technology, the field experiment was conducted. 
The experimental field plot was selected in the middle 
of Erlaohu Gou in Inner Mongolia Ordos 
(110°36′2.74″ E and 39°47′38.79″ N, Fig. 1) and was 
constructed and monitored from May to October 2014. 
The topography in this area belongs to the transitional 
zone of Loess plateau and the Ordos plateau and 
typical bare Pisha sandstone area. The climate is arid 
and semi-arid temperate continental monsoon climate 
with cold winter, hot summer and there is more wind 
and sand in winter and spring. According to the 
meteorological data of Jungar Banner, the average 
annual rainfall is 400 mm, but the inter-annual change 
is large and the distribution is extremely uneven in 
one year (The total rainfall reached 250.2 mm in 
2014). The largest months of rainfall are often 
concentrated from July to September, accounting for 
70~80% of one year. Moreover, short-term heavy 
rainfall often occurs and the highest intensity rainfall 
can reach 80 mm per mouth. However, because of the 
harsh climate and sterile soil, the overall vegetation 
coverage rate is less than 30%.  

Experimental design: The experimental slope in 
Erlaohu Gou with the height of approximately 43.5 m, 
vertical height of 29.9 m, and average gradient of 
44.5° was chosen. According to the changes of slopes, 
the slope area was divided into three regions: 
consolidation & waterproof area, consolidation & 
growth promotion area and consolidation & green 
area. Moreover, a meteorological station, a water & 
sediment monitoring stations and a rainfall station 
were built to observed rainfall intensity, temperature, 
humidity, wind, sediments and other parameters.  

In the top of slope, stereo configuration with trees, 
bushes, grass was established, and Chinese pine were 
planted, water drainage ditches were dug, and a 
cellar/tank was built to collect rainfall to make full 
use of. For the consolidation & waterproof area, the 
slope exceeded 60° and 8~10% W-OH solution was 
sprayed on the surface. However, in consolidation & 
growth promotion area, the slope was about 30~60°, 
the spayed concentration of W-OH was about 4~5%, 
bushes and grass were planted and the micro 
irrigation systems were constructed to provide water 
for the vegetation. In respect to consolidation green 
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area with less than 30°slope, trees, bushes, and grass 
were planted. Last, at the bottom of the gully, two 
shunt barrels and collecting barrels were installed to 
collect rainfall erosion sediment and runoff. The 
barrels’ height and diameter was 1 m, respectively. 
Between the shunt barrels and collecting barrels, nine 
tap holes with the same size were set up and the one 
in the middle was jointed with the collecting barrels 
through honeycomb dust. 

 
RESULTS AND DISCUSSION  

 
Mineral components in Pisha sandstone 

 
From Table 1 it can be seen that the main minerals 

in Pisha sandstone includes quartz, feldspar, 
plagioclase, montmorillonite, illite, kaolinite, calcite, 
dolomite and hematite. In which, quartz, feldspar, 
plagioclase and hematite are primary minerals, 
accounting for about 70% ~80%, while 
montmorillonite, kaolinite, calcite and dolomite are 
secondary minerals from weathered primary 
minerals, therefore, Pisha sandstone is a kind of 
sandstone that has a low degree of rock diagenesis. 

The characteristic of quartz is high strength, 
hardness and good performance for water resistance. 
It forms a strong skeleton of Pisha sandstone together 

with feldspar and a bit amount of calcium carbonate. 
Montmorillonite (accounting for more than 15% for 
red Pisha sandstone, and approximately 10% for 
white one) is one kind of the common clay minerals 
and is the most important cementitious material in the 
matrix of Pisha sandstone. However, when it absorbs 
water, the volume will expanse drastically, and the 
maximum volume expansion rate can be achieved 
approximately 400%, this is the main source of 
expansion in Pisha sandstone. Montmorillonite will 
gradually soften with producing enormous pressure 
and lose the bonding capacity after it absorbs water, 
resulting in destroy of the structure. Moreover, the 
crystal of montmorillonite is small and scaly, and it is 
hydrophilic, therefore, it is easy to be entrained by 
water, which is an important reason for the erosion of 
Pisha sandstone. Kaolinite, the product of feldspar 
and other silicate minerals, is an aqueous alum-
inosilicate. The properties of kaolinite are high water 
absorbability and strong plasticity, while once 
exposed to water, it will soften, inflate and lose the 
bonding capacity rapidly. Moreover, montmorillonite 
and kaolinite and other expansion of clay minerals 
will be easy to be weathered under certain conditions 
and decomposed in to silica and alumina in a long 
term in hot and humid conditions.

 
Table 1 Mineral components in Pisha sandstone 

No. Mineral contents /%
Quartz Plagioclase Feldspar Montmorillonite Illite Kaolinite Dolomite Calcite Hematite 

1-1 38-43 25 20 5-10 1 2 1 2 - 
1-2 28 30-35 15 15-20 1 2 1 1 1
1-3 23-28 20-25 20-25 10-15 2 3 1 10 - 
1-4 25-30 10 10-15 20-25 3 4 1 15-20 1 
1-5 35-40 25 15 10-15 1 2 1 5 - 

Nutrient content  
 

 

Table 2 Surface nutrient content of Pisha sandstone 

Color pH 
Organic 
matter 

(%) 

Total 
nitrogen 

(%) 

Total 
phosphorus 

(%) 

Total 
potassium 

(%) 

Available 
nitrogen 
(mg/kg) 

Available 
phosphorus 

(mg/kg) 

Available 
potassium 
(mg/kg) 

White 
Maximum 10.04 0.78 0.054 9.5×10-6 2.75×10-4 53.8 0.31 78.5 
Minimum 8.91 0.17 0.017 3.5×10-6 9.07×10-5 42.4 0.10 55.2 
Average 9.51 0.44 0.026 6.6×10-6 2.04×10-4 47.9 0.20 62.8 

Range ＞8.5 ＜0.60 ＜0.05 ＜0.040 ＜0.60 30-60 ＜3.0 40-85 
Grade Six-level Six-level Six-level Six-level Six-level Five-level Six-level Four-level 

Red 
Maximum 9.15 0.20 0.036 1.9×10-5 2.42×10-4 50.9 0.91 52.6 
Minimum 9.00 0.15 0.020 5.9×10-6 9.22×10-5 48.1 0.69 27.3 
Average 9.08 0.17 0.030 1.2×10-5 1.67×10-5 49.5 0.77 44.8 

Range ＞8.5 ＜0.60 ＜0.05 ＜0.040 ＜0.60 30-60 ＜3.0 40-85 
Grade Six-level Six-level Six-level Six-level Six-level Five-level Six-level Four-level 

It can be seen from Table 2 that both the red and 
white Pisha sandstone, the pH ranges from 8.91 
to10.04 and thus it is alkaline. The content of organic 
matter is approximately 0.15%-0.78%. The contents 
of total nitrogen, total phosphorus, total potassium, 
available nitrogen, available phosphorus and 
available potassium are in the range of 0.017%-
0.054%, 3.5×10-6%-1.9×10-5%, 9.07×10-5%-
2.75×10-4%, 0.10-0.91 mg/kg, 39.6-53.8 mg/kg and 

27.3-80.8 mg/kg. According to the six-level 
classification of soil nutrient content grading table in 
our nation, pH, organic matter, total nitrogen, total 
phosphorus, total potassium and available 
phosphorus belong to the six-level, available nitrogen 
is five-level and available potassium is four-level, 
indicating that the overall nutrient content in Pisha 
sandstone is extremely low, resulting in difficult 
growth of vegetation. 
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Fig. 2 The SEM images of red Pisha sandstone (a) 
Original Pisha sandstone particles; (b) Solidification 
layer on Pisha sandstone by spraying W-OH solution 

As can be observed from Fig. 2, the original 
sandstone particles are discrete in SEM and the 
adhesion between particles is poor, so it is not stable 
and easy to become collapsible when meets water or 
wind. However, when W-OH solution was sprayed on 
the surface, a consolidation layer is formed and the 
particles are bonded together tightly. Thereby, the 
integrity is improved and the porosity is decreased 
significantly. Thereby, the Pisha sandstone particles 
cannot be easily destroyed in the condition of water, 
wind erosion or sunshine conditions. 
The results of field experiment 

 
The results and effects had been observed and 

studied in the following four months. 
Sediment yield: after finishing constructing the 

experimental and control areas, on the second day it 
rained and lasted for 15 hours. The field observation 
showed that the consolidation & waterproof area and 
the consolidation & growth promotion area did not 

change (Fig. 3a). The surface in consolidation green 
area had no obvious gully, and there was no Pisha 
sandstone particles in different barrels. However, in 
the control area, some shallow ridges appeared, 
indicating that the consolidation layer had a certain 
effect of anti-erosion. 

Twenty days later, the surface in consolidation & 
waterproof area did not change and the consolidation 
layer remained completely, however, in the 
consolidation & vegetation promotion area a few 
small cracks appeared in some unsmooth places. As 
for the consolidation green area, the seeds began to 
sprout, seabuckthorn and Boston ivy began to grow 
new leaves, and green could be seen in some parts. 
Sediments of Pisha sandstone particles were found in 
difference barrels and it demonstrated that with the 
increase of rainfall and rainfall intensity, the sediment 
yield showed a trend of increase in both experimental 
and control areas (Table 3). When the rainfall reached 
41.2 mm/h, the sediment yield of control area reached 
1895.7 kg and the average unit loss was 11.8 kg/m2. 
However, in the experimental area, the sediment yield 
was just 11.9 kg and the unit loss was 0.074 kg/m2, 
the decreased rate was more than 99%. The results 
indicated that the consolidation layer had a significant 
effect on improving the performance of water, 
gravity, and wind erosion resistance of Pisha 
sandstone slopes. In addition, the sediment yield also 
had a direct relationship with the rainfall erosion 
force and the proportion of vegetation coverage.

Table 3 Results in experimental and control area during 7~8 month. 
Date 7.1 7.22 7.28 8.2 8.12 8.22 

Rainfall （mm） 16.4 8.6 23.2 35.6 20.6 34.4 
Rainfall intensity I30(mm/h) 26 4.4 15.6 41.2 26.8 20 

Rainfall erosion force (MJ·mm/(ha·h)) 94.8 9.43 77.2 373.3 131 133.3 
Sediment yield in experimental area (kg) 8.6 0 1.8 11.9 0..4 1.6 

Sediment yield in control area (kg) 216.1 42 27.3 1895.7 52.1 18.7 
Reduced rate of sediment yield (%) 96.0 100 93.4 99.4 99.2 91.4 

On the other hand, the consolidation layer in the 
consolidation & waterproof area stayed intact with a 
certain thickness, but in some places, a few cracks 
began to appear with the time going on (Fig. 3a). This 
indicated that under the effect of water and gravity 
erosion force, some changes on Pisha sandstone 
surface have taken place, leading to a minor damage 
in some places where the material was not sprayed 
uniformly. As time went by, the quantity of the 
grooves increased gradually, the width and depth also 
increased. By the end of August, there were 10 
grooves in control area, 6 cm in width and 10~15 cm 
in depth on average. Some of them appeared across 
the entire growth promotion area. The monitoring 
results showed that the grooves appeared from the 
edge of the control area, of which depth increased 
with the rainfall intensity, and moved towards to the 
middle gradually, resulting in destruction or collapse 
of the entire slope. These were also one of the major 
forms of water erosion for slope. 

  

Fig. 3 Comparison of experimental and control area. 
(a) a few cracks in consolidation and water proof area, 
(b) comparison with two plots in September, 2014 

In the experimental area, where the amount of 
sprayed solution was small, the vegetation coverage 
was large even though the rainfall was heavy, but the 
slope surface showed a small erosion at the first time. 
However, as the vegetation coverage rate increased, 
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the gullies disappeared and vegetation played an 
important role on preventing weathered Pisha 
sandstone from further erosion. 

Vegetation coverage rate: From Fig. 4 it could be 
seen that vegetation in growth promotion and green 
area grew fast and the vegetation coverage rate 
gradually increased. Three months later the rate 
reached 95%, and the height run up to 50~60 cm (Fig. 
4b). However, the rate of the vegetation coverage was 
very slowly in the control area. It only occupied 8% 
with a height of 10 cm in average. Therefore, it was 
obvious that with the increase of the vegetation 
coverage rate, the surface roughness and permeability 
of Pisha sandstone could be enhanced to protect Pisha 
sandstone from water and wind erosion. This also 
indicated that material measure by W-OH combined 
with vegetation could have a significant effect on 
preventing Pisha sandstone from water, wind, and 
gravity erosion. 
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Fig. 4 Vegetation coverage and height in 

experimental and control area from May to 
September 2014 

 
CONCLUSION 
 

In order to develop the new comprehensive method 
to control Pisha sandstone erosion, the material 
components, nutrient content and the shear strength 
was studied and the field experiment based on a kind 
of hydrophilic polyurethane (W-OH) together with 
vegetation measure was carried out. The results 
shows that in Pisha sandstone, the main minerals are 
Quartz, feldspar, plagioclase, montmorillonite, illite, 
and kaolinite. Quartz, feldspar, plagioclase and 
hematite are primary minerals, and montmorillonite 
is the main cementitious material but it is easy to 
expand when meets water, leading the structural 
destroy of Pisha sandstone. organic matter, total 

nitrogen, total phosphorus, total potassium and 
available phosphorus belong to the six-level, 
available nitrogen is five-level and available 
potassium is four-level, indicating that the overall 
nutrient content in Pisha sandstone is extremely low, 
resulting in difficult growth of vegetation. The 
experimental area was divided into three sections 
according to the slope gradients and vegetation 
coverage, consolidation & waterproof area, 
consolidation & growth promotion area and 
consolidation & green area. The new control method 
combining W-OH with vegetation was adopted. Four 
months later, the vegetation coverage rate reached 
more than 95%, and almost no shallow grooves were 
formed in the experimental area, but several deep 
grooves appeared and vegetation coverage was still 
less than 30% in the control area. The sediment yield 
in experimental area had been reduced by more than 
95% compared with that in the control area. This new 
control method could reach the comprehensive 
efficiency of Pisha sandstone conservation both in 
water erosion resistance and ecological restoration. 
These results also indicated that combining materials 
with vegetation measures could be used as an 
efficient comprehensive method to protect water and 
soil from loss and erosion in the Pisha sandstone area. 
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ABSTRACT 

 
Recently, some heritages are suffering from varying degrees of physical, chemical and biological weathering 

damage. The aim of the project is the development of high hydrophobic and durability to provide protective 
coatings for stone. A series of SiO2-fluorinated poly-styrene-acrylate (SiO2/FPSA) composite emulsion was 
prepared with different content of 2,2,2-trifluoroethyl methacrylate content. The composite materials prepared by 
a semi-continuous emulsion polymerization process were characterized by various methods. The results exhibited 
that the SiO2/FPSA emulsion (S-5 emulsion) had satisfactory stability and low viscosity and surface tension, and 
SiO2/FPSA film (F-S-5 film) had excellent water resistance and acid/alkali resistance. Therefore, S-5 emulsion 
was chosen as the protect coating, and the effect of protect coating was evaluated by the artificial aging test. The 
artificial aging experiments such as freeze-thaw, acid aging and soluble salts tests of the SiO2/FPSA composite 
coating were investigated. The results indicated that SiO2/FPSA composite could be applied to the protective 
coatings for stone surface relics.  
 
Keywords: Stone conservation; cultural heritage; composite; protective polymers 
 
 
INTRODUCTION 

 
The cultural heritage was created in a unique 

environment, promoting the development of modern 
civilization [1]. Recently, some heritages are 
suffering from varying degrees of physical, chemical 
and biological weathering damage [2]. Thus, the 
essential properties required to as protective agent 
could be summarized as follows: hydrophobic, 
permeability to water vapor, transparency, 
reversibility or possibility to re-treat the surface, 
durability [3-4]. The only way to preserve, as early as 
possible, is to investigate the new material or novel 
methodologies to resist these physical chemical and 
biological attacks. In summary, the protection of 
stone relics must be seriously. 

Using of chemical materials to safeguard stone 
relics is a common method to avoid further 
weathering in outdoor conditions. Currently, most of 
organic materials have been attempted in the 
conservation of stones, such as acrylate, epoxies, 
silicones, fluorinated polymers, etc [5]. Recently 
years, acrylate and silicones or their mixtures have 
been widely used in the protection of stone relics. 
Fluorinated styrene-acrylate (or acrylate) copolymer 
has attracted a great deal of attention. Not only it is 
relatively low cost and environmental friendly, but 
also it contains the excellent properties of both 
fluorine and styrene-acrylate (or acrylate) copolymer. 

At the same time, the increase in size of the particles 
could enhance mechanical properties of the films. 
Nano-SiO2 possesses high hardness, and reasonable 
price among other nanoparticles.  

The aim of this work is to prepare the core-shell 
SiO2-fluorinated poly-styrene-acrylate (SiO2/FPSA) 
composite emulsion. The composite materials 
prepared by a semi-continuous emulsion 
polymerization process were characterized by various 
methods. Performances of the satisfactory 
SiO2/FPSA were tested on calcites taken from 
Jiaoshan Steles Grove (China). The protective 
performances had been evaluated by the artificial 
aging tests, including freeze-thaw aging test, acid 
aging test and soluble salts aging test. The analysis 
revealed that the protective effects were satisfying. 

 
EXPERIMENT  

 
Materials  

 
Styrene (St), ethyl acrylate (EA), methyl 

methacrylate (MMA), butyl methacrylate (BMA), 
acrylic acid (AA, 99.5%), 2,2,2-trifluoroethyl 
methacrylate (TFEMA), tetraethyl orthosilicate 
(TEOS), γ-methacryloxypropyl trimethoxysilane 
(KH-570), polyethylene p-octyl glycol phenylether 
(OP-10) and ethanol (C2H5OH) and sodium sulfate 
(Na2SO4) were all purchased from Sinopharm 
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Chemical Reagent Co., China. Sodium dodecyl 
sulfate (SDS) was obtained from Shanghai reagent 
factory, China. Potassium persulfate (KPS) was 
purchased from Tianjin Chemical Reagent Factory, 
China. Sodium hydrogen carbonate (NaHCO3) was 
obtained from Shanghai Su Yi Chemical Reagent Co., 
China. Ammonia (NH3·H2O) was provided by 
Shanghai Pilot Chemical Co., China. All reagents 
were used without any further purification. 

 
Preparation of modified the nano-SiO2  

 
Nano-SiO2 particles were prepared by the well-

known sol-gel process. Firstly, absolute ethanol, 
deionized water were introduced in a 250mL, three-
neck, round-bottom flask heated to 30 oC under 
stirring. HCl was added into the reaction system and 
kept pH= 3; and TEOS was added into the solution 
and stirred at 30 oC for 3 h. Then it started with 
stirring a mixture of silica sol and KH-570 at 60 oC 
for 6 h under constant stirring. Finally, the KH-570-
modified nano-SiO2 was obtained. The synthetic 
route of nano-SiO2 was shown in Fig. 1. 

 
Fig. 1 The synthetic route of nano-SiO2 

 
Preparation of SiO2-fluorinated poly-styrene-
acrylate (SiO2/FPSA) composite emulsion 

 
SiO2/FPSA composite emulsions were prepared 

by a semi-continuous emulsion polymerization 
process. A certain amount of water, 30 g of the 
monomer mixture and emulsifier (50 wt%, relative to 
the whole emulsifier level), polyethylene p-octyl 
glycol phenylether (OP-10) and sodium dodecyl 
sulfate (SDS) (at weight ratio of OP-10/SDS = 2:1) 
were pre-emulsified. 

Seed emulsion polymerization was carried out in 
a 250 mL four-necked glass reactor. The initial charge 
in the reactor was water, the rest of the emulsifier, 
NaHCO3 as buffer, the monomer pre-emulsified 
mixture (9 g) and varying contents of TFEMA. When 
the flask was heated to the reaction temperature, the 
second charge, part of the initiator solution was added. 
The reaction was held at 75 oC for 30 min, after which 
the rest of the pre-emulsified mixture was added into 
the reactor drop wise for about 2–3 h. The rest of 
initiator solution was then added to the system. Then, 
the mixture was kept at 90 oC for two more hours to 
completely polymerize all the monomers; and then 
cooled down to room temperature. Finally, the 

emulsion was neutralized with NH3.H2O to pH = 7-8. 
Varying the contents of TFEMA (0, 2%, 4%, 6%, 

8%, and 10%, based on total monomers), and the 
addition of nano-SiO2 was 3%, a series of SiO2-
fluorinated poly-styrene-acrylate (SiO2/FPSA) 
composite emulsion were prepared and named as S-2, 
S-3, S-4, S-5, S-6 and S-7, respectively, while pure 
styrene-acrylate emulsion was named as S-1 (PSA). 
The synthetic route of SiO2-fluorinated poly-styrene-
acrylate (SiO2/FPSA) is shown in Fig. 2. 

Fig. 2 The synthetic route of SiO2-fluorinated poly-
styrene-acrylate 

All SiO2/FPSA emulsions (S-1, S-2, S-3, S-4, S-5, 
S-6 and S-7) were poured into the poly 
(tetrafluoroethylene), and the SiO2/FPSA films were 
obtained by drying for 6 days at room temperature 
and labeled as F-S-1, F-S-2, F-S-3, F-S-4, F-S-5, F-
S-6 and F-S-7, respectively. 

 
Characterization 

 
The procedures for the measurements of the films 

were briefly described as follows：The dried films 
prepared (20×20 mm2) were soaked in deionized 
water or 5% NaOH or 5% H2SO4 solution at room 
temperature after being weighted (Original weight 
recorded as m1). After 24 h, the liquid remaining on 
the films surface was then wiped with filter paper and 
weighed again (the weight was denoted as m2). The 
water absorption (or swelling degree), ω, was 
calculated by as follows (1): 

 ൌ ି


ൈ %	                    (1) 

The contact angles of water on SiO2/FPSA 
composite films were measured with a commercial 
CAM200 optical system (KSV Instruments, Finland) 
by the sessile drop method with a micro-syringe at 25 
oC. More than 3 contact angles were averaged to get 
a reliable value for each sample. 

To investigate the morphology of the film and 
stone, scanning electron microscopy (SEM) 
micrographs were taken with a field emission 
scanning electron microscope (S-4800, Hitachi Corp., 
Tokyo, Japan) at a voltage of 15.0 kV. The samples 
were diluted with deionized water, dropped onto 
silicon wafer and dried at room temperature. 

 
Artificial ageing test  
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To evaluate the performance of the protective 
material, artificial aging experiments were 
performed. Samples “A”, “C” and “E” were treated 
by the prepared emulsions; and samples “B”, “D” and 
“F” were blank samples. All stone samples were 
obtained from the hillside near the Moya stone 
inscriptions for consistency and smoothed with 
abrasive paper. 

 
Freeze - thaw aging test 

 
First, the stone samples “A” and “B” were soaked 

in distilled water for 8 hours. Then, the stone samples 
“A” and “B” were moved to the freezing chamber, 
and freezing period lasts for 16 hours at -10 °C. 
Finally, samples “A” and “B” were removed from the 
freezing chamber, and transferred to an oven about 80 
°C. The multiple cycles were performed. 

 
Acid aging test 

 
The stone samples “C” and “D” were immersed in 

H2SO4 solution (pH=1) in 72 h, observing the changes 
in the stone samples. 

 
Soluble salts aging test 

 
The stone samples “E” and “F” were immersed in 

0.5 mol/L Na2SO4 solution about 8 h. Then both 
samples were natural weathering at room temperature 
for the salt crystallization. The multiple cycles were 
carried out. 

 
RESULTS AND DISCUSSION  

 
Some properties of SiO2/FPSA Films 

 
Water absorption or swelling degree data are also 

listed in Table 1. Water absorption or swelling degree 
is another important indicator of stone protective 
material. A good protective material must have 
excellent hydrophobicity and good acid or alkali 
resistance. Compared with F-S-1 film (PSA film), the 
F-S-2, F-S-3, F-S-4, F-S-5, F-S-6, and F-S-7 films 
(SiO2/FPSA films) present the satisfactory result in 
water absorption. The introduction of the fluorinated 
monomer improved the hydrophobic properties of the 
copolymer. The water contact angles are also shown 
in Fig. 3, reflecting an increase of hydrophobic with 
the increasing of the TFEMA content. The water 
contact angle for F-S-1 film is 52.71o. However, the 
water contact angle becomes 75.70o for F-S-6 film. 
The surface of SiO2/FPSA film includes a large of 
low surface energy fluorinated groups. The 
fluorinated groups are an important factor to lead to a 
good performance in water resistance. Additionally, 
the existence of hydrophobic Si-O-Si also leads to 
films with lower water absorption. Meanwhile, the 
similar change can be found in swelling degrees 
(5.0% H2SO4 solution) or swelling degrees (5.0% 
NaOH solution). Therefore, SiO2/FPSA films have 
excellent water resistance and acid / alkali resistance.

Table 1 The properties of SiO2/FPSA films 
Sample F-S-1 F-S-2 F-S-3 F-S-4 F-S-5 F-S-6 F-S-7 

Water absorption (%) 33.30 23.06 17.71 15.65 9.43 10.05 11.76 

Swelling degree 
(5.0% H2SO4solution) 17.63 9.45 8.74 8.23 7.24 7.28 7.21 

Swelling degree 
(5.0% NaOH solution) 10.15 11.16 11.23 9.71 9.51 9.65 9.47 

Water contact angle (o) 52.71 65.46 69.22 69.83 72.63 75.70 75.43 

 
Fig. 3 The water absorption and water contact angle 

of the SiO2/FPSA films 

 
SEM analysis 

 
SEM images of the fracture surface of F-S-1 (a), 

F-S-2 (b) and F-S-5 (c) films are shown in Fig. 4. The 
surface of the PSA (F-S-1) film is relatively flat and 
smooth. However, there are small waves on the 
surface of SiO2/PSA film with adding 3 wt% SiO2 (F-
S-5 (b) film), indicating that the introduction of SiO2 
particles made the surface become rough. 
Furthermore, when simultaneously introducing SiO2 
and TFEMA (F-S-5 (c) films), there were many 
ripples on the surface, indicating between inorganic 
and organic phases formed interwoven network 
structure. The stone sample is observed by SEM 
analysis to investigate the morphology of stone and 
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SEM images are shown in Fig. 5. As can be seen from 
Fig. 5, the structure of stone sample is relatively loose 
and there are some pits and cracks on the surface. 
These results indicate that stone samples have been 
severely damaged. 

 
Fig. 4 SEM images of F-S-1 (a), F-S-2 (b) and F-S-5 
(c) 

 
Fig. 5 SEM image of the stone sample 
 
Freeze - thaw aging test 
 

The images of freeze-thaw aging test after different 
cycles are illustrated in Fig. 6. It can be seen from Fig. 
4, after 10 cycles, the letter “B” has blurred on the 
sample “B”; and after 15 cycles, the sample “B” 
begins to appear little cracks. After 20 cycles, there 
are obvious cracks on the surface of the sample “B”; 
however, the sample “A” has almost no change. 

 
Fig. 6 The images of freeze-thaw aging test after 
different cycles 
Acid aging test 
 

As shown in Fig. 7, after acid aging test, both stone 
samples mass is reduced in varying degrees. This can 
be attributed to the reaction of sulfuric acid and 
calcium carbonate. There are still fluctuations in the 
sample “C” mass, but the rate has been significantly 
reduced, indicating markedly improved acid 
resistance. 

 

 
Fig. 7. The weight loss of stone sample in acid aging 
test 

 
Soluble salts aging test 

Soluble salts are considered to be the key 
deteriorating element of stone relics. The images of 
soluble salts aging test are shown in Fig. 8. As can be 
seen from Fig. 8, the untreated stone surface has taken 
place significant changes. However, there is no 
remarkable change on the treated stone surface. 
Compared to the treated stone sample “E”, the 
untreated stone sample “F” has cracks and pits after 
15 cycles. That is to say, SiO2/FPSA composite 
materials succeeded to reduce salt accumulation 
phenomena. This can be attributed to SiO2/FPSA 
composite materials developed a network structure in 
the stone voids, effectively preventing the formation 
of crack, further weathering. 

 
Fig. 8 The images of soluble salts aging test 

 
CONCLUSION 
 

The uniform core–shell SiO2/FPSA composite 
materials were successfully prepared. The resulting 
SiO2/FPSA composite emulsions exhibited higher 
hydrophobic property. Thus, SiO2/FPSA composite 
materials can be used for the conservation of the stone 
relics.  

. 
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STUDY ON OUTDOOR THERMAL ENVIRONMENT OF CAMPUS 
BASED ON GIS 
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ABSTRACT 

In recent years, the campus population and the buildings of Jiangsu University have increased and the pattern 
of the micro-city has preliminarily formed. The data of outdoor thermal environment of campus based on 
Geographic Information System (GIS) has found that the average temperature difference of outdoor temperature 
in space distribution in Jiangsu University is about 1℃. Five different underlying surfaces have a great influence 
on the outdoor thermal environment of campus, and the daily variation of temperature showed an inverted "V" 
single peak curve. The daily variation of temperature on the concrete road (direct sunlight) is approximately 4℃ 
above that of the grassland at the time of 14:00. The temperature of the concrete road (direct sunlight) is higher 
than that of the concrete road (shadows), and the temperature difference between them is about 1℃. At the same 
time, five suggestions have been proposed for the improvement of outdoor thermal environment in Jiangsu 
University according to the results. 

Keywords: Heat Island Effect, Outdoor Thermal Environment, Spatial Change, Underlying Surface, GIS 

INTRODUCTION 

Urban heat island effect, whose temperature is 
higher than that of outer suburbs, reduces the 
comfortability of the manufacture and life of people, 
that endangers the health and even life of human [1, 
2].With the warming of global, the influences of 
urban heat island effect on  lives of people have 
become increasingly apparent. The rapid 
development of urban has accelerated the aggravation 
of urban heat island [3]. In recent years, the 
enrollment of Jiangsu University continues to expand, 
and the campus construction develops rapidly. The 
campus covers an area of 1,880,000 m2. Among them, 
all types of building area hold more than 1,280,000 
m2, and nearly 50 thousand students are in school. 
With the increases of the campus population and 
buildings, the pattern of micro-city has preliminarily 
formed. Surface temperature change of different 
underlying surfaces is an important factor to improve 
urban heat island effect [4]. Accompanied by the 
increasingly obvious urbanization and huge 
development of the university campus, reducing the 
heat island effect has become an important topic to 
improve the  learning and living environment of 
students, and create a comfortable outdoor 
environment [5, 6]. 

DATA MONITORING AND 
RESEARCH METHODS  

Data Monitoring Methods 

In this study, the Japanese advanced portable 

carbon dioxide measuring instrument (model C2D-
W02TR) was adopted to measure the outdoor 
temperature and relative humidity of the campus of 
Jiangsu University. GIS was used to analyze and 
study the distribution characteristics of outdoor 
thermal environment in campus. 

The research object is the whole area of campus 
in Jiangsu University, which is in east longitude 
119°30′～119°31′30″E,  and north latitude 32°11′40″
～32°12′50″N. The campus area was divided into 30 
measuring area with each 300m*300m as a measuring 
unit. A position with marked facility of each 
measuring unit was chosen as a measuring point for 
measuring the latitude and longitude to ensure that 
each measurement was performed at the same 
location (Fig. 1 and Fig. 2). All the measuring points 
were measured in three time periods at 7:00-8:00 in 
the morning, 10:00-11:00 at noon and 17:00-18:00 at 
evening for three times a week. The underlying 
surfaces of the measuring points were divided into 4 
categories, such as grassland, lake, concrete and 
marble road to discuss the temperature and relative 
humidity changes of different underlying surfaces. 

Data Analysis Method 

In this work, Microsoft Excel 2013 software was 
used to database establishment, data collection and 
analysis. GRASS and GMT software were used to 
visualize the temperature spatial distribution data, 
which directly and quantitatively reflected the 
temporal and spatial distribution characteristics of 
temperature in the campus. 
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Figure 1 Area division of campus outdoor 
temperature measurement. 

Figure 2 Point distribution of campus outdoor 
temperature measurement. 

TEMPORAL AND SPATIAL 
DISTRIBUTION CHARACTERISTICS 
OF TEMPERATURE 

As shown in Figure 3, the temperature difference 
of the average temperatures among morning, noon 
and evening is about 1℃. The lowest temperatures of 
morning, noon and evening was concentrated near the 
round covers in front of the auditorium (D3). This 
measuring point is at the crossroads with good 
ventilation, where a lawn is in the front and is 
sheltered by tall trees. The  trees  can  block 
shortwave  radiation  of  the  sun  and  absorb 
long-wave  radiation  of  the  ground. The highest 
temperature in the morning appeared in sixth canteen 
corner of Jiangsu University (A6) and the main 
entrance in front of the Mechanical College (C2). The 
highest temperature at noon was under a ladder of 
Sanjiang Floor Front Gate (E2). The highest 
temperature in the evening was at the entrance to the 
auditorium (D2). Except for the factors of the 
concrete surface, tall buildings and poor ventilation in 
these places, the influences of the traffic and 
population also contributed to the high temperature. 
So the temperature is higher in the areas with lots of 
population and traffic, such as canteen and 
accommodation areas. The temperature was low in 
the areas with plentiful vegetation cover and 

a small quantity of population such as Thorpe plum. 
The temperature in the morning has bigger variation 
than that at noon and in the evening, which might be 
related to the sunshine, the wind speed, the 
underlying surface and the surrounding environment. 

Fig. 3 Temperature distribution in time interval (A: 
morning; B: noon; C: evening). 

A 

B 

C 
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As shown in Figure 4, the low temperature 
region was centered near the round covers in front of 
the auditorium (D3), near the lawn opposite the 
Valentine Valley (E3) and the yellow road in front of 
expert floor (E4). At these places, trees not only can 
reduce the outdoor wind speed, making the heat 
accumulation phenomenon appeared, but also can 
remove a large amount of short-wave radiation by 
reflection and transmission through their leaves to 
decrease the surrounding ambient air temperature. 
The high temperature region was distributed in the 
middle of the round altar opposite the Three Hill 
building (D1), at the entrance to the lecture hall (D2), 
in the roadside of Jiangsu University (E1), and under 
the stairs at the main entrance of Sanjiang building 
(E2). The minimum temperature was 22.5℃ and the 
maximum temperature was 23.5℃. The average 
temperature difference was about 1℃. In this study, 
300m*300m is a measurement unit, and the lowest 
and the highest temperature regions were only 1 to 2 
measurement unit intervals. That is to say, in the 
range of 300m to 600m, the temperature has already 
changed 1℃. It shows that there was a more obvious 
heat island effect on the campus of Jiangsu University. 

 
Fig. 4 Spatial distribution of the mean temperature. 
 

In order to further investigate the effect of heat 
island effect, we select five measurement points to 
study the influences of different underlying surfaces 
according to the results of figure 4. Grassland (E3), 
riverside (F2), marble road (E2), concrete road with 
(C5) and without (C4) shadow were chosen for 

studying the changes of the temperature and relative 
humidity around their surrounding environments. 
 
CHARACTERISTICS OF 
TEMPERATURE AND RELATIVE 
HUMIDITY AT DIFFERENT 
UNDERLYING SURFACES 
 
Daily Variation Of Temperature At 
Different Underlying Surfaces 
 

As shown in Figure 5, temperatures of five 
different underlying surfaces in one day presented 
inverted "V" single peak curves. The temperatures 
were low in the morning and evening, which was high 
in the afternoon at about 16:00. The main reason is 
that the study area is located in the south, and the 
sunshine period is longer in spring. So that the 
endothermic and exothermic reached the balance at 
16:00, when the temperature was the highest. It also 
found that the temperature of grassland is the lowest, 
while the temperature of the concrete road (direct 
sunlight) is the highest. The temperature of the 
concrete road under the shadow is lower than that of 
the concrete road with direct sunlight. The 
temperature difference between them is about 1℃. 
Because tree canopy tends to reduce surface 
temperature in the shade and thus reduces storage and 
convection of heat. Shading by trees can remove a 
large amount of incoming short wave radiation by 
reflection and transmission through their leaves. 
Therefore, the surface and air temperature can be 
lower in the shade of trees than in surrounding 
unshaded areas. So one way to mitigate urban heat 
island thereby reduce human heat stress is to increase 
vegetation cover in urban areas as vegetation can 
provide evatranspiration cooling and shading benefits  
as well as other ecosystem services. 
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Fig. 5 Daily variation of temperature at different 
underlying surfaces. 
 
Daily Variation Of Relative Humidity At 
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Fig. 6 Daily variation of relative humidity at different 
underlying surfaces. 
 

As shown in Figure 6, the highest values of air 
relative humidity for five different underlying 
surfaces all appeared at 10:00, while the lowest values 
appeared at 16:00. Trees release water vapour to the 
air from leaf stomata during photosynthesis, which is 
known as transpiration. Leaf transpiration and soil 
water evaporation are all contributed to the air 
humidity. The relative humidity of the air changed at 
the beginning of 8:00 in the morning. It risen first, 
then dropped, and finally continued to rise following 
the sine curve. Although the trend of the curve 
changes in the same trend, there are obvious 
differences in the influence of the different 
underlying surfaces on relative humidity. For 
example, the relative humidity of hardened roads 
were lower than those at the riverside and the 
grassland. 
 
The Relationship Between Temperature 
and Relative Humidity 
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Fig. 7 Daily variation of mean temperature and mean 
relative humidity. 
 

The temperatures and relative humidity of 
different underlying surfaces were numerical 
averaged. As shown in Figure 7, the peak temperature 
was at 16:00, when the relative humidity was at the 
lowest level. It is because that in the morning, the 
temperature and the relative humidity of the air rise 
with the increase of the solar radiation. After that, the 
temperature of the air continues to rise due to 
persistent solar radiation, while the relative humidity 
of the air decreases gradually and reaches a critical 
point at 16:00. Then, the radiation of sun weakened 
and the temperature began to decrease, while the 
relative humidity of the air gradually rose. According 
to the results, the temperature is negatively related to 
the relative humidity. Transpiration  can  mediate  
latent  heat  loss  during  the  conversion  of liquid  
water  to  vapour,  thereby  resulting  in  the  cooling  
of  the  leaf and  the  surrounding  environment. 
 
CONCLUSION 
 

In this work, the outdoor temperature, relative 
humidity and other environmental parameters of 
Jiangsu University campus were tested. GIS 
technology was used to study the distribution 
characteristics of campus thermal environment and 
the influences of different underlying surfaces on 
campus thermal environment. 

According to the temperature spatial distribution 
map of Jiangsu University, the distance between the 
low and the high temperature region were about 300m 
~ 600m and the temperature difference was 1℃. So 
that the heat island effect is more obvious. 

The daily variation of the temperature of five 
different underlying surfaces showed inverted "V" 
single peak curves. The temperature was low in the 
morning and evening and high in the afternoon. At 
14:00, the temperature difference between the 
grassland and the concrete road (direct sunlight) was 
about 4℃. 

The temperature and the relative humidity 
showed a trend that the temperature was rising while 
the relative humidity was decreasing obviously. The 
temperature was negatively correlated with the 
relative humidity.  

The temperature of concrete road with direct 
sunlight was obviously higher than that of concrete 
road with shadow, and the temperature difference 
between them was about 1℃. It means that trees play 
an important role in regulating the temperature. 

The temperature is higher with abundant of 
population and traffic, such as canteens, playgrounds 
and bathrooms. 
 
OUTLOOK 
 

According to the conclusions, we forward five 
specific suggestions for improving the outdoor 
thermal environment in Jiangsu University: 
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The protection of the existing grassland is an 
effective way to mitigate the heat island effect. 
Therefore, the management system of campus 
vegetation should be perfected as soon as possible. 

Recently, our school is on the remediation of the 
Yudai River Basin. Widening the river channel and 
increasing the drainage area could effectively reduce 
the outdoor temperature of the campus. 

In summer, the temperature in the places with 
a small number of vegetation coverage and lots of 
people, such as the library is high. Sprinkling water 
could be used to increase the humidity of the air and 
decrease the temperature, which can provide a 
comfortable learning environment for students. 

Tall shrubs should be planted in the areas with 
direct sunlight, which can increase the shadow area, 
and thus effectively decrease the temperature. 

Students should be encouraged to instill the idea 
of environmental protection into all aspects of daily 
life. This is a long-term and meaningful work, which 
can directly reduce the anthropogenic heat emission 
and weaken the campus heat island effect. 
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ABSTRACT 

 
Ag–doped ZnO photocatalysts were successfully synthesized at different Ag contents (0–15 wt%) through 

simple, effective, high yield and low cost mechanochemical combustion technique. The addition of silver acetate 
to zinc acetate and oxalic acid mixture was performed for mechanochemical technique. The photocatalytic 
performance of different prepared photocatalysts was evaluated by the degradation of Famotidine (FMT) under 
UV irradiation. The photodegradation rate increased with increasing the Ag contents from 0 to 10%, and it was 
2.1 times better than undoped ZnO on 90 min. The photocatalytic degradation of FMT with Ag–doped ZnO was 
affected by degradation parameters such as calcination temperature, calcination time and doping concentrations. 
The Ag–doped ZnO demonstrated higher activity due to small particles size, large surface area, and reduction of 
electron−hole recombination. The trapping test with different scavengers proved it that the oxidation of FMT 
occurred with the reactive species of •O2

−, •OH and h+. In these species, •O2
− radical was the main reactive 

species in the photodegradation process. 
 
Keywords: Famotidine, Photocatalytic Degradation, Ag/ZnO, UV Light Irradiation  
 
 
INTRODUCTION 

 
Famotidine (FMT) is a histamine H2–receptor 

antagonist used to treat peptic ulcers, 
gastroesophageal reflux, and conditions, where the 
stomach produces an excess of acid [1],[2]. It has 
been documented that 65~70% of the parent 
compound is found unchanged in the urine, when 
patients used the FMT [3]. It creates stable 
complexes with palladium, copper, cobalt and nickel. 
Previous research reports have proved the stability 
of FMT in the environment and water bodies [4]. 
Taking the above–mentioned issues into account, 
one can argue that FMT should be considered as 
persistent contaminants in an aqueous environment. 

Zinc oxide (ZnO) is a wide band-gap (3.2 eV) 
semiconductor with large exciton binding energy of 
60 meV at room temperature [5]. It is known as one 
of the important active photocatalysts due to its 
advantages, including the large initial rates of 
activity, many active sites with high surface 
reactivity, low price and environment safety [6]. 
However, ZnO have several disadvantages such as a 
rapid recombination of photoexcited electron and 
hole pairs which inhibits its photocatalytic efficiency. 
To improve the photocatalytic activity of ZnO, 
surface charge transfer processes should be 
enhanced and the recombination rate of electron and 
hole should be decreased. Several methods have 
been improved to reduce electron–hole 
recombination and increased the surface charge 

transfer [7]–[12]. One of these methods is to dope 
transition metal into ZnO photocatalysts. Doping of 
transition metals into the ZnO lattice can lead to 
changes in the electrical, optical, and magnetic 
properties of ZnO. Besides, it reduces band gap 
energy of ZnO, improves charge separation between 
electron and hole by forming electron traps and, 
enhances photocatalytic activity of ZnO [13]. 
Different transition or noble metals such as Mn, Fe, 
Ni, Cu and Ag have been widely used for doping of 
ZnO. Among them, Ag is the cheapest noble metal 
and has potentials in industrial productions [14]–
[16]. The wide band gap ZnO semiconductor shows 
only photo-absorption under UV irradiation whereas 
silver metal acts as electron sink, which effectively 
trapped photo-excited electrons from ZnO surface 
and preventing the recombination of electron-hole 
[17]. Also the silver metal nanoparticles were 
effectively trapped the photo-excited electrons from 
the ZnO surface and enhanced the hole generation 
[18],[19]. The photo-generated holes and metal 
trapped electrons have effectively produced the 
hydroxyl radicals and super oxide radicals. The 
generated hydroxyl and superoxide radicals are 
strong oxidant species which can degrade the FMT 
molecule. 

In this study, the various proportions of Ag/ZnO 
nanocomposites were prepared by hydrothermal 
method. Furthermore, the photocatalytic activities of 
pure ZnO and Ag/ZnO nanophotocatalysts were 
investigated by degrading Famotidine in aqueous 
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medium under UV-light. It is found that the 
10%Ag/ZnO photocatalyst exhibits excellent 
photocatalytic activity.  

 
EXPERIMENTAL  

 
Chemicals and Materials  

 
Zinc acetate dehydrate (99.9%), oxalic acid 

dehydrate (98%), silver acetate (99%) and 
Famotidine (99%) were obtained from Wako Pure 
Chemical Industries, Ltd. and were used as received 
without further purification. Laboratory pure water 
was obtained from an ultrapure water system 
(Advantec MFS Inc., Tokyo, Japan) resulting in a 
resistivity >18 MΩ cm. 

 
Preparation of Photocatalyst 

 
In a typical synthesis, 2.195 g of zinc acetate 

dihydrate and 2.521 g of oxalic acid dihydrate were 
taken in agate mortar and the mixture was ground 
for 10 min in order to obtain a paste of zinc oxalate 
dihydrate and acetic acid. The existence of acetic 
acid was confirmed by its typical smell. The loss of 
acetic acid byproduct in the form of fumes became a 
driving force for the reaction. Silver acetate was 
added to the above paste as a source of silver, and 
the grinding process was continued for the next 10 
min to obtain zinc oxalate−silver oxalate. 

The Ag–doped zinc oxide crystallites were 
obtained by calcination of precursor powders at the 
temperature of 300−700 °C under an air atmosphere. 
The undoped ZnO was also synthesized by 
calcination of a paste of zinc oxalate and acetic acid 
for the comparison.  

 
Photocatalytic Activity 

 
The photocatalytic activities of Ag/ZnO were 

evaluated by the degradation of Famotidine under 
UV irradiation at ambient temperature. Typically, 30 
mL of Famotidine solution, 10 mg of photocatalyst 
were added to a 35–mL Pyrex glass cell. The initial 
concentration of Famotidine in all experiments was 
10 mg/L and the Famotidine solution containing the 
appropriate quantity of the photocatalyst powder 
was magnetically stirred before and during 
irradiation. Before irradiation, the photocatalyst 
suspension containing Famotidine was allowed to 
equilibrate for 30 min in the dark. The sample 
solution was irradiated with a Black lamp (365 nm) 
which was positioned on the side of the reaction cell. 
After the desired irradiation time, the photocatalyst 
was separated by the centrifugation. The amount of 
the remnant Famotidine in the aqueous solution was 

measured using a high-performance liquid 
chromatograph (HPLC, GL–7400), equipped with a 
HITACHI L–3000 optical detector and an Inertsil 
ODS–3 column (GL Science, Japan). The elution 
was monitored at 276 nm. The mobile phase was a 
mixture of acetonitrile and water (1/1, v/v) and was 
pumped at a flow rate of 1.0 mL/min.  

 
Detection of reactive oxygen species 

 
The scavenging experiments of reactive oxygen 

species were similar to the photodegradation 
experiments. Three scavengers were selected, 
namely, tert-butyl alcohol (•OH radical scavenger), 
di-ammonium oxalate monohydrate (hole scavenger) 
and ascorbic acid (•O2

− radical scavenger). Different 
quantity of tert-butyl alcohol, di-ammonium oxalate 
monohydrate [20] and ascorbic acid [21] were added 
into the FMT solution prior to addition of catalysts. 
 
RESULTS AND DISCUSSION  

 
Effect of Ag-doping Amount on the 
Photocatalytic Degradation of FMT 

 
The influence of silver doping amounts on the 

photocatalytic FMT degradation was studied in the 
aqueous solution under UV light irradiation. The 
results are depicted in Fig. 1. The degradation rate 
increased with an increase in silver percentage up to 
10 wt% in the composite, and exceeding this silver 
percentage photocatalytic activity decreased 

 

 
Fig. 1 Effect of Ag–doping amount on the 
photocatalytic degradation of Famotidine with 
Ag/ZnO under UV light irradiation. Calcination 
temperature 500 °C; calcination time 3 h. 
 

The possible reason may be attributable to the 
tradeoff between the decrease in particle size and the 
deterioration in crystallinity for ZnO [22]. An 
optimal amount (10%) of silver doping into ZnO is 
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desirable for higher photocatalytic activity, which 
leads better charge separation at ZnO surface and 
efficient electron transfer to Ag metal. On the other 
hand, the higher percentage of silver shows higher 
negative charge on the silver surface, which 
effectively attracted positively charged holes from 
ZnO surface resulting in increased recombination 
rate [23]. Also, the higher percentage of silver 
masked the ZnO surface and affected the absorbance 
of UV light [24]. 

 
Effect of Calcination Temperature on the 
Photocatalytic Degradation of FMT 

 
The photocatalytic FMT degradation with the 

Ag–doped ZnO was evaluated in the aqueous 
solution under UV light irradiation for 1 h. Figure 2 
shows the effect of calcination temperature on the 
photocatalytic FMT degradation with undoped and 
doped ZnO materials. The oxides were sintered at 
different temperatures such as 300, 400, 500, 600 
and 700 °C and were tested for their photocatalytic 
degradation of FMT. The optimum calcination 
temperatures for Ag–doped ZnO were 500 °C.  

 

 
Fig. 2 Effect of calcination temperature on the 
photocatalytic degradation of Famotidine with 
Ag/ZnO under UV light irradiation. Calcination time 
3 h; Ag doping 10wt %. 

 
Above 500 °C, the photocatalytic FMT 

degradation decreased with the calcination 
temperatures. It was reported previously that the 
crystallite size of the oxides increased with 
increasing the calcination temperatures [25]-[28]. 
Therefore, the reason for the decrease in the 
photocatalytic FMT degradation may be due to the 
larger particle size of ZnO. The best material for the 
photocatalytic FMT degradation was the 10%Ag–
doped ZnO, which was sintered at 500 °C. 
 

Effect of Calcination Time on the Photocatalytic 
Degradation of FMT 

 
The effect of calcination time on the 

photocatalytic FMT degradation using Ag–doped 
ZnO was investigated under UV light irradiation for 
1 h. The results are illustrated in Fig. 3. As the 
calcination time increased up to 3 h, the 
photocatalytic FMT degradation with Ag/ZnO 
increased gradually. After the calcination time of 3 
h, the photocatalytic FMT degradation turned from 
increase to decrease. 
 

 
Fig. 3 Effect of calcination time on the 
photocatalytic degradation of Famotidine with 
Ag/ZnO under UV light irradiation. Ag doping 10wt 
%; calcination temperature 500 °C. 
 
Role of the reactive species in the photocatalytic 
process 

 
The role of the reactive species in the 

photocatalytic process was studied by using different 
quenchers. The quenchers used to scavenge the 
relevant reactive species were: tert–butyl alcohol 
(•OH radical scavenger), di-ammonium oxalate 
monohydrate (h+ scavenger) and ascorbic acid (•O2

− 
radical scavenger). The effect of different 
scavengers on the FMT degradation over Ag/ZnO 
heterojunction is presented in Fig. 4. It was observed 
that by using AO, TBA and AA as scavenger, the 
photocatalytic activity significantly reduced from 
88% (no scavenger) to 18% (due to •O2

−), 33% (due 
to •OH) and 46% (due to h+), respectively. Hence, it 
was concluded that all the reactive species (•O2

−, 
•OH and h+) contributed to the photodegradation 
process. In these species, •O2

− was the main reactive 
species in the photodegradation process since worst 
photocatalytic activity was found by using AA as 
scavenger. 
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Fig. 4 Effects of different radical scavengers on the 
photocatalytic degradation of Famotidine with 
Ag/ZnO under UV light irradiation. 

 
Mechanism  

 
A plausible photocatalytic mechanism for the 

degradation of FMT in the presence of Ag/ZnO 
photocatalyst under UV light is illustrated in Fig. 5.  
 

 
Fig. 5 The plausible photocatalytic mechanism for 
the photocatalytic degradation of FMT in the 
presence of Ag/ZnO under UV light irradiation. 
 

Under UV irradiation of Ag/ZnO nanocomposite, 
the electrons are excited from valence band to the 
conduction band (CB) and the holes are generated at 
valence band (VB) of ZnO. Then the photo-excited 
electrons are transferred from the CB of ZnO to Ag 
metal nanoparticle because Ag metal act as electron 
sink. The silver trapped electrons react with surface 
adsorbed O2 and produce superoxide radical 
[17],[29]. As well as the photo-induced holes can 
also readily react H2O to generate hydroxyl radical. 
The generated hydroxyl and superoxide radicals are 
strong oxidant species which can degrade the FMT 
molecule. The silver metal incorporated in ZnO is 
responsible for reducing photo-induced electron-
hole charge recombination and prolongs the lifetime 
of photo-excited electrons. 

CONCLUSION 
 

In summary, the Ag–doped ZnO was applied 
into the photocatalytic degradation of FMT in 
aqueous medium under UV light irradiation. The 
optimum calcination temperature and time were 500 
°C and 3 h, respectively. The best Ag–doping 
amount was 10 wt%. The maximum photocatalytic 
activity for FMT degradation on Ag/ZnO was more 
than two times better compared with undoped ZnO. 
According to the investigation of the photocatalytic 
mechanism, the Ag/ZnO degradation of Famotidine 
under UV light irradiation could be attributed to the 
oxidization by •O2

−, •OH and h+ radicals. Moreover, 
the •O2

− radical was the main reactive species in the 
photodegradation process.  
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FORMATION 
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ABSTRACT 

 
Coal bed methane (CBM ) is one of prospectus of renewable energy in the future , due to the many countries had 
coal deposit in the world. Indonesia has many potential deposit of coal and one of them is situated in South 
Sumatra with 183 tcf total potential. In 2025 Indonesia focuses to increase the invention and applicator of new 
and renewable energies until 17 % from total energy consumption. Therefore, exploration research were needed 
in order to enhance information related. Low volatile bituminous coal were selected due to its ability sa source 
rock for CBM. In this experiments, coal were mixed with methanogens from rumen liquid to initiate its reaction 
on methane gas production. Coal sample were collected from Muare enim Formation, South Sumatera Basin, 
Indonesia. The coal, cattle rumen fluid and various water condition (fresh, brackish, and saline) were mixed into 
in vitro bottle culture by 1:4:5 proportions and incubated in 340C for 30 days. Gas production and CH4 
concentration were collected every 5 days using gas gas springe and analyzed its composition by gas 
chromatography (GC) technique. The data tabulated and processed in descriptive statistics . The result showed 
that CBM generated from anaerobically fermentation were optimally obtained from brackish water. 
 
Keywords: Coal Bed Methane (CBM), Bituminous Coal, Methanogens Archaea,  Gas Chromatography (GC) 
 
 
INTRODUCTION 

 
The Exploitation of CBM was occured in several 
country and successes to exploitation like USA, 
Canada, China, and other. This is causing the 
intensive research in related aspect with this 
resources , In Indonesia there are many basin that 
contain potential Methane gas as CBM , but still 
need the further related research. Coal Seam Gas 
(CSG) or Coal Bed Methane (CBM) has several 
dangerous in working coal mines and causing the 
greenhouse gas. Nevertheless it is source of energy 
in the place contains coal as the source rock and 
reservoir. One of it , using biological processing 
with methanogens bacteria. This processing was 
demonstrated in the early 1980s and now this 
research moving toward and apply in every coal 
from  basin in Indonesia. The research has to do in 
enhancement coal bad methane in biological 
technique at Indonesia  such as the coal sample from 
East Kalimantan by [1] that showed in the result is 
fit temperature for make sure the biological enhance 
coal bed methane optimally. So with [2] explanation 
the mechanism in forming of CBM for involving 
methanogens bacteria in laboratory experiment. The 
detail of coal analysis from coal rank, geochemical, 
and geology. In Indonesia showing the high 
potential to produce CBM. 
      Research location that contain sample of coal in 
South Sumatra Basin, Muara enim Formation, In 
administration the site in Lahat regency toward to 

southwest with distance between Palembang is 149 
km. Sample location in pit of economical mining  
This research focus into a coal sample in prospect 
seam which collected and analyses and react  
biologically to increasing the quantity of methane.  
 

 
 
 
Fig.1 (a) Research area in South Sumatera basin and  
         (b) Using seam B for research object 
 
The aim of this research : 
a. To prove the activity of methanogens archaea in 

order to produce coal bed  methane with 
laboratory experiment. 

b. To obtain the best water salinity condition to get 
the optimum production of CBM with several 
process of methanogen by using cow rumen. 
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AN OVERVIEW OF COAL GEOLOGY 
 
Muara Enim Formation 

 
According to [3]  the South Sumatera basin is the 

big basin with Central Sumatra basin and identify by 
each sediment rock and separate by Tigapuluh 
mountain. The focus of research is toward Muara 
enim formation from late Miocene until Pliocene 
(10.2-1.65 Million years ago). From the calculation 
by [4] there are gas potential amount of 183 tcf in 
this formation. Muara enim formation have 18 coal 
seams but not all of it so important and named. A 
few of this coal bed are thin and not widely 
continuous with low rate economical to be mine.  
The significant layer gives an important status, 
Keladi layer as base of Muara enim formation. 
Shallower layer is niNu with top border in Muara 
enim formation. Middle layer from base of Muara 
enim formation there are Petai, Suban, Mangus, 
Burung, Benuang, Kebon, Babat/Benakat and Enim. 
In this area the Niru and Lematang layer is not 
developed. Mangus ,Suban, and Petai are splitted in 
two, which named upper (A1) and lower (A2) of 
Mangus seam , Upper (B1) and lower (A2) Suban 
seams and upper (C1) and lower (C2) Petai seams 
(Fig.3). The common nomenclature using A1, A2, 
B1, B2, C1, C2. The thickness of this formation is 
450-750 meters [5]. In general the depositional  

 
CBM Controls 
 
     The level or rank of coal from thermal maturity 
describe as the moisture of coal , vitrinite reflectance 
and another measuring. Entity from gas can be save 
into coal as fit as the coal rank. The porosity of coal 
seam characteristic by two things. There are well- 
defined and almost uniformly distributed network of 
natural fracture (cleats) and a coal matrix containing 
a highly heterogeneous porous structure between the 
cleats (coal bed reservoirs and their Co2 
sequestration). 
    Coal bed methane forming in several process in 
coalification there are changing vegetation in 
chemical until become coal  involving 
transformation biology complex and molecule 
structure in cell into chemical fragment. The product 
in this production sorption into high pressure coal. 
    In geometry CBM came from geology and 
biology processes during million of years or geology 
time scale. This process change the vegetation into 
several rank of coal with characteristic each other 
(Fig.4) such as lignite sub bituminous-bituminous-
antracite-graphite. 
 
 
 

environment are from tropical delta 

Fig. 3   Stratigraphy Muara enim formation as coal bearing formation [6] 
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Fig.4 Coal rank [5] 

 
 

Tabel 1.  Proximate and Maceral Analysis 
        
Component Value Remark 
Total Moisture 16.12 Proximate 
Inherent 
Moisture 8.14 Analysis 

 
Ash Content 5.61  
Volatile Matter 43.6 
Fixed Carbon 42.65 
Total Sulfur 0.23 
Calory Value 
        Ar 5976.24 
        Adb 6556.4 
        Daf 7519.26 
RD 1.31 
ID 1.27 
HGI 58.5   
Vitrinite 90.40% Maceral  
Liptinite 4.21% Analysis 
Inertinite 3.28% 
Other Minerals 2.04%   

 
    Using low volatile bituminous coal, there are fit 
capacity to save the CBM as adsorbent function  
 
Methanogens Archaea 

 
    Methanogens is a different group in organism 
which can be found in anaerobic environment, for 
example in mud accumulation, plant trees, rumen 
and black mud sediment. Methane is metabolism 
organic product which using carbon dioxide and 
hydrogen.  In methanogenesys process with using 
Co2 and H2 for digest the organic material and 
convert into methane gas in anaerobic condition 
under the land. With the infiltration by protozoa, 

fungi, methanogenic , archaea, and bacteriofag to 
help  variation function in microbial ecosystem [7].  
There are three main substrate to produce 
methanogens ; CO2, the materials compound that 
produce metyl group  or acetate [8]. Archae can 
adapt in many anaerobic environment,  it can be 
found in the rumen gastrointertinal tract of 
ruminants. 
 
    Using Indicator Total Dissolve Solid (TDS)  that 
contain of water with classification in many salinity, 
Fresh (0-1.000 ppm), brackish (1,000-10.000 ppm), 
saline (10.000-100.000) and brine (more than 
100.000 ppm) [9]. In this research is using fresh, 
brackish and saline condition water salinity. 
 
MATERIALS & METHOD 
 
From many seams  in Muara enim formation, we are 
choosing Suban seam which knowing as B seam.  
The Information from primary by collected in field 
site and laboratory analysis, and secondary data 
from literature in any reference. To understanding 
the characteristic of coal is needed to determine by  
geochemistry test by proximate and maceral test.  
Coal collect by channel sampling where to do it 
must in fresh layer and get in three point, top bottom 
and middle, then mix equally. The coal getting crush 
into powder using hammer, then getting heat in the 
oven with temperature 1500C for 10 Minutes to 
decrease the moisture of coal/ The rumen liquid get 
from cattle from animal husbandry and filtering it 
using gauze to hold the another macro substrate, 
adding water conditions (fresh, brackish and salty) 
with proportions 1:4:5. Incubated with incubator 
with temperature 340C because the optimum 
temperature for in vitro reaction in batch culture 
according [1] pretend in 30 days and take the gas 
contain every 5 days using venoject capsule before 
laboratory analysis with chromatography gas. 
    In this occupation  gas chromatography can 
determine the volume of quantity gas , so can read 
the CH4 content. 
    Processes to forming Coal bed methane from 
massive coal related with fermentation. Occur in 
three degradation steps : 
1. Hydrolisis process 
p process from long chain compound into short 
chain compound with ingredient mass. This biomass 
such as cellulose, hemiselulose and other extractive 
product  like protein, carbohydrate and lipid. This 
process involving the extracellular enzyme activity, 
there are Celolitic, amylase protease and lipase. This 
is occur while polisacaride became monosacaride 
and protein become peptide and amino acid [2] 
2. Acidic Process 
Present of bacteria producing acid which changing 
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the organic molecule complex like protein became 
amino acids, carbohydrate became simple compound 
like sugar, fat became length chain of acid and then 
divided into volatile fatty acid (VFA) as shown in 
(Fig.5). The fermentation of carbon dioxide 
producing VFA as main product for energy 
resources. So the use of Carbon for growth and 
retain the life living of organism community [2] 
3. Methanogenesis process 
With the aim to produce methane using acidic ion 
process which using Co2 and H2 to produce 
methane gas. Decomposition of Acid organic 
substance by methanogenic bacteria to produce Ch2 
into two ways. First, with fermentation acetate acid 
became methane and Co2 as shown in (Fig.6). 
Second, with reduction of Co2 became methane 
using hydrogen gas of acid that producing from 
another bacteria [2]. 
 

 
Fig. 5  Protein degradation in rumen 

 

 
Fig. 6  Cellulose fermentation until producing     

             VFA and CH4 
 

To get the methane gas as product in anaerobic 
reaction is needed the activity any renic creature like 
protozoa, fungi, methanogenic,  bacteriofag together  
for chemical reaction and biological process in batch 
culture. 
 
RESULT & DISCUSSION 
 
Result 
 
    It’s clearly that the path of graph show the top 
production in water salinity condition of brackish, 

medium production in fresh water and minimum 
product CBM by saline water. The ability of this 
bacteria to adapt in fit salinity water condition  and 
then expand to produce with his function as 
producer methane with some reaction in matrix of 
coal and not fit with brine water to adapt and 
producing methane gas. 
    From plotting at laboratory analysis graph , 
showing the plots of fluctuated or CBM producing 
top production is in the 20 days and then decreasing 
in time but it still producing some CH4 , we can see 
in Fig. (7). According research before in [2] using 34 
0C temperature degree which the best condition 
which able for ruminal bacteria to live, growth and 
produce in Microcosm jar and to resist the 
enzymatic structure from bacteria. 

 
 

Fig. 7  The Quantity of methane according gas   
                chromatography  
 
The phases that happened in graphic: 
 
1. Lag phase 
    With observation in under batch condition 
growing is zero. Log phase defined as transmission 
to exponential phase whereas first population had 
double itself [10]. There are adaptation phase from 
cell in culture condition. The length of this phase is 
depends on several factor because it control by 
medium type, and initial inoculums size. 
 
2. Exponential phase 
    Observe in batch system in exponential phase. 
Characterize by the raised growth, because the 
development is too fast which makes it able to 
growth in batch culture. During this phase, 
accelerating of total amount of cells is increasing 
according the time . This conditions can be explain 
by progression geometric theory 20.21,22,23,……2n. 
 
3. Dead phase 
    Characterized by losing the cell that culturing 
condition, although the dead of many cell in 
condition, some bacteria still doing metabolism and 
growing to  produce the methane product. 
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Discussion 
 
    There are many prospect seams in Muara enim 
formation that can be analysis and syntheses with 
microbial process to accelerating methane product in 
coal. Concern with several aspect such as thickness, 
quantity, outcrop condition and other. Hope the next 
research get more valuable data with the diversity 
seams an can be show for consideration. 
 
Conclusion 
 
    This research using the laboratory analysis in 
anaerobic reaction the coal, rumen liquid and adding 
diversity of water formations (fresh, brackish and 
saline) and to make the result equally in chart to find 
the maximum condition in producing coal bed 
methane (CBM)  in microcosm environment can be 
the initiator before application in large scale system 
[11]. In this capacity to producing its gas with 
several mechanism with biological enhance coal bed 
methane is able for accelerate  quantity of methane 
gas and other gas product with change the substrate 
in anaerobic condition. Naturally the forming of coal 
happened in wet environment and calm water 
condition. Nevertheless there are some factor the 
influence the conversion microbial bacterial into 
methane gas, there are salinity, PH, nutrition, trace 
metal and coal surface area/bioavailability. This 
method can be pioneer in develop the new and 
renewable resources as mix energy that happened in 
microbiology process. 
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ABSTRACT 

 
A post-liquefaction study at a remote village was conducted after the 6.3 ML 2014 Chiang Rai Earthquake. 

Site surveying, aerial map study, standard penetration test were conducted and found that the subsoil at this site 
was easily liquefied because the village was lying within abandon river channel with very loose sand layer from 
the depth of approximately 1.5 to 6 meters underneath the cohesive soil at the surface. Four liquefaction potential 
assessment methods commonly used in the United States and in Japan were examined. The calculation revealed 
that all four method yield slightly different factor of safety against liquefaction but can still be considered 
reliable. The calculation also showed that this site can still be re-liquefied if a strong earthquake strikes again. 
 
Keywords: Earthquake, Soil Liquefaction, Post-Liquefaction Evaluation, Liquefaction Potential, Liquefaction 
Susceptibility 
 
 
INTRODUCTION 

 
The 6.3 ML earthquake [1] which struck Chiang 

Rai Province (the northern-most province of 
Thailand - Figure 1) in the evening of May 5, 2014 
was the first one that caused soil liquefaction in the 
recent history of earthquakes in Thailand. Soil 
Liquefaction has never been a significant issue in the 
country’s earthquake concern since most 
earthquakes in this country were relatively small. 
Since that day, it is believed that stronger 
earthquakes are possible in the future. Learning 
about soil liquefaction starting with its affecting 
factors and potential assessment are important. It is 
the first step toward preventing liquefaction 
damages. 

Learning from a case history is one of the most 
effective ways. Thus, a study was conducted in order 
to achieve two main objectives: 

1) Understanding the conditions of factors 
affecting soil liquefaction at a selected site 
which liquefaction occurred during the 
Chiang Rai Earthquake in 2014. 

2) Finding the most appropriate method to 
assess liquefaction potential in Thailand for 
the future. 

 
THE 2014 CHIANG RAI EARTHQUAKE 

 
As previously described in the introduction, 

Chiang Rai is a province located at the most 
northern point of Thailand. To the north are 
Myanmar and Laos where strong earthquakes 

occurred frequently. Within the area of Chiang Rai 
Province, there are four groups of active faults 
almost all over the area. Mae Chan - Chiang Saen 
Fault is the one that most people are concerned 
about because there was a tale that very strong 
earthquakes occurred at night causing an ancient city 
of Yonok to become submerged underground 
(possibly by liquefaction phenomena). There is an 
evidence of a large lake in Chiang Saen District 
supporting that this tale was possibly true. 
 

 
 
Figure 1 the location of Chiang Rai Province. 
(https://th.wikipedia.org) 

Kingdom of 
Thailand 
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Figure 2 Chiang Rai Province and active faults. 
(modified from www.dmr.go.th) 
 

As seen in the figure, there are four active faults 
lying all over the area. Therefore, preparing for 
earthquake in the future is necessary. Preparation 
activities should include liquefaction study.  
 
THE STUDY PROGRAM 

 
The study of earthquake-induced liquefaction has 

just been around 50-60 years. However, it is widely 
known that there are three major factors affecting 
the phenomenon: soil type of sand, saturation of the 
sand layer, and strong vibration. It was interesting to 
see the combination of these three factors at 
liquefaction sites. 

To obtain the answer and conclusion for the 
objectives indicated above, a program of study was 
designed that a study should be conducted at a 
liquefaction site. The study should include three 
main activities. 

1) Site visit for investigating evidences of 
liquefaction and the environment suitable for 
liquefaction to occur, 

2) Subsoil investigation by standard penetration 
test (SPT) to obtained the soil type and density; and 
3) verifying liquefaction potential assessment 
methods. 

 
SELECTED SITE: TUNG-FAH-PAH VILLAGE 

 
Tung-Fah-Pah Village is located approximately 

25 km southwest of the epicenter of the 2014 Chiang 
Rai Earthquake as shown in Figure 3. Most 
liquefaction sites caused by this earthquake were 
within 15 km around the epicenter. 

The reason for selecting this village as the case 
study site was that this is the farthest site of 
liquefaction caused by this earthquake. Most 
liquefaction sites were within 15 km from the 

epicenter. 
 

 
 
Figure 3 Location of Tung-Fah-Pah Village and the 
epicenter of the 2014 Chiang Rai Earthquake. 
(modified from www.google.com) 
 
Evidences of Soil Liquefaction 

 
There were plenty of evidences indicating that 

liquefaction occurred here in the village as shown in 
the following figures. 
 

 
                   (a)                                     (b) 
 
Figure 4 (a) Ground cracking occurred all over the 
village (this picture was taken at the primary school 
of the village,) (b) Pure sand appeared at the bottom 
of the cracks. 
 

 
 
Figure 5 Fine sand ejected through ground cracks. 

Epicenter 

Tung-Fah-Pah Village 

Chiang Rai City 
Upper Payao Faults 

Mae Tha Faults 

Lower Payao Faults 

Mae Chan – Chiang Saen Faults 

Mae Ing Faults 

Epicenter of the 2017 Earthquake 

Lower Payao Faults 
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                  (a)                                    (b) 
 
Figure 6 (a) Sand ejected through the joints of 
concrete pavement, (b) Separation of a wall made 
from interlocking bricks due to ground settlement. 
 
 

 
 
Figure 7 Liquefies sand was ejected from the bed of 
this pond like a fountain of about 3-meter high (from 
interviewing an eye-witness.) 
 
 

 
 
Figure 8 Sand injected into wells of several houses 
replacing the groundwater. 
 

STANDARD PENETRATION TEST 

 
After the first site visit, standard penetration 

test (SPT) was conducted at four locations in the 
village. Boreholes marked as BH-2, BH-3, and BH-5 

located within 3 meters from the wells filled with the 
injected sand. Borehole BH-4 was at the primary 
school front yard (see Figure 12 for their locations). 
Figure 9 demonstrates SPT N-values, and Figure 10 
shows the grain size distributions of the soil sample 
taken from the boreholes. 

All 4 SPT boreholes yield very identical soil 
layers. The top layer was cohesive soil from the 
ground surface down to the depth of approximately 
1.2 m, the gravel layer was from approximately 6-7 
m downward, between top cohesive soil layer and 
the gravel layer was a layer of loose to medium sand 
which was expected to undergo liquefaction. (The 
liquefaction analysis will be shown later.)  

 
 

 
 
Figure 9 SPT N-values from all 4 boreholes. 
 
 

An interesting finding obtained from the SPT 
investigation was the sand taken from the liquefied 
layer has “gap-graded” distribution as shown in 
Figure 10. However, when look at Figure 11 which 
shows the grain size distribution of the fine sand 
found on the ground (Figure 4) and in those wells 
(Figure 8) it shows that these injected sand particles 
may be those missing from the curves shown in 
Figure 10. This means sand particles of a certain size 
were ejected from the liquefied loose sand layer. 
 

 
Figure 10 Grain size distribution of the sand samples 
taken from boreholes by SPT sampler. 
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Figure 11 Grain size distribution of the sand found 
on the ground in Figure 4 and found in the well in 
Figure 8. 
 
SITE ANALYSIS 
 

There is another issue that should be addressed 
in this study. It was very interesting to find out why 
this site liquefied easily while other villages nearby 
and within closer distances did not have any 

significant sign of liquefaction. This issue can be 
easily explained by 1) an aerial photo of the village’s 
landscape as shown in Figure 12. The village was 
situated in the area with traces of abandoned rivers 
which can be liquefied easily [2], especially a group 
of houses was in the area of a so called “the island” 
which indicates that it was surrounded by water, 2) 
the sand layer should be saturated when earthquake 
struck because the groundwater at the time of the 
earthquake was at only 1.0-1.2 m below the ground 
surface and the area around the village wall filled 
with water as the farmer grew their off-season rice 
farm, 3) the distance of approximately 25 km from 
the epicenter was not surprise because this conforms 
to Figure 13 showing the earthquake of 6.3 Richter’s 
magnitude can cause liquefaction at sites farther than 
25 km, and 4) at this distance the peak ground 
acceleration was still high enough assuming this 
earthquake conformed to the relationship shown in 
Figure 14. 

 

 
 

 
 
Figure 12 Aerial view of Tung-Fah-Pah Village. (modified from www.google.com) 
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Figure 13 Maximum distance from epicenters to 
liquefaction sites. [3] 
 
LIQUEFACTION POTENTIAL EVALUATION 

 
Due to the availability of SPT test the following 

methods of liquefaction potential evaluation were 
studied. 

1. Method proposed by NCEER 1996 [4]. This 
method was modified from the original Seed 
and Idriss’ method first proposed in 1971. 

2. Method proposed by Boulanger and Idriss in 
2014 [5]. This method has been modified 
from the prior with some correcting factors. 

3. Method proposed by Iwasaki in 1990 [6]. 
This one was the most commonly used in 
Japan as it appears in the Japanese Highway 
Bridge Code. The method relies heavily on 
D50 of the subsoil particles which can be 
obtained from grain size distribution curves. 

4. Method proposed by Iwasaki in 1996 which 
has been revised from the 1990 version by 
adding the effect of SPT N-value [6]. 

 
Those four methods are similar in the stress-

based approach but the major differences between 
them are criteria, equations, correcting factors and 
some input data. Details of those four methods can 
be found in the indicated references. 

Another important factor was the ground 
acceleration at the site. For this study, there was no 
ground acceleration record available. Therefore, the 
relationship between peak acceleration versus 
epicenter distance as shown in Figure 14 should be 
helpful. From the distance of about 25 km, ground 
acceleration of 0.15g, 0.20g, and 0.25g were used in 
the calculation. 
 

 
 
Figure 14 Relationship between peak ground 
acceleration versus distance from earthquake 
epicenter. [7] 
 
Result 

 
Figure 15, 16, 17 and 18 show values of the 

factor of safety against liquefaction of soil layers at 
BH-2, BH-3, BH-4 and BH-5, respectively. 
Following are the analysis of the results. 

1) Those four methods are reasonably reliable 
since all of them indicated liquefaction had 
occurred. In these figures, some factor of 
safety numbers shown here are slightly more 
than 1.0 because they were calculated by 
using post-liquefaction SPT surveying. 

2) Those three methods other than Iwasaki 
version 1990 yielded very close factor of 
safety values except when the SPT N-values 
reached 20 (see Figure 16 and 17 at the 
elevation below -3.5 m along with SPT N-
values in Figure 9). 
 

 
Figure 15 Factor of safety against liquefaction, BH-2 
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Figure 16 Factor of safety against liquefaction, BH-3 
 

 
Figure 17 Factor of safety against liquefaction, BH-4 
 

 
Figure 18 Factor of safety against liquefaction, BH-5 
 
CONCLUSION 
 

Two main conclusions can be made from this 
study. 

1) The site of Tung-Fah-Pah Village was 
perfect for liquefaction. The village was 

situated on the area of abandoned rivers 
with loose sand layer at a shallow depth of 
1.2 m. The soil was saturated because the 
rice field was filled with water and it 
rained a lot before the earthquake. 

2) Among those four, Iwasaki’s method 
version 1990 was the most conservative 
while the 2014 Boulanger and Idriss’ 
method may be more reasonable. 
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ABSTRACT 

 
This paper is aimed at understanding the influence of Mt. Ontake volcanic activity on the water quality of the 
Ohtakigawa River watershed. For this purpose, various properties of trace elements are investigated. The 
Ohtakigawa, which flows along the southern foot of Mt. Ontake, has several tributaries such as Nigorigawa 
River, Shirakawa River, Shimokurosawa River, and Uguigawa River. Seven sampling stations were selected 
in the four tributaries (four points) and the Ohtakigawa (three points). Filtration of samples was carried out 
with teflon filter paper (PTFE, 0.5μm, φ 47mm), and the samples were separated into dissolved and suspended 
matters. Trace elements contained in them were analyzed by using the ICPE. The concentrations of the trace 
elements were high in the following order: the Nigorigawa (6.16mg L-1), the Ohtakigawa after the confluence 
of the Nigorigawa (1.92mg L-1 and 0.88mg L-1), and the others (0.06-0.70mg L-1). This result indicates that 
among the four tributaries, the Nigorigawa plays a predominant role for the change in the water quality of the 
Ohtakigawa. 
 
Keywords: trace elements, Mt. Ontake, volcanic activity, Ontake Landslide, Ohtakigawa River watershed  
 
INTRODUCTION 
 

Mt. Ontake (altitude 3,076m) is located across 
Nagano Prefecture and Gifu Prefecture. Mt. Ontake 
often has shown large volcanic activities since the 
prehistoric age. Recently the Western Nagano 
Prefecture earthquake (M6.8) occurred on 
September 14, 1984, and the volcano erupted on 
September 27, 2014. 

 Volcanic activities affect surrounding rivers  

 
and change their water quality and biota. The 
Ohtakigawa River flows on the southern side of Mt. 
Ontake and is strongly influenced by volcanic 
eruptions. The river has many tributaries (Fig. 1). 
The Nigorigawa River, which is one of the 
tributaries of the Ohtakigawa, remarkably differs in 
pH, electric conductivity, and biota from other 
tributaries [1], [2]. The water quality of the 
Ohtakigawa changes at the junction with the 
Nigorigawa [3], [4]. 

Mt. Ontake

N

5km

Miure dam

Ohtakigawa 1

Ohtakigawa 2

Ohtakigawa 3

Fig. 1 Map of the locations of sampling stations in the Ohtakigawa watershed. 
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 It is one of the most important topics to provide 
useful information to recover the river environment 
damaged owing to the influence of the volcanic 
eruption. In this paper, we investigate trace 
elements in water of the Ohtakigawa and tributaries 
of the Ohtakigawa to clarify the formation process 
of water quality of the Ohtakigawa. 

 
METHODS  
 
Study site 
 

Figure 1 shows a map of sampling stations. We 
select seven stations as the sampling stations. They 
consists of four stations for the tributaries of the 
Ohtakigawa (the Shirakawa, Shimokurosawa, 
Nigorigawa, and Uguigawa) and three stations for 
the Ohtakigawa. We call the three stations in the 
Ohtakigawa as the Ohtakigawa 1, Ohtakigawa 2, 
and Ohtakigawa 3 stations, respectively. The 
Ohtakigawa 1 station is located before the joining 
of the Sirakawa, the Ohtakigawa 2 station is located 
after the junction with the Nigorigawa, and the 
Ohtakigawa 3 station is located after the confluence 
of the Uguigawa. 

Observations were conducted three times on 
October 10 in 2015, September 17, and October 29 
in 2016. 
 
Sampling and analysis 
 
Dissolved oxygen (DO) 
 

DO was measured by a DO meter (input 
electrode type, fluorescence method, HACL Inc., 
turned electrode type). 

 
Trace elements 
 

Samples were filtered. Filtration was carried out 
with teflon filter paper (PTFE, 0.5μm, φ 47mm), 
and the samples were separated into dissolved and 
suspended matters. 

The filtrate samples were added to aqua regia 
(HNO3:HCl=1:3), and the suspended particle matter 
on the teflon filter was decomposed in aqua regia. 
Trace elements contained in them are analyzed and 
nine element species: Na, Mg, Al, Si, S, K, Ca, Mn, 
and Fe are measured by using the ICPE. 
 
RESULTS  
 

Figure 2 shows the concentrations of the nine 
element species. They have the similar tendency 
that the concentrations are high in the following 
order: at the Nigorigawa, at the Ohtakigawa 2, at the 
Ohtakigawa 3, and at the other stations. For 

example, the concentration of Al is 0.70mg L-1 at 
the Ohtakigawa 1 station, 1.92mg L-1 at the 
Ohtakigawa 2 station, 0.88mg L-1 at the Ohtakigawa 
3 station. In the tributaries, it is 6.16mg L-1 at the 
Nigorigawa station and 0.06-0.10mg L-1 at the 
stations of the other tributaries. 

In addition, the concentration of S, which has 
the influence on the change in pH, is observed. The 
S concentration is 4µg L-1 at the Ohtakigawa 1 
station, 30µg L-1 at the Ohtakigawa 2 station, 20µg 
L-1 at the Ohtakigawa 3 station, 83µg L-1 at the 
Nigorigawa station, and 0-1µg L-1 at the other 
stations, and it is observed that pH is low (5.4-6.0) 
at the Nigorigawa, the Ohtakigawa 2, and the 
Ohtakigawa 3 stations and is high (6.4-6.8) at the 
other stations. Therefore, it is confirmed that 
sulfuric acid causes the lowering in pH in the 
Nigorigawa and in the Ohtakigawa after the 
confluence of the Nigorigawa. 

Next, the component compositions at the seven 
stations are investigated. Figure 3 shows the rates of 
the trace elements at the sampling stations. At the 
Ohtakigawa 1, the Shirakawa, the Shimokurosawa, 
and the Uguigawa stations, Si (37-47%), Ca (18-
26%), and Na (11-23%) are the main components. 
As minor components, Al, Fe, and Mn account for 
1-5%, 5-15%, and 0-1%, respectively. At the 
Nigorigawa, the Ohtakigawa 2, and the Ohtakigawa 
3 stations, the rate of Si (16-25%) decreases 
compared with that at the above four stations.  
However the rates of Ca (17-22%) and Na (17-18%) 
show hardly change. By contrast, the rates of Al, Fe, 
and Mn increase to 3-5%, 22-31%, and 6-7%, 
respectively. 

It is on the confluence point with Nigorigawa 
that the rates of Al, Fe, and Mn drastically increase. 
Therefore, it has been clarified that the water quality 
in the Ohtakigawa is affected dominantly by the 
Nigorigawa newly from analyzing the component 
compositions. 

Finally, the maintenance process of dissolved 
matters is explained. In many circumstances, Al, Fe, 
and Mn exist as suspended matters, since they have 
a low redox potential. In this investigation, however, 
at the three stations which show high concentrations 
in Fig. 2, namely, at the Nigorigawa, the 
Ohtakigawa 2, and the Ohtakigawa 3 stations, Al, 
Fe, and Mn are detected mainly as dissolved matters. 
The dissolved oxygen level is 90-92%, quite high, 
thus clearly the water of the three stations is not 
under the reduction state. In contrast, pH indicates 
low values (5.4-6.0) at the three stations. Thereby it 
is found that the dissolved matters are maintained 
by the acidic environment.  
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CONCLUSIONS AND DISCUSSION 

 
In this work, it has been found that the 

Nigorigawa and the Ohtakigawa after the junction 
of the Nigorigawa have the anomalous water quality 
that the water is acidified, and the concentrations of 
Al, Fe, and Mn as dissolved matters are high. 
Consequently, it has been confirmed that the water 
quality in the Ohtakigawa is significantly affected 
by the Nigorigawa. 

Now it is discussed that how the anomalous 
water quality is formed in the Nigorigawa. There 
are enormous sediment of erupted materials in the 
Nigorigawa basin [5], and large amounts of Al and 

Fe are contained in the erupted materials [6]. Asami 
et al. reported that owing to the erupted materials 
injected into the river, pH was decreased to 2.5 [4]. 
This implies that the anomalous water quality in the 
Nigorigawa has been formed by the erupted 
materials. 

Until now, only the dissolved matters of trace 
elements have been focused on. However, 
investigation on the precipitation of the trace 
elements is also an important issue, if the influence 
of the erupted materials on biota is discussed in the 
future. Trace elements are precipitated as pH 
recovers to the neutral state. Now it is predicted that 
the precipitation of the trace elements already has 
been accumulated in the Nigorigawa and 

Fig. 2 Concentrations of suspended and dissolved trace elements at the sampling stations. 
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Ohtakigawa. This prediction is based on the 
following two facts. The one is that pH in the 
Nigorigawa varies seasonally, as reported by Asami 

et al. [4], and the other is that the acid water in the 
Nigorigawa is clearly diluted by joining to the 
Ohtakigawa. It would be one of the most important 

Fig. 3 Rates of trace elements at the sampling stations. 
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research topics to investigate in what way the 
precipitation of the trace elements affects attached 
organism and organism feeding on it. 
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ABSTRACT 

 The rapidly occurrence of forest fires in Southeast Asia and associated biomass burning, has contributed 

obviously to the problem of trans-boundary haze and the dispersion of pollutants in the region. Atmospheric 

pollutants, such as particulate matter in the atmosphere, have received extensive attention, mainly because of their 

adverse effect on people’s health. In 2013, Malaysia experienced an intense haze episodes with high concentration 

of aerosols were recorded and degrading the local air quality and reduce the visibility. This paper aim is to analyze 

the spatio-temporal variation of aerosols concentration during intense haze event in 2013 over Malaysia by using 

remote sensing data and ground-based measurement. The air quality data across Malaysia was assessed based on 

PM10 concentration which provided by Malaysia Department of Environment (MDOE) and the spatial view of 

aerosols optical depth (AOD) data from satellites (Terra Moderate-resolution Imaging Spectroradiometer 

(MODIS). The environmental parameters including temperature, rainfall, and wind speed were obtained from 

NOAA’s National Climatic Data Center (NCDC) while an additional information about the occurrence of active 

fires in surrounding region were retrieved from MODIS Active Fire Data was retrieved from NASA/LANCE – 

FIRMS. In June 2013, the PM10 value were recorded high in few stations over the Peninsular Malaysia with the 

highest PM10 was recorded in the Bukit Rambai Station from 21st until 23rd of  June with more than 400 µg/mᶟ. 

Low wind speed and low mixing depth, together with the absence of rainfall persisted during this hazy condition. 

The PM10 were began cleared with the increase of wind speed starting 26th of June with the rainfall also contributed 

to disperse the haze from the atmosphere. The sources and destination of aerosols are identified via the HYSPLT 

trajectory model, revealing that aerosols during June 2013 are mainly originated from the west and southwest area 

(Sumatera, Indonesia). 

Keywords: Haze, Air quality, Remote sensing, Aerosols, Malaysia 

INTRODUCTION 

 Haze situation is generally defined as the 

existence of fine particles with 0.1–1.0 l m in 

diameter range dispersed in highly concentrated 

portion at the atmosphere which reducing the 

horizontal visibility, giving the atmosphere a 

characteristic opalescent appearance [1][2]. This 

particles which are of respirable sizes, are of concern 

because of their negative effect on health, as well as 

their other environmental impacts [3][4][5][6].  

 In Malaysia, haze phenomenon have been 

plaguing almost every year since 1980’s. The recent 

haze event was in 2013 which severely weakened 

regional horizontal visibility as thick smoke 

blanketed Peninsular Malaysia and Singapore. 

Extensive biomass burning from the land and forest 

clearing process in some places in neighboring 

country had resulting in trans-boundary haze which 

degrading the air quality in Peninsular Malaysia 

[3][7][8][9][10]. Therefore, this study aimed to 

provide a spatio-temporal assessment on aerosols 

concentration during intense haze event in 2013 over 

Malaysia by using remote sensing data and ground-

based measurement. Particularly emphasize on PM10 

as the aerosols and pollutant indicator. Other 

metrological parameters such as, surface wind speed 

and direction, rainfall amount, hotspot, temperature 

and visibility were also analyzed. Meanwhile, 

HYSPLIT backward trajectories were assessed to 

tack the pollutant transport during haze episode in 

2013. 

DATA AND METERIALS 

Air Quality and Metrological Data 

Daily PM10 concentration for 2013 were acquired 

from Malaysian Department of Environment 

(MDOE). Meanwhile, the metrological parameters 

such as rainfall amount, temperature, wind speed, and 

visibility were gathered from NOAA’s National 

Climatic Data Center (NCDC). Thirteen monitoring 

stations were considered in this analysis of the aerosol 

properties located all over Peninsular Malaysia and 

East Malaysia (Fig. 1). The station locations represent 

highly urbanised or industrialised areas (Kuching and 

Sultan Abdul Aziz International Airport (SAAIA)), 
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moderately urbanised/industrialised areas (Kota 

Kinabalu, Setiawan, Bukit Rambai), high traffic areas 

(Johor Bahru), coastal areas (Sultan Ismail Petra 

Airport (SIP), Kuantan, Tawau, Sandakan, Labuan) 

and a rural/unurbanised site (Sibu, Limbang). Daily 

mean composites of wind vector were computed over 

the Southeast Asia region. In this region, it 

strategically depicts the tropospheric flow patterns 

where; it covers Malaysia and other neighboring 

countries. The maps were constructed from 

NCEP/NCAR Reanalysis Product developed by 

NOAA-ESRL9 

.  

Fig. 1 Map of the 13 monitoring stations over 

Malaysia which the air quality and metreological data 

were obtained. 

Active Fire and Hotspot Data 

In order to do the analysis on the occurrence of 

active fires in Sumatra, the active fire and hotspot 

data were used and obtained from the Moderate 

Resolution Imaging Spectroradiometer (MODIS) 

from the Terra and Aqua satellite. MODIS Active 

Fire Data acquired from the NASA/LANCE – FIRMS 

website to monitor the distribution of hotspots within 

the Sumatera area. A polygon area was outlined 

which includes Riau (0° 32’ N, 101° 27’ E) and Jambi 

(1° 35’ S, 103° 36’ E) province in Sumatra. Only 

hotspot counts with confidence level higher than 30% 

were included in this study. 

Aerosol Optical depth (AOD) 

Aerosol Optical Depth (AOD) from Terra satellite 

on Moderate-resolution Imaging Spectroradiometer 

(MODIS AOD) was used in this study to analyse the 

spatial distribution of aerosols during the haze 

episode in 2013 over Malaysia. In general, the 

MODIS aerosol data are retrieved twice daily; in the 

morning from MODIS on Terra platform and in the 

afternoon (on Aqua platform) at 10 x 10 km spatial 

resolution [13]. Seven channels between 0.47 and 

2.13 µm (calibrated and geolocated reflectance level 

1B data) are used to retrieve aerosol properties 

[13][14]. AOD data that were used in this study was 

the level 2 data and it represent the first level of 

MODIS aerosol retrieval. These data had been 

revised frequently and widely being used to retrieve 

AOD with high accuracy of 0.05±0.2 [14][15]. 

RESULTS AND DISCUSSION 

PM10 Variation in Malaysia during the 2013 

Intense Haze 

Daily PM10 concentration at 13 selected air quality 

monitoring stations and the daily average of wind 

speed are presented in Fig. 2, from which can be seen 

that the PM10 peak occurred in June 2013, which 

started on 20th of June and keep increased until 25th 

of June 2013. The highest PM10 was recorded in the 

Bukit Rambai Station from 21st until 23rd of June 

(PM10 concentration more than 400 µg/mᶟ). PM10 

concentration were also recorded high in few other 

stations mainly over Peninsular Malaysia which are; 

Bukit Rambai, Singapore, SAAIA and Setiawan. In 

addition, high concentration of PM10 during this 

period indicating high level of haze and air pollution 

over Malaysia during the dry season in 2013. As been 

shown in Fig.2, the haze episode were started from 

the southern region and move to the north of 

Peninsular Malaysia. Besides that, the daily average 

wind speed were recorded low and initially shown a 

low mixing depth in the atmosphere during the hazy 

period in June 2013. 

Fig. 2 Variation of PM10 concentration at 13 

monitoring stations over Malaysia and the daily 

average wind speed within three consecutive month 

(May until July) in 2013. 

 In the Fig. 3a) and 3b) illustrates the variation of 

daily surface wind speed and rainfall amount together 

with the PM10 concentration for the period of May 

until July 2013. The wind speed were relatively low 

for each four stations within 20th of June until 25th 

of June 2013, while the daily temperature were 
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b) 

increased up to 36.11oC with the absences of rainfall. 

Hence, low wind speed with lack of rainfall which 

introduced to low mixing depth that worsened the 

condition during these intense haze episodes. The 

persistent supply of haze particles from it sources 

coupled with the surface inversion associated with the 

dry situation, light surface winds, and the nature of 

the topography resulted in the haze particles being 

trapped in Peninsular Malaysia. 

Fig. 3 The daily variations at four selected stations 

for a) PM10 concentration and surface wind speed, 

and b) temperature and rainfall amount within May 

until July 

The mixing depths and the wind speeds are 

relatively low, which also indicate to inefficient 

ventilation in the atmosphere. Thus, this condition 

was intensified with high temperature and less rainfall 

that may related with the southwest monsoon season. 

As shown in the Fig. 4, the wind direction maps show 

a weakening of the regional wind over Southeast Asia 

mainly at Malaysia and Indonesia area from 20th until 

24th of June 2013. Generally, the southwest monsoon 

season flow was strengthened by a south to north 

pressure gradient, with northern hemisphere having a 

lower surface pressure than southern hemisphere. The 

pressure gradient is a consequence of the temperature 

contrast between the northern and southern 

hemisphere due to seasonal variations. Moreover, 

during the haze period (June 2013) equatorial trade 

winds above the western Pacific weakened to a lesser 

extent. Since the effects of northeasterly trade winds 

were offset by the stronger southwesterly monsoonal 

flow, the northeasterly flow was essentially 

suppressed. The resulting southwesterly flow brought 

relatively less rainfall from the Straits of Melaka to 

the west coast of Peninsular Malaysia. Less rainfall in 

the west coast and southern part of Malaysia resulted 

in surging PM10 concentrations at this area. 
a) 

20 June 2013  

21 June 2013  

22 June 2013  

23 June 2013  

24 June 2013  
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Fig. 4 Daily wind direction map at 10m over 

Southeast Asia region for the period of 20th until 24th 

of June 2013. 

Fig. 5 The four day time average map of Terra 

Modis AOD during the intense haze a) 18th – 21st June 

2013 and b) 22nd – 25th June 2013. 

 Spatial distribution of AOD during the intense 

haze in 2013 over Southeast Asia region were 

displayed in the Fig.5. The AOD distribution map 

were plotted based on high PM10 concentration day 

as shown in Fig. 2. Based on Fig. 5(a), the AOD 

reaches maximum value particularly along the 

Sumatera Island. According to previous study, 

southwest monsoon will inducing wind circulation 

that blow the wind from south to north which may 

related to trans-boundary pollution happen during this 

period [2][3]. As shown in Fig. 5(b) the AOD 

distribution were moved towards Peninsular 

Malaysia and South China Sea region. This finding is 

justified by the result of that been presented in Fig. 

6(b) the HYSPLIT trajectory model that ran during 

the hazy period in June 2013.   

 According to MODIS satellite observation the 

hotspot counts in Fig. 6 show a prominent peak on 19 

June 2013 with more than 3000 hotspot were found 

over Sumatera, Indonesia on that particular date. This 

situation can be attributed to the existence of biomass 

burning activity that occurred in the Riau Province 

which had been reported by [1]. Therefore, biomass 

burning in surrounding area had indicate on the 

increasing of PM10 concentration in Peninsular 

Malaysia during June 2013 [9][10][11]. As the 

biomass burning activities in Sumatra were detected 

on 19th of June 2013, the meteorological effects were 

not immediately shown on Peninsular Malaysia. 

Long-range trans-boundary haze across the Straits of 

Melaka was further delayed by lower southwesterly 

wind speeds during the monsoon season. The 

HYSPLIT backward trajectories in Fig. 6, shown that 

the polluted substance were brought up to Peninsular 

Malaysia from 21st until 24th June 2013 were mainly 

from Sumatera within 24 hours.  

Fig. 6 a) The hotspot counts in Sumatera and PM10 

concentration from May until July 2013 and b) 5 days 

backward trajectories ending on 23rd of June 2013 

which ends at the Bukit Rambai station. . 

Impact of June 2013 Haze Episode on Malaysia 

 Visibility deprivation is a proxy measurement of 

polluted atmosphere. Poor visibility may cause by 

scattering and absorption of solar radiation of 

particles and gaseous pollutants [4][5][6]. The 

visibility in Malaysia were recorded poor during the 

20th until 25th of June 2013 as it dropped until less 

a) 

a) 

b) 

b) 
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than 2 km compared to during non-polluted day with 

visibility more 10km. Thus, these hazy condition has 

given a huge impact toward the economy and health 

crisis to the surrounding community not only in 

Malaysia but also in Singapore and Indonesia. 

Fig. 7 Relationship of PM10 concentration and 

visibility over four stations in Peninsular Malaysia 

CONCLUSION 

 This study had analyzed the spatio-temporal 

variation on PM10 concentration during intense haze 

condition in 2013 by utilizing all source of data 

including remote sensing data and ground-based data. 

In this study comprised with numerous parameters 

such as hotspot, rainfall amount, temperature, 

visibility, HYSPLIT trajectories, surface wind speed 

and direction via PM10 as the aerosols indicator. This 

assessment found that, during 2013 the highest peak 

of PM10 concentration started on 20th until 24th of 

June 2013 and were detected high at four stations over 

Peninsular Malaysia; Bukit Rambai, Singapore, 

SAAIA and Setiawan station. This condition coupled 

with low wind speed and less rainfall amount which 

relatively causing to low mixing depth and inefficient 

ventilation to the atmosphere. Haze episode in 2013 

also occurs during the southwest monsoon season 

where; the wind flow southwesterlies and the 

pollutant substance were transported from Sumatera, 

Indonesia to Peninsular Malaysia. Thus, these trans-

boundary haze were proved by the hotspot count in 

Sumatera, which were recorded high on 19th of June 

2013 (more than 3000 counts). Trajectory modeling 

with HYSPLIT showed that smoke fire moves from 

Sumatera area towards the Peninsular Malaysia. A 

decline in air quality also affecting towards the 

decreasing in visibility. Hence, these situation may 

slow down the economy and disturb community 

health in the surrounding area. 
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ABSTRACT 

 
To design mat foundations, there are certain values which are required for calculations and analyses, one of which would 

be the vertical modulus of subgrade reaction. It can be obtained through various deterministic tests such as the Plate Load Test. 
On the other hand, the study calculated this factor through the use of Standard Penetration Test (SPT) results by using four 
different methods. Comparative study and validation were also performed to confirm the most recommendable method to be 
used to compute for the soil spring constant, given the limitations of the SPT results, by correlation of this parameter to the 
California Bearing Ratio (CBR) test results. Through this, the study considered and used the equation formulated by Bowles 
to calculate for the vertical modulus of subgrade reaction. Then, a Geographic Information Systems (GIS) software was utilized 
to generate maps of these values by the method of ordinary kriging. These maps presented the locations with the predominantly 
high and low values of the soil spring constant. They were also used to create a digitized reference of the values of the vertical 
modulus of subgrade reaction for the design of mat foundations for preliminary design through the use of Visual Basic 
Applications 2010 
 
Keywords:  mat foundation, modulus of subgrade reaction, standard penetration test foundation design reference 
 
 
INTRODUCTION 

 
With the on-going modernization of the society, 

more technologically and competitively complex 
structures are being developed and constructed 
throughout the Metropolis. Civil engineers are faced 
with the constant dilemma of ensuring the safety and 
structural stability of any structure being designed, 
whether simple or complex. Before all the other safety 
and stability considerations, the design of foundations is 
the basic concern when designing any structure. 
Foundations are best known to be among the primary 
elements in any structure that provide structural stability. 
However, the design of any foundation would require 
the attainment of geotechnical parameters that 
necessitate extensive analysis and exploration of the soil 
where the structure would be built.  

 
With a land area of approximately 619.5 square 

kilometers, Metro Manila covers a large portion of 
Luzon. Greater coverage means greater variation in the 
types of soils that are considered in the design of various 
structures. Along with the change of the soil types comes 
the adjustment in the foundation requirements, where 
despite the possibility of constructing exactly the same 
buildings in two different locations, the surrounding 
conditions will dictate what type of foundation design 
would be required.  

 
Among those parameters greatly affected by 

changing soil conditions is the modulus of subgrade 
reaction, k, also known as the soil spring constant.  

 
In the different models used to analyze soil, the soil 

spring constant is used as a quantity that simplifies and 
generalizes its behavior. Imaginary springs are 
positioned continuously beneath the structure and a 
constant value, k, is generated [1]. The dilemma now is 
that the soil spring constant is not unique for specific 
types of soils [1] and is affected by various factors such 
as the depth of the foundation and dimensions of the mat 
foundation being considered such as its base width 
which will be considered as a variable in this paper. 
Therefore, the soil spring constant for a given type of 
soil cannot be generalized with a specific range unlike 
other parameters such as density, porosity, and the like. 
A soil test, specifically the Plate Load Test, can be used 
to determine such a geotechnical parameter; however, 
with the limited budget most constructions face, 
engineers are forced to theoretically propose or estimate 
conservative values for these to pursue their design.  

 
Mat foundation is a specific type of shallow 

foundation that is commonly used when the loading on 
the ground is aimed to be spread throughout an area in 
consideration. Mat foundations are very useful because 
it controls differential settlement which causes 
additional moments in structures thus affecting its 
stability. Because mat foundations are designed to cover 
a large area with a slab, it helps in creating uniform 
settlement along the entire mat. To be able to design a 
mat foundation fit for a particular soil, there are specific 
soil parameters that should be obtained through the help 
of soil reports.  

 
There have been some similar studies related to this 

research [2]-[8], however, there is not one dedicated to 
the estimation of subgrade reaction to be used for the 
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design of mat foundations for Metro Manila. 
 
This study aims to generate a design reference for 

mat foundations through the computation of the soil 
spring constants of the various locations in Metro 
Manila through Standard Penetration Test (SPT) 
borehole logs.  

 
METRO MANILA 

 
The National Capital Region, also referred to as 

Metropolitan Manila, is the country’s leading urban 
region and is considered as the centre for the Philippines’ 
economy, politics and culture. The region is highly 
urbanized, providing jobs for a huge percentage of the 
country’s population. Metro Manila is heart of the 
country’s finance, commerce and industrial 
development. Within its borders lie the largest economic 
hub of the country, which is Makati. Other leading 
business districts which strive to be among the country’s 
best districts are also within NCR, these are Eastwood in 
Quezon City, Bonifacio Global City in Taguig and 
Manila Reclamation Area in Manila. Because of this, a 
huge amount of structures are built to fit the economy 
and the lifestyle of Metro Manila. Design data concluded 
from soil conditions are required for majority, if not all, 
of the structures that are built in the region.  

 
Metropolitan Manila is bordered by different 

provinces and water systems which help the region 
become prosperous. The provinces of Bulacan and Rizal 
are situated on the north and east of the region 
respectively. On the south-west lies the province of 
Cavite while on the south is Laguna. Water systems also 
envelop the region, these are Manila Bay on the west and 
Laguna de bay on the south-east.  

 
Out of all the regions in the Philippines it is the only 

one that is subdivided into 17 government units, with no 
provinces where in 16 are cities and one is a municipality. 
The 16 cities include: Caloocan, Las Pinas, Malabon, 
Manila, Marikina, Makati, Mandaluyong, Muntinlupa, 
Navotas, Paranaque, Pasig, Pasay, Quezon, San Juan, 
Taguig and Valenzuela. Pateros is the only municipality 
in the region. The city sums up to a total of 63.6 square 
kilometres of land area with Quezon City as the largest 
and Navotas City as the smallest.  

 
According to the data and maps provided by the 

Bureau of Mines and Geosciences, the entire region is 
divided into two major stratifications. These are 
Quaternary Alluvium and the Guadalupe formation.  

 
The quaternary alluvium soils are consisted of 

deposited sediments from nearby water systems such as 
the Manila bay and Laguna de bay. These include 
detrital deposits composed of mostly silt, sand and 
gravel. The locations in the Metropolitan that are found 
on the coasts or along water systems are those that are 
consisted mainly of Quaternary Alluvium. These include 
Pasay City, Manila City, Paranaque and parts of Las 
Pinas on the west while there are Muntinlupa, Marikina, 

Portions of Taguig and Pasig on the east.  
 
The Guadalupe tuff formation (GF) is a series of soil 

classifications that is comprised of rock or tuffaceous 
materials distributed along Quezon City, Makati, 
Mandaluyong, parts of Pasig, and Rizal. It is divided into 
two members namely the Alat Conglomerate and the 
Diliman Tuff due to their differences in composition and 
structure. The Alat Conglomerate, the lower member of 
the formation, is generally composed of conglomerates, 
mudstones and sandstones. This member is located 
along the lowland hills of eastern Bulacan and southern 
Nueva Ecija. A predominant rock type in the GF 
member is conglomerate which is massive and poorly 
sorted with well- rounded pebbles. Cemented by coarse 
grained, calcareous, sandy matrix are small boulders of 
underlying rocks. It also contains mudstone which is 
medium to thin bedded with some varied characteristics 
of softness, stickiness, siltiness and tuffaceousness.  

 
The Diliman tuff (the upper member) is made up of 

tuffs, pyroclastic breccias and tuffaceous sandstones. 
This member of the Guadalupe Formation consists of 
vitric tuffs and welded pyroclastic breccias . It also 
contains minor fine to medium grained tuffaceous 
sandstone. Some dark mafic minerals and pumice 
materials are spread out in the tuff matrix. The Diliman 
tuff stretches from Quezon city to the southern parts of 
Metro Manila, namely Pasig, Makati and Rizal province. 
[9]. 

 
 

METHODOLOGY  
 
In designing foundations, geotechnical parameters 

can be acquired by various soil exploration methods. In 
the case of mat foundations, the geotechnical parameters 
that need to be considered are the modulus of subgrade 
reactions and the bearing capacity of the soil varying in 
a certain depth. In attaining these variables, plate load 
test should be performed, but due to availability and cost, 
the researchers utilized the Standard Penetration Test 
(SPT) values to derive the modulus of subgrade 
reactions. This value is significant because aside from 
that it is the basis of good foundation design, 
conservative assumptions of one of the factors for 
foundation design can also be avoided.  

 
Borehole logs and other soil data from all the 16 

cities and 1 municipality of Metro Manila were obtained. 
Soil data from some cities and municipalities 
surrounding Metro Manila including Rizal, Cavite, 
Laguna and Bulacan were also obtained for the proper 
interpolation of data. Data from soil tests such as the 
SPT and Borehole tests from government agencies, 
structural firms, and geotechnical firms were gathered 
by the researchers. A total of 809 borehole data were 
collected for the study, 776 of which are found within 
the Metropolitan and 33 are located on areas or 
provinces bordering around NCR.  Factors such as the 
type of soil tested, undrained shear strength, and the N-
values were extracted from these data. Further 
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computations were performed to estimate other soil 
parameters such as bearing capacity, settlement, and 
Modulus of Elasticity.  

 
The obtained N-Values were corrected using Eq. 1, 

standardizing it into the N60 value.  
N60 = (5/3) (CNCECBCRCS)                             (1) 

where:  
N60 = Corrected SPT blow counts;  
CE = Energy Effect depending on hammer type;  
CB = Correction factor for borehole diameter;  
CR = Correction factor for rod length;  
CS = Correction factor for type of samplers;  
CN = Effective overburden pressure coefficient.  
 

Certain parameters that are required for the 
determination of the Modulus of Subgrade Reaction are 
the base (width) of the lot area being considered and the 
flexural rigidity of the materials that will be used for the 
foundation. Since the base width is a value that is 
constantly changing and is dependent on the area to be 
constructed as well as the design of the structural 
engineer, the authors have deemed it to be a variable 
along with the values of the flexural rigidity. With the 
values of N60, modulus of elasticity (Es), Poisson’s ratio 
(ν), and base as a variable, the study calculated the 
modulus of subgrade reactions through four methods. 
The first method is by using the definition of the soil 
spring constant which is a ratio between the applied 
pressure and the settlement (Se) created by such a 
pressure. In this study, the soil spring constant was 
computed through dividing the ultimate bearing capacity 
(Qu) by the settlement of the corresponding soil; both 
the bearing capacity and settlement were computed 
using values that were obtained from the SPT and 
borehole data. The second method was through a 
standard equation proposed by Vesic[10] which is 
usually used in the industry to estimate the value of the 
soil spring constant. This equation incorporates N-
values to estimate elastic constants such as the Modulus 
of Elasticity of the soil and Poisson’s ratio which are 
required by the said standardized equation.  

 
The third method is the use of Empirical Equations 

provided by other researches performed by Moayed and 
Naeini [11] for gravely soils incorporating N60-values 
and Ou [12] for sandy and clayey soils incorporating 
N60-values and undrained shear strength (Su), 
respectively. The fourth, and last method, is the 
estimation by Bowles [13] that modifies the definition 
by limiting the settlements at certain values, particularly 
25 mm.  

 
From these four methods, a comparative study was 

conducted by comparing the outcomes of modulus of 
subgrade reactions from the different methods to 
conclude which of these is the most appropriate result. 
The value chosen from the different methods was 
mapped for the various cities and locations in Metro 
Manila.  

 
As for the validation of the result, there can be 

different deterministic tests that could compute for the 
value of the Modulus of Subgrade Reaction. Plate Load 
Test is widely used to acquire actual values of the soil 
spring constant [14]. In this test, a load is applied to the 
plate in increments depending on the design load. 
Loading continuously applied until the change in 
settlement is significantly reduced to a specified amount. 
However, many researches also claim the inaccuracy of 
this test because of the size of the samples and the 
equipment being used. Other than this, there are issues 
regarding the availability of the equipment. According 
to the research of Thornton [15], another method that can 
be used to estimate the value of the soil spring constant 
is through the CBR test [16].  

 
The CBR results used in this study were obtained 

from geotechnical companies that performed the actual 
CBR testing in various locations in Metro Manila. The 
collection of CBR data was geared towards the 
representation of different cities around the National 
Capital Region, wherein CBR data were collected for 
each city in Metro Manila. Out of the original 16 data 
points, only 13 data points were used in the study. This 
was due to the fact that the other CBR data were 
collected at shallow depths that are less than one (1) 
meter from the natural ground surface. This is not within 
the range of depths that are used in the study. 
Furthermore, there are many external factors that may 
affect the soil conditions at such a shallow depth and this 
may not provide accurate results for the modulus of 
subgrade reaction.  

 
Using the equation formulated by Thornton [15] 

through the correlation of the CBR test results to the soil 
spring constants, values of the vertical modulus of 
subgrade reaction were computed. The results were 
concluded based on the nearness of the values (from the 
four methods) to the value obtained using the CBR test. 
This was done through the help of the statistical method 
of t-test analysis. A graph was also generated to present 
the differences of the values visually.  

 
Since the aim of this paper is to provide a design 

reference for mat foundations, the values of spring 
constants calculated was plotted out onto the map of 
Metro Manila. To provide values for places where there 
are not enough available data, the Kriging method for 
optimal interpolation was performed so that a map of the 
values will be generated [17]. This is the reason why 
soils in places outside Metro Manila were analyzed as 
well, to provide reliable interpolation of the values. The 
said contour maps were generated for every 1m layer 
interval and were done with the help of a Geographic 
Information System software.  
 
MAT FOUNDATION REFERENCE 

 
With the aim of this study to generate a map by 

choosing the most recommendable method of obtaining 
the values of the modulus of subgrade reaction. To do so, 
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a simple comparison of the values obtained for all four 
methods of computations of the modulus of subgrade 
reaction was performed.  

 
The first method is by definition. The soil spring 

constant (k) is defined as the ratio between the soil 
pressure(q) applied on the soil and the settlement (δ) 
produced by such an applied soil pressure, 
mathematically represented as: 

 
k=q/δ                                                                (2). 
 
The second method is estimation of k through 

standard equations. Different standard equations are 
readily available for the computation of the Modulus of 
Subgrade reaction. The same comparisons were 
performed by the Sadrekarimi & Akbarzad [18]. They 
compared the resulting values with each other and have 
concluded that the equation provided by Vesic [10] 
provided the most accurate variable. The value of the 
soil spring constant in this method can be computed by: 

𝒌𝒌 = 𝟎𝟎.𝟔𝟔𝟔𝟔𝑬𝑬𝒔𝒔
(𝟏𝟏−𝒗𝒗𝒔𝒔𝟐𝟐)

�𝑩𝑩𝟒𝟒𝑬𝑬𝒔𝒔
𝑬𝑬𝑬𝑬

𝟏𝟏𝟐𝟐
                                          (3); 

where: 
Es = Modulus of Elasticity of the soil (kPa);  
EI = Flexural Rigidity of Mat (kN-m2); 
B = Slab width (m); 
vs = Poisson’s Ratio. 
 
The third method Estimation of k through empirical 

equations. The research by Moayed & Naeini [19] uses 
the N-values obtained from the Standard Penetration test 
and correlated it with the plate load test to be able to 
derive an equation that represents the relationship 
between the standard N1,60 value (blow counts corrected 
to 60% hammer energy and overburden pressure) and k. 
Once the value of the N1,60 was obtained, it was 
statistically correlated to the results of the plate load test 
on the same soil sample and a relationship was 
determined by Eq. (4): 

 
For Gravelly Soil: 
k= 3.143 (N1)60

0.489                                           (4). 
 
The derivation of Eq. (4) only focuses on gravely 

soils and the other soil types were delimited in the study 
performed by Moayed & Naeini [19]. Because of this, 
the empirical formula provided by Ou [20] would be 
helpful in the estimation of the values of the Modulus of 
Subgrade Reaction for clayey and sandy soils. These 
equations are as follows:  
 
For Clayey Soil: k = 40 – 50 su                            (5); 
For Sandy Soil: k = 70 – 100 N                            (6); 
where: 
k in (t/m3); 
su = undrained shear strength (t/m2) and; 
N = SPT N-values. 
 

The fourth method is k through estimation of Bowles 
[13]. It is a variation of the estimation of the modulus of 
subgrade reaction by definition. The only difference is 

that the author chose to limit the settlement to certain 
structurally acceptable values such as 25 mm, 20 mm, 
12 mm and the like. The value of the modulus of 
subgrade reaction can be obtained through the equation 
shown below: 

 
k = 40(SF)(qu)                                                 (7); 
where: 
SF = factor of safety; 
qu = ultimate bearing capacity. 

 
A screening of individual values per layer was done 

to compare the results obtained for all four methods of 
calculation for the soil spring constant. This is to provide 
a better understanding on how the values turned out as 
they have and what factors may have played roles for 
such an outcome to occur.  

 
With the individual analyses of the methods for the 

computation of the Modulus of Subgrade reaction, the 
method by Bowles and by definition provided the most 
recommendable values. Contrary to what the authors 
expected, the most conservative estimation of the 
modulus provided the value closest to the actual k values 
as shown in the validation through CBR testing. This 
may be because of the fact that both the Bowles and 
computation by definition are limited to existing soil 
specific data and required minimal assumptions. One of 
the methods used in this study, the computation by 
standard equation, required too many parameters 
majority of which are basic design data that are usually 
assumed. An example of this would be the Poisson’s 
ratio. Perhaps this method can be best used if only a 
theoretical analysis of the modulus would be done. As 
for the empirical methods, these calculations resulted to 
very low values and has a high per cent difference from 
the site-specific k values obtained from the validation. 
This may be because these are obtained from 
correlations with the Plate load test, which as claimed by 
various literature is unreliable for obtaining the modulus 
of subgrade reaction. Because of all these reasons, the 
authors have mapped only the values obtained through 
the Method of Bowles.  

 
Despite the lack of uniqueness among the values of 

the modulus of subgrade reaction, there are some general 
trends in the values that can be observed for each level 
of soil stratum. One trend is that the values of the 
modulus of subgrade reaction increases as the depth 
increases. This is due to the fact that as the depth of the 
analysis increases, it approaches the rock formation 
further. As the rock formation is reached, the soil 
becomes more compact and dense that it would have 
greater resistance to forces acted upon the soil as 
compared to the previous layers. This greater resistance 
is manifested by the increase in the values of the 
Modulus of subgrade reaction.  

 
Shown in Figure 1 is the map generated by the study 

from the collected data for depths 1 meter from the 
ground surface to 4 meters. It can be seen from Figure 1 
and Figure 2 that the values of the modulus of subgrade 
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reaction are high where the depth of the rock formation 
is shallow.  

 

 
Fig. 1 Map of Metro Manila with values of modulus 

of subgrade reaction (all values are in kN/m3) 
using Bowles [13] 

 

 

 
Fig. 2 Geologic Map of Metro Manila [21] 

 
Another trend is that it is evident that the results are 

highly affected by the soil compositions of a particular 
region. Some areas, particularly where the upper layers 
of soil are composed of tuffaceous material, have 
observably higher values for the modulus of subgrade 
reaction compared to other areas where the rock layers 
are at a greater depth. The high values of the modulus of 
subgrade reaction are underlain by the Guadalupe Tuff 
and the low values are underlain by alluvial, delta 
deposits. It can also be observed in the comparison of 
the two maps (Figure 1 and Figure 2) that there is a 
sudden change in the values of the modulus of subgrade 
reaction (from dark red suddenly changed to blue) in 
areas that are divided by or are passed by the West 
Valley fault systems.  

 

Areas where the values of the modulus are highest 
would be for the cities of Mandaluyong, Makati, 
Paranaque and Quezon City or all those cities that are 
away from the large basins or bodies of water and are 
underlain by the Guadalupe tuff formation. This is 
because through time, continuous deposition of soils on 
locations near the bodies of water have compacted the 
soil strata of those places found at the middle of the 
region. As expected also, the values of the subgrade 
reaction decrease as data points approach the large 
bodies of water particularly the Manila bay and the 
Laguna de bay. These cities that are nearest the bodies 
of water stated previously, are Manila, Pasay, Navotas 
and Muntinlupa. The decrease in the values of the 
modulus may explained by the soils found in these 
locations which are locations are mainly made up of silt 
and clay materials, or generally alluvial deposits. 
Furthermore, the values of the modulus of subgrade 
reaction increases again once the data points are moving 
away from large bodies of water and into mountainous 
areas and even the central part of the region. These 
trends can be seen in Figure 1 which is a sample map of 
the values of the modulus of subgrade reaction using the 
method suggested by Bowles.  
 
CONCLUSION 
 

The design of mat foundations considers the 
resistance of the soils to any force applied onto it. The 
study has limited the study depths from 2 to 6 meters 
because any deeper than this would not be 
recommendable for the construction of mat foundations. 
To assess such a resistance from the soil, the final output 
of the study has been to compute for the values of the 
modulus of subgrade reaction which are determined 
through borehole logs collected all over the region. 
These borehole logs were collected from different 
private testing companies, city government offices and 
national government offices in Metro Manila. However, 
certain places in Metro Manila are not yet as fully 
represented in this study. The cities of Caloocan, 
Valenzuela, Muntinlupa, and the Municipality of 
Pateros are among those that have data points that 
represent only around 60% of the total area. The 
calculation of the Modulus of subgrade reaction were 
performed through an excel program wherein soil 
properties, SPT N-values, and RQD were used to obtain 
information that would lead to the estimation of the k 
values.  

 
The locations in Metro Manila that provided the low 

values of the Modulus of subgrade reaction are Manila, 
Pasay, Navotas, and Muntinlupa, which could be 
attributed to the type of soil layers underlain in these 
cities which is mainly composed of loose silty sand and 
clay materials. It could be because of the large bodies of 
water that are bordering these locations such as Manila 
Bay and Laguna de Bay which can be considered as a 
good source of sand, silt, and clay deposits in the area. It 
could be safe to claim that the modulus of subgrade 
reaction has significantly low values if the areas are 
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located in these cities and may not be recommendable 
for the use of mat foundations.  
On the other hand, cities such as Mandaluyong, 
Paranaque, Makati, and Quezon provided significantly 
high values of the modulus of subgrade reaction. This 
may be attributed to the tuffaceous material from the 
Guadalupe tuff formation that is underlying these cities. 
Soils within the Guadalupe tuff formation are highly 
dense compared to other soils within Metro Manila and 
the rock formation is at very shallow depths. Because of 
these, computed settlements were small and the 
allowable bearing capacity is of a remarkable value 
making the modulus of subgrade reaction significantly 
high. It is for these locations where the use of mat 
foundations is recommendable.  

REFERENCES 

[1] Daloglu, A & Vallabhan, G. (2000). Values of k for 
Slab on Winkler Foundation. Journal of 
Geotechnical and Geoenvironmental Engineering, 
126(), pp. 462 – 471.  

[2]  Dungca J. R. (1997). Liquefaction Potential Map 
of Manila (Masteral Thesis, De La Salle University, 
Philippines. 

[3] Dungca J. R. and Chua R. A. D., “Development of 
a Probabilistic Liquefaction Potential Map for 
Metro Manila”, International Journal of 
GEOMATE, Vol. 11, Issue 25, Sep. 2016, pp. 
2461-2467.  

[4] Dungca J. R., Concepcion I., Limyuen M.C.M, See 
T. O. and Vicencio M. R., “Soil Bearing Capacity 
Reference for Metro Manila”, International Journal 
of GEOMATE, Vol. 12, Issue 32, Apr 2016, pp. 5-
11.  

[5] Dungca J. R. and Macaraeg C. J., “Development of 
a Reference for Seismic Amplification: The Case of 
Metro Manila”, 19th Congress of International 
Association for Bridge and  Structural Engineering, 
Stockholm, Sweden Sep. 2016. 

[6] Saldivar – Sali, A. (1992). An Earthquake Risk 
Analysis of Metro Manila from a Foundation 
Engineering Perspective. Journal of the Geological 
Society of the Philippines, 50, 287 – 289. 

[7] Guevarra E., Santos, J., Sy, Hazel (1999). Data Aid 
for the Design of Foundation in Las Pinas City. 
Manila- De La Salle University Press. Codilla, M., 
de Castro, A., Palanca, R. (2007). Basic 
Geotechnical Characterization of Malabon and 
Navotas Subsoil. Manila: DLSU Press. 

[8] Mustafa, K. (1995). Evaluation of Soil Bearing 
Capacities in San Mateo, Rizal. 

[9] Hosono, T., Siringan, F., Yamanaka, T., Umezawa, 
Y., Onodera, S., Nakano, T., & Taniguchi, M. 
(2010). Application of multi-isotope ratios to study 
the source and quality of urban groundwater in 
Metro Manila, Philippines. Applied Geochemistry, 
25(6), 900–909. 

[10] Vesic, A.B. [1961]. “Beams on elastic subgrade and 
Winkler’s hypothesis”, Proc. 5 th. Int. Conf. on Soil 
Mech. Found. Engrg., Paris, p.p. 845-50.  

[11] Moayed, R. & Janbaz, M. (2008). Foundation Size 
Effect on Modulus of Subgrade Reaction in Clayey 
Soil. Electric Journal of Geotechnical Engineering, 
13  

[12] Ou, C.Y. & Lai, C.H. (1994). Finite-element 
analysis of deep excavation in layered sandy and 
clayey soil deposits. Canadian Geotechnical 
Journal, 31(2), pp. 204- 214  

[13] Bowles, J. E. (1987), Elastic foundation settlements 
on sand deposits, Journal of Geotechnical 
Engineering, ASCE, 113, No. 8, pp. 846–860. 

[14] ASTM 1994. Test method for bearing capacity of 
soil for static load on spread footings, D 1194-94, 
Annual Book of ASTM Standards, 4.08. American 
Society for Testing and Materials, West 
Conshocken, PA.  

[15] Thornton, Sam I. Correlation of Subgrade Reaction 
with CBR, Hveem Stabilometer, or Resilient 
Modulus. Arkansas State Highway and 
Transportation Department. Little Rock, Arkansas. 
(1983).  

[16] ASTM D1883-16, Standard Test Method for 
California Bearing Ratio (CBR) of Laboratory-
Compacted Soils, ASTM International, West 
Conshohocken, PA, 2016, www.astm.org. 

[17] E.H. Isaaks, R.M. Srivastava. An Introduction to 
Applied Geostatistics, Oxford University Press, 
New York (1989) 

[18] Sadrekarimi, J. & Akbarzad, M. (2009). 
Comparative Study of Methods of Determination 
of Coefficient of Subgrade Reaction. Electronic 
Journal of Geotechnical Engineering, 14, pp. 1-14. 

[19] Moayed, R. & Janbaz, M. (2008). Foundation Size 
Effect on Modulus of Subgrade Reaction in 
Clayey Soil. Electric Journal of Geotechnical 
Engineering, 13. 

[20] Ou,C.Y. & Lai, C.H. (1994). Finite-element 
analysis of deep excavation in layered sandy and 
clayey soil deposits. Canadian Geotechnical 
Journal, 31(2), pp. 204- 214. 

[21] Bureau of Mines and Geosciences, 1981. Geology 
and Mineral Resources of the Philippines, 1 
(Geology). Ministry of Natural Resources, Manila. 



 

968 
 

Seventh International Conference on Geotechnique, Construction Materials and 
Environment, Mie, Japan, Nov. 21-24, 2017, ISBN: 978-4-9905958-8-3 C3051 

 

PERFORMANCE OF ANN MODEL IN PREDICTING THE BEARING 
CAPACITY OF SHALLOW FOUNDATIONS  

 
 

Mozaher Ul Kabir1, Syed Shadman Sakib2, Istiakur Rahman3, Md. Sirajul Arefin4, Hossain Md. Shahin5 
1,2,4Student, Islamic University of Technology, Bangladesh; 3Lecturer, Islamic University of Technology, 

Bangladesh;  5Professor,Islamic University of Technology, Bangladesh 

 
ABSTRACT 

 
This study deals with the performance of the Artificial Neural Networks (ANNs) for predicting the ultimate 

bearing capacity of shallow foundations on cohesion less soil. Footing geometry and other soil parameters from 
cone penetration tests (CPT) were the input variables considered to have the most significant impact on bearing 
capacity predictions. The application of Artificial Neural Network was carried out through the following steps 
considering total 100 sets of data .Firstly for training, 89 sets of data were used to determine a relation between 
input variables and the bearing capacity of the soil. For testing and validation, the other 11 data sets were used. 
The performance of the model was evaluated by comparing the results with conventional bearing capacity 
equations. High coefficients of correlation, low root mean squared errors (RMSE) and low mean absolute errors 
(MAE) were the indications to confirm that the ANN based model predicts with much perfection.  
 
Keywords: ANNs, Bearing Capacity, RMSE, MAE. 
 
 
 
INTRODUCTION 

 
Every foundation setup requires satisfying two 
imperative criteria: ultimate bearing capacity of 
confinement and limiting settlement of foundations. 
Of these two criteria, a complete bearing capacity of 
confinement is managed by shearing nature of the 
soil and is evaluated by the theories of Terzaghi [1], 
Meyerhof [2], Vesic [3] and others. The explanation 
behind an extensive part of as far as possible 
theories is the most remote point adjust procedure. 
As far as possible in this manner got are affirmed 
through lab considers by different researchers. In 
any case, the trial looks at are generally done on 
tinier measured models, which are significantly cut 
back models stood out from real field footings. In 
this way, various authorities (e.g., [4, 5]) have 
prompted that one should be amazingly vigilant 
while extrapolating disclosures of examinations 
driven on little footings that have a width of several 
inches, to the broad evaluated footings. The 
clarification behind this is credited to the extension 
in shearing strain along the slip line with the 
development in width of the foundation and the 
extent of mean grain size of the soil and the adjust 
width [6]. For extensive scale establishments on 
dense sand, shearing strains demonstrate significant 
variety along the slip line and the normal assembled 
point of shearing resistance along the slip line is 
littler than the greatest estimation of the angle of 
shearing resistance (φmax) gotten via plane strain 
shear tests. Henceforth, an option technique is 
required that gives better gauges of bearing capacity. 

In the most recent two decades a few analysts have 
created successful demonstrating instruments. One 
of them is Artificial Neural Networks (ANNs) 
methodology. In the current past, ANNs have been 
connected to numerous geotechnical designing 
issues, including the expectation of the bearing 
capacity of footings, settlement forecasts, 
liquefaction and stability of slopes [7]. The real 
preferred standpoint of ANNs is that they can be 
used effectively as and when new information end 
up noticeably accessible that wipes out the 
requirement for a researcher to reanalyze the old and 
new information, use the old outline helps or 
conditions and additionally propose new conditions 
[8]. This paper shows the relevance of ANNs 
method in building up a compelling nonlinear model 
for anticipating a definitive bearing capacity of 
shallow foundations on cohesion less soils. The 
database, which comprises of load test aftereffects of 
extensive scale footings and smaller estimated 
demonstrate footings, is utilized to create and check 
the ANN model. This paper additionally goes for a 
broad assessment of the ANN model with 
Regression based models for ultimate bearing 
capacity using in total 100 sets of field data and 
evaluates their benefits and restrictions. The 
execution of these models is then contrasted and the 
most regularly utilized bearing capacity speculations. 
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DEVELOPMENT OF ULTIMATE BEARING 
CAPACITY MODEL 
     

  The data used for testing and validation of the 
ANN model were gathered from literatures, which 
incorporate load test data on real sized foundations 
and in addition the associated data regarding the 
footing and soil.From the 100 field data collections, 
47 are from load tests on large scale footings and 50 
are from small shallow footings. Of the 47 large 
scale footing data, 24 were reported by Muhs and 
Weiß [12], 11 by Weiß [13], 5 by Muhs et al. [14], 2 
by Muhs and Weiß [15], 5 by Briaud and Gibbens 
[16]. 

One of the more vital initiative in the model 
improvement for the estimation of bearing capacity 
of shallow foundation is distinguishing proof of 
parameters that influence the bearing capacity, for 
which a portion of the conventional bearing limit 
techniques [1-3] are analyzed. In spite of the way 
that the bearing limit esteems gotten through these 
techniques vary impressively, the fundamental type 
of condition is the same for every one of the 
strategies, which is as per the following for 
establishments in cohesionless soil: 

 
qu = γDNqSqdq + 0.5γBNɣSɣdɣ 
 
where B – width of footings, D – profundity of 

footings, c – unit weight of sand (underneath or 
more the establishment level), Nq, Nɣ – bearing 
capacity factors, Sq , Sɣ – shape factors and dq, dɣ – 
depth factorsAmong the parameters identified with 
the footings, the principle factors influencing the 
bearing capacity are its width (minimum horizontal 
measurement, B), length of footing (L), shape 
(square, rectangular and round) and depth of the 
foundation (D). The depth of the foundation has the 
best impact on the bearing capacity among all the 
physical properties of the foundation [5]. The 
fundamental parameters with respect to the soil 
(sand) are its angle of shearing resistance and the 
unit weights from above and beneath the water table, 
if introduce. There are some different factors, for 
example, compressibility and thickness of the soil 
layer underneath the establishment that add to a 
lesser degree. Of the considerable number of 
properties of a soil, the edge of shearing resistance 
has most noteworthy impact on the bearing capacity, 
which increments with the relative thickness of the 
soil. The bearing capacity is straightforwardly 
corresponding to the unit weight of the soil and is 
affected by the area of water table. 

In light of above discussion, the five input 
parameters used for the model advancement are 
width of footing (B), depth of footing (D), ratio of 
length and width (L/B), unit weight of sand (ɣ) and 

angle of shearing resistance (φ). Extreme bearing 
capacity (qu) is the single yield variable. 
 
ANN model Development: 

 
In this study feed-forward multilayer perceptron 

(MLP) is utilized; the portrayal of which can be 
found in numerous publications [9, 10]. The dataset 
was arbitrarily separated into three subsets: training 
and testing. 70% (or 63 cases) of the information 
was set for training the model,15% (or 13 cases) was 
utilized for training ,while the staying 15% (or 13 
cases) was utilized for testing the execution of the 
proposed ANN based model. Using an trial-and-
error strategy, the optimum number of hidden layers 
in the model was resolved which concluded by using 
ten hidden layer. Because of five input and one 
output variable; five node were used in the input 
layer and one in the output layer. A typical way to 
deal with problem of over fitting is early stopping. 
This approach includes monitoring the 
generalization error and stopping training when the 
minimum validation error is observed. Be that as it 
may, some care is required when to stop, since the  

 

 
 
Fig. 1. Architecture of ANN model. 

 
approval mistake surface may have local minima or 
long flat regions preceding a steep drop-off. To 
minimize these constraints Mackay [11] proposed 
the use of Bayesian back propagation neural 
networks which minimizes a combination of squared 
errors and weights and after that decides the correct 
combination, in order to create a network which 
sums up well. This procedure is called Bayesian 
regularization. In the Bayesian structure, the weights 
and the biases of the network are assumed to be 
random variables with indicated appropriation of 
distribution. The regularization parameters are 
identified with the unknown variances related with 
the distribution. These parameters are then evaluated 
using statistical techniques. In the present 
investigation, the Levenberg– Marquardt algorithm 
is utilized under the Bayesian network.  
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Multiple-regression analysis 
         To develop a relationship between the single 
dependent variable, qu and one or more independent 
variables ci, hi and B, multiple-regression is used, 
the prediction of qu is accomplished by the following 
equation: 
        qu = w1c1 + w2c2 + w3c3 + w4c4 + w5h1 + w6h2 + 
w7h3 + w8B + b  

 
where wi are the regression weights and are 

processed in a way that limits the aggregate of the 
squared deviations. Here b is the y axis intercept. 
Multiple-regression is associated with multiple 
correlation coefficient, which is the variance of the 
dependent variable explained collectively by all of 
the independent variables.A multiple-regression 
model was obtained using StataSE 12  

 

 
 

Fig. 2. Output result from StataSE 12 for MLR 
model. 
    The following formulas, using the MLR technique, 
were found to offer the best fitting:  
 
qu = 1976.073D + 86.464h -2833.27      
                     
where qu(kPa) is the bearing capacity, s (m),  
h(deg) is the angle of  friction.  
 
Performance Evaluations & Results 
              Here the performance is being evaluated by 
assessing the degree to which model the simulations 
match the actual output. The assessment was 
performed in the current study with various 
goodness-of-fit or correlation statistics. The values 
of performance indices or measures for the three 
models are summarized in Table 2. The correlation 
statistic (R), which evaluates the linear correlation 
between the actual and predicted ultimate bearing 
capacity, is good for all the models, for calibration 
as well as validation data. The model efficiency that 

evaluates the performance of the model in predicting 
the ultimate bearing capacity values away from the 
mean is found to be more than 98% for calibration 
and validation data for the ANNs model was close to 
where it was first referenced. 

 

 
Fig. 2. Distribution of prediction error across 
different error thresholds. 
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Fig. 3. Measured vs. predicted ultimate bearing 
capacity values. 
 
Table 2    
Performance evaluation & comparison 
Performance index ANN MLR Meyerhof 
  R2 0.98019 0.7138 0.648 

 

 
CONCLUSION 
 
        Artificial neural networks (ANNs) and the 
multi-linear regression model (MLR) were used to 
predict the bearing capacity of circular shallow 
footings on cohesion less soil. The artificial neural 
network model serves as a simple and reliable tool 
for the bearing capacity of shallow foundations in 
clay soil. The results produced high coefficients of 
correlation for the training and testing data of 
0.99308 and 0.98019 respectively which has much 
more higher perfection then MLR model. 
Nevertheless this study deals that having some 
known parameters we can easily be able to have idea 
about the ultimate bearing capacity through the 
ANN model. 
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ABSTRACT 
 

This study was the research and development for developing innovation of coconut shell and studying 
the effectiveness of wisdom of the local doctor on using coconut shell for stress-relieving massage. The research 
and development was divided into 3 phases; Phase 1 – Developing innovation, Phase 2 – Testing innovation in 
patients with stress and cervicogenic headache, and 60 volunteers were selected by using Self-Stress Assessment 
(SSA) which they were treated by getting 10-minute of coconut shell massage for 5 days, then they were 
assessed before and after the treatment and Phase 3 – Concluding the effectiveness of innovation. The 
measurement instruments were Self-Stress Assessment (SSA), Visual Analog Scale (VAS), Cervical Range of 
Motion (CROM), Tissue Hardness Meter and Algometer, and Heart Rate Variability (HRV). 
 The findings revealed that;  Phase 1 – the innovation of coconut shell for stress-relieving massage 
had occurred,  Phase 2 -  tested the innovation of coconut shell for stress-relieving massage in 60 volunteers and 
Phase 3 – effectiveness of the innovation, after they were treated by getting coconut shell massage, the level of 
cervicogenic headache was decreased with 0.95 level of significance (P<0.05), the cervical range of motion was 
increased with 0.95 level of significance (P<0.05), the tissue hardness meter and algometer compared before and 
after of the treatment were increased with 0.95 level of significance (P<0.05), and SDNN (Standard Deviation of 
Normal to Normal) and HRV value from the heart rate variability after the treatment was increased with 0.95 
level of significance (P<0.05). In consequence, coconut shell for stress-relieving massage could relieve the stress 
and cervicogenic headache, and affected to the better change of relative variables in patients with stress as the 
appropriate and effective innovation for self-stress relief 

 
Keywords: Local wisdom, Traditional innovation, Effectiveness, Stress relaxing massage 
 
 
INTRODUCTION 

 
 Stress is the most common mental 
health issue in all ages, it is the physical, mental and 
behavioral reactions of people to the internal and 
external stimulators which might be a person, 
emotion, circumstance or environment. If a person is 
not adaptable when faces up the pressure, the stress 
would occur and affects to unbalance the living. 
Nowadays, the society has changed rapidly in 
economy, society and culture, and people have to 
face up many issues from the economic competition 
that affects to their physical and mental health. From 
the study of World Health Organization (WHO) 
which it has studied the circumstance or painfulness 
affecting to the stress and mental health in 21 
countries around the world revealed that witnessing 
violence 21 .8%, experiencing interpersonal violence 
18.8%, accidents 17.7%, exposure to war 1 6 . 2 %, 
trauma to a loved one 12.5% [1]. It should be careful 
for the treatment in patients with stress, especially 
the monitoring system to protect a self-injury and 

suicide [2]. 
 
The wisdom of local people or local 

medicine, the passing on knowledge and experience 
of living, health treatment and disease treatment 
which a massage is one of the local wisdom for 
health treatment. Thai massage is not only for 
disease treatment but also for health treatment. A 
health massage is treated for freshness, stress relief 
and beautiful body [3]. From the past, the local 
people or local doctor has applied the existing 
materials in their house for self-massage, disease 
treatment and health treatment such as using coconut 
shell for foot massage in patients with the foot pain, 
analgesia in foot, inflammation of heel and for 
stress-relieving massage. 

 
Samut Songkhram, Thailand is a province 

with a large number of coconut which the coconut 
shell is normally found in all houses and is 
developed as the innovation for stress-relieving 



GEOMATE - Mie, Japan, Nov. 21-24, 2017 

973 
 

massage and disease treatment. In consequence, the 
researcher has studied the developing innovation and 
studying the effectiveness of wisdom of the local 
doctor on using coconut shell for stress-relieving 
massage in Samut Songkhram province. 
 
OBJECTIVE 

   
1. To develop the innovation from 

 coconut shell for health treatment. 
2. To study the effectiveness of wisdom 

 of the local doctor on using coconut shell for stress-
relieving massage 
 
MATERIALS AND METHODS 
 

Design 
This study was the research and 

development. 
The study was approved by the Ethics 

Review Committee for Research Involving Human 
Subjects, Mahasarakham University (number 
273/2557). 

 
Subjects 
The sample groups were 60 patients at the 

age of 18 years old and above who were selected by 
using the Self-Stress Assessment (SSA) of 
Department of Mental Health (DMH) and were 
treated by getting coconut shell massage. 

 
Measurement Instruments 
The measurement instruments were Self-

Stress Assessment (SSA), Visual Analog Scale 
(VAS), Cervical Range of Motion (CROM), Tissue 
Hardness Meter and Algometer, and Heart Rate 
Variability (HRV). 

 
 Intervention 
The volunteers who were selected would 

get 10-minute of coconut shell massage for 5 days 
and they were assessed before and after the 
treatment. 

 
Statistical Analysis 
In this research, the descriptive statistic was 

used to describe the characteristic of volunteers; 
mean and standard deviation. Additionally, the 
paired t-test was used to analyze the variables 
compared before and after of the treatment with 0.95 
level of significance (P<0.05). 
 
RESULTS 
 
 The findings of Phase 1 – Developing 
innovation of coconut shell for stress-relieving 
massage; from the study of coconut shell, principles 
of medical physics, anatomy and physiology for 

designing and developing innovation revealed that a 
prototype of the innovation of coconut shell had 
occurred, tested and developed the innovation for 2 
times. (Figures 1and 2) 

 
The findings of Phase 2 and Phase 3 

revealed that most of 60 volunteers were female 
(71.70%), most of the age was 59 – 61 years 
(40.00%), most of the marital status was married 
(75.00%), most of the occupation was agriculturist 
(53.40%) and most of them were not have the 

congenital disease (73.30%).  
Figure 1: A prototype of the innovation of coconut 

shell. 
Figure 2: The massage points  of coconut shell  for 

stress relaxing massage.  
 

Assessing the level of cervicogenic 
headache by using Visual Analog Scale (VAS) 
before and after treating by coconut shell massage in 
the 5th day revealed that the level of cervicogenic 
headache was decreased with 0.95 level of 
significance (P<0.05). 
 

Assessing the cervical range of motion; 
cervical flexion, cervical extension, cervical left 
lateral flexion and cervical right lateral flexion 
compared before and after of the treatment by 
coconut shell massage in the 5th day revealed that 
all the cervical range of motions were increased with 
0.95 level of significance (P<0.05).  

 
Assessing the pressure pain threshold 

(kg/cm2) compared before and after of the treatment 
by coconut shell massage in the 5th day revealed 
that the pressure pain threshold was increased with 
0.95 level of significance (P<0.05).  
 

Assessing the tissue hardness before and 
after treating by coconut shell massage in the 5th 
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day revealed that the tissue hardness was increased 
with 0.95 level of significance (P<0.05).  
 
 The findings of heart rate variability 
from the study of Time Domain Analysis; SDNN,  
RMS-SD and the study of Frequency Domain 
Analysis; LF, HF, LF/HF compared before and after 
of the treatment by coconut shell massage in the 5th 
day revealed that SDNN, RMS-SD and LF, HF, 
LF/HF value were increased with 0.95 level of 
significance (P<0.05).( Figure 3) 
 

 
Figure 3: Heart rate variability by SDNN   
 
DISCUSSION 
 

The findings of the level of pain revealed 
that VAS value was decreased with the level of 
significance, it was consistent with the study of 
Peerada Damapong et al.[4],  Effectiveness of Court-
Type Traditional Thai Massage in Patients with 
Chronic Tension-Type Headache:  A Pilot Study 
which revealed that the level of headache was 
decreased with 0.95 level of significance (P<0.05).  

 
Effects of a decrease of the level of pain by 

coconut shell massage could be described as the 
physiological effect that massage was the pressure 
through skin and muscle which affected to increase 
the circulation of blood and lymph. Additionally, the 
increased blood circulation might be an effect of 
stimulating the sympathetic nervous system; when 
the circulation of blood and lymph were increased, 
the vascular and excretory system were also 
increased that affected to decrease the inflammation, 
edema and pain [5].  
 

The findings of assessing the cervical range 
of motion revealed it was decreased with 0.95 level 
of significance which the volunteers were treated by 
coconut shell massage and affected to a relief of the 
cervical muscle, an increase of blood circulation and 
cervical range of motion, it was consistent with the 
study of Eungpinichpong et al.[6] in 2 0 0 0 , 
Therapeutic Effects of Traditional Thai Massage on 

Patients with Cervical Spondylosis: Comparison of 
Therapeutic Effects of Non-Steroidal Anti-
Inflammatory Drug and Traditional Thai Massage 
which the findings of 8 weeks study revealed that 
cervical flexion, cervical extension, cervical left 
lateral flexion and cervical right lateral flexion after 
treating by Thai massage were increased and could 
be described that Thai massage would stretch the 
muscle, decrease the muscle fascia and increase the 
muscle flexibility. 

 
Effects of the increase of the pressure pain 

threshold, it was consistent with the study of Peerada 
Damapong et al.[7], Short-Term Effects of Court-
Type Traditional Thai Massage on Pressure Pain 
Threshold and Pain Intensity in Patients with 
Chronic Tension-Type Headache which revealed 
that after the volunteers were treated by Court-Type 
Traditional Thai Massage for assessing the pressure 
pain threshold, it was increased with 0.95 level of 
significance (P<0.05).  
 

Effects of  the decrease of the tissue 
hardness, it was consistent with the study of Zheng 
et al.[8], Therapeutic Evaluation of Lumbar Tender 
Point Deep Massage for Chronic Non-Specific Low 
Back Pain which revealed that the pressure pain 
threshold and tissue hardness were increased with 
0.95 level of significance (P<0.05).  
 
 Effects of the increase of the heart rate 
variability compared before and after of the 
treatment by coconut shell massage revealed that 
SDNN, RMS-SD and LF of CTTM value were 
increased with the level of significance which 
indicated that after treating by Royal Thai Massage, 
the stress of patients was decreased (more relief); 
SDNN value was increased, the variance of 
myocardial function to the parasympathetic nervous 
system was increased, then the stress was decreased. 
It was consistent with the study of Toro-Velasco et 
al. [65], Immediate Effects of Head and Neck 
Massage on Changing of Heart Rate Variability 
(HRV), Mood States, and Pressure Pain Thresholds 
(PPTs) in Patients with Chronic Tension-Type 
Headache which revealed that HRV time interaction 
had changed with the level of significance. 
Additionally, it was consistent with the study of  
Peerada  Damapong et al. [9], A Randomized 
Controlled Trial on the Effectiveness of Court-Type 
Traditional Thai Massage versus Amitriptyline in 
Patients with Chronic Tension-Type Headache 
which had assessed the Heart Rate Variability 
(HRV) before and after the treatment in patients 
with tension-type headache revealed that after 
treating by Thai massage, the heart rate variability 
had changed which indicated that the 
parasympathetic nervous system was increased 
(P<0.05). In consequence, the innovation of coconut 
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shell for stress-relieving massage could increase the 
parasympathetic nervous system and affected to 
relieve the stress.   
 
 
CONCLUSION 
 
 The findings of developing innovation and 
studying the effectiveness of wisdom of the local 
doctor on using coconut shell for stress-relieving 
massage revealed that; The decrease of Current 
visual analog scale (CVAS) with the level of 
significance, nevertheless, the other variables were 
consistently such as the increase of cervical range of 
motion after treating by coconut shell massage 
which affected to a relief of the cervical muscle and 
an increase of blood circulation. The increase of 
pressure pain threshold with the level of significance 
after treating by coconut shell massage. The 
decrease of tissue hardness with the level of 
significance indicated that coconut shell massage 
could decrease the muscle tone. The decrease of 
heart rate variability compared before and after of 
the treatment revealed that SDNN, RMS-SD, LF and 
LF/HF were increased with the level of significance 
which indicated that after treating by coconut shell 
massage, the stress of volunteers was decreased 
(more relief). In consequence, coconut shell massage 
could relieve the stress and cervicogenic headache, 
and increase the parasympathetic nervous system 
which affected to relieve the stress in patients, and 
decrease the variables which related to the 
cervicogenic headache and stress for the better 
change. 
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ABSTRACT 
 

 This research was aimed to study the effects of stress treatment by inhaling the aromatherapy of 
lavender essential oil. It was a quasi-experimental research; the populations of this research were the elderly 
people in Wat Khok Ket Health Promoting Hospital, Plai Phong Phang Sub-district, Amphawa District, Samut 
Songkhram Province. The data was compiled using the questionnaire for the level of stress assessment to select 
40 participants; 20 for the experimental group and 20 for the control group, by using random samples method. 
The experimental group was treated by inhaling the aromatherapy of lavender essential oil; the volunteers would 
lie down and inhale the essential oil from the kiln in 10 minutes for 3 days and the control group would receive a 
common suggestion. Both of 2 groups were assessed by using the HRV (Heart Rate Variability) before and after 
the experiment for comparing their results. The statistics for data analysis were percentage, mean and standard 
deviation, paired t-test and t-test.  

As to the research result, the SDNN (Standard Deviation of Normal to Normal) and HRV score of 
the experimental group before and after the experiment had a differentiation with 0.95 level of significance 
(P<0.05). Additionally, the SDNN and HRV score of the experimental group after the experiment were more 
than the control group with 0.95 level of significance (P<0.05).   
 The findings revealed that using the aromatherapy could treat the stress; in consequence, inhaling the 
aromatherapy of lavender essential oil is a choice for the stress treatment. 
 
Keywords: Short-term effects, Aromatherapy, Stress, Elderly  
 
 
INTRODUCTION 

 
 Nowadays, stress becomes a significant 
issue of mental health in all ages which affects to the 
body systems; the nervous and brain system, 
endocrine system and immune system. The person 
who has a high stress would affect to the gastric 
disease, hypertension, coronary disease, insomnia 
and tension-type headache [ 1]. From the study of a 
trend of Thai population revealed that the elderly 
people tended to increase rapidly which they had the 
regressive changes, some of them were forced and 
affected to their physical and mental health, and the 
stress had occurred. From the report of Thai 
people’s mental health of Department of Mental 
Health and National Statistical Office of Thailand 
2008 – 2010 revealed that the elderly people had the 
lowest score of mental health compared with the 
other ages [ 2] and the health care of the elderly 
people should have a monitoring system for the 
health administration to monitor the unexpected 
symptoms [3]. In consequence, having a good health 
should have the stress management or stress 
treatment which the aromatherapy is a choice for the 
stress treatment by using the natural aroma or 
essential oil as it affected to the nervous system, 
relieve the stress and anxiety, relieve or stimulate the 

better physical, mental and health balance.  
 
 From the information of this issue, the 
research had studied the stress and effects of 
reducing stress by inhaling the aromatherapy of 
lavender essential oil from the kiln in the elderly 
people, and brought the research result for defining a 
guideline of reducing stress of the elderly people. 
 
OBJECTIVE 

General Objective                
           To study the effects of aromatherapy on 
reducing stress of the elderly people.    

Specific Objective                
1 .  To study the heart rate variation of the 

elderly people who was treated by inhaling the 
aromatherapy of lavender essential oil. 

2 .  To compare the effects of aromatherapy 
on reducing stress of the elderly people in the 
experimental group and the control group.  
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MATERIALS AND METHODS 
Design 

             This research was the quasi-experimental 
research which conducted in Wat Khok Ket Health 
Promoting Hospital, Plai Phong Phang Sub-district, 
Amphawa District, Samut Songkhram Province.  

Subjects 
The sample groups were 40 elderly people 

at the age of 60 years old and above who were 
selected with the moderate level by the questionnaire 
for the level of stress assessment; 20 for the 
experimental group and 20 for the control group.  

Assessment 
Both of 2 groups were assessed by using the HRV 
before and after the experiment for comparing their 
results. (Figures 1) 

Measurement Instruments 
           The data was compiled using the Suanprung 
Stress Test-20 (SPST-20) of Department of Mental 
Health and the HRV.  
 

 
 
 
 
 
 
 
 

 

 

 
 Figure 1: Assessed by using the HRV 
before and after the experiment. 

Intervention 
 The experimental group was treated by 
inhaling the aromatherapy of lavender essential oil; 
the volunteers would lie down and inhale the 
essential oil from the kiln in 10 minutes for 3 days 
and the control group would receive a common 
suggestion. (Figures 2) 

Figure 2: Aromatherapy of lavender 

essential oil.  
Statistical Analysis 
The researcher had conducted the 

experiment by announcing for the elderly people as 
volunteer, selecting 40 volunteers by the 
questionnaire for the level of stress assessment; 20 
for the experimental group and 20 for the control 
group, using random samples method by drawing 
and signing an agreement of the 3 days experiment 
participation, assessing before the experiment by the 
HRV after assessing before the experiment of the 
experimental group who was treated by the 
aromatherapy for 10 minutes, and the control group 
would receive a common treatment and assessed by 
the HRV after the experiment immediately. The 
research was conducted for 3 days and assessed 
before and after the experiment immediately in each 
process. 

 
RESULTS 
  The findings revealed that; in the 
experimental group: most of them were female 75% 
and male 25% and in the control group: most of 
them were female 90% and male 10%, most of the 
age was 60 – 65 years old: 35% in the experimental 
group and 40% in the control group. The findings of 
using the aromatherapy in relieve the stress  by the 
HRV revealed that SDNN, LF (Low Frequency) and 
HF (High Frequency)  scores from before and after 
the experiment immediately had increased with 0.95 
level of significance (P<0.05). (Figures 3) 

 
 Figure 3: Heart rate variability by SDNN within 
experimental group. 
 
  Additionally, the comparison between the 
experimental group and the control group revealed 
that SDNN of HRV score after the experiment had 
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increased with 0.95 level of significance (P<0.05). 
(Figures 4) 
 

 
Figure 4: Heart rate variability by SDNN  
between groups 
 
DISCUSSION 
 
 The findings revealed that after the 
experiment, the experimental group who was treated 
by the aromatherapy had SDNN of HRV score 
increasingly which affected to the parasympathetic 
nerve and stress reduction. It was consistent with the 
study of Waraporn Yammeesri [ 4], the study of 
effects of aromatherapy in relieving stress of patients 
in the Intensive Care Unit (ICU), Chiang Rai 
Prachanukroh Hospital revealed that the patient who 
was treated by the aromatherapy had the physical 
changes of relief; reducing in heart rate, breathing 
rate and mean coronary pressure. Buckle, [5] which 
had studied the patient after operating without the 
respirator but remaining in the ICU compared with 
applying 2 types of the aromatherapy for the 
physical changes; Lavender A ( Lavendula 
Angustifolia) and Lavender B (Lavendula  Burnatii), 
it was revealed that 2 types of lavender had affected 
to  the physical changes; reduce the breathing rate, 
relieve the stress. Additionally, it was consistent 
with the study of Peerada Damapong and team, the 
study of short-term effects of court-type traditional 
Thai massage on pressure pain threshold and pain 
intensity in patients with chronic tension-type 
headache [ 6] which the findings revealed that the 
aromatherapy could reduce the stress of the elderly 
people.  
 
CONCLUSION 
 

 As to the findings and the research which 
they were consistent with the study of essential oil in 
reducing stress of the elderly people, the assessment 
of the HRV revealed that SDNN, LF and HF scores 
from before and after the experiment immediately of 
the experimental group and the comparison between 
the experimental group and the control group had 
increased with 0.95 level of significance (P<0.05), it 
showed that after the volunteers were treated by the 
essential oil, they had less stress (more relief). 
Nevertheless, inhaling the essential oil could reduce 
the stress and increase the parasympathetic nerve 
which affected to reduce the stress of the volunteers 
and the better changes of variables that related to the 
stress of the elderly people. 
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Abstract 

  
 This research was aimed to assess the immediate effectiveness  of Thai traditional massage on 
cervical range of motion in patients with tension-type headache. The data was compiled using the quasi-
experimental research design; the populations of this research were 30 patients with tension-type headache, the 
assessment was before and after receiving the 45-minute of Thai traditional massage. The results were assessed 
immediately after the intervention which consisted of the increased cervical range of motion after receiving the 
Thai traditional massage while a significant difference was occurring (P < 0.05).   In conclusion, Thai traditional 
massage would relieve the muscle tension by reducing its pain and increase the cervical range of motion.   
 
Keywords: Immediate effectiveness, Traditional Thai Massage, Cervical Rang of Motion, Chronic Tension-type 
headache   
 
 
INTRODUCTION 

 
The tension-type headache is the most 

common type of headache, it could continue for few 
days, a week or a month which is disturbing, causes 
the uncomforting and it could be stable. However, it 
is not harmful but it comes and it goes. It probably 
occurs in patients with Episodic Tension-Type 
Headache (ETTH) or Echronic Tension-Type 
Headache (CTTH). Otherwise, it is an effect from 
continue using the painkiller for a long time, so the 
aim of treatment is to use less medicine or change to 
the non-pharmacologic treatment especially the 
treatment by Thai traditional massage as it is from 
the various methods. 
 The tension-type headache is the pain 
above the eyes, ears and around the head or might be 
on the upper back [ 1].  Nowadays, most of the 
tension-type headache is the Tension-Type 
Headache (TTH) which consists of; pressure pain 
threshold on the temple or forehead occurring on 2 
sides of the head and might be on the occiput or 
cervical area, and the intenseness is in the low to 
moderate level that patients can spend the day 
normally [ 2]. The factors of this Tension-Type 
Headache (TTH) consist of; stress, anxiety, sadness, 
insanitary motion and hardworking of the cervical 
muscle which affect to the contracture of cervical 
and scalp muscle [2]. The treatment is divided into 2 
types; 1) Pharmacologic treatment and 2) Non-
pharmacologic treatment due to continue using the 
medicine for a long time w hich could cause it to be 

more chronic tension-type headache. Therefore, the 
aim of treatment of the chronic tension-type 
headache is to emphasize on decreasing a volume of 
using the medicine or change to the non-
pharmacologic treatment are the safe methods for 
reducing a risk state from the pharmacological effect 
or painkiller addiction [ 3] which there are various 
methods.  Nevertheless, the treatment by Thai 
traditional massage becomes a key role [4] to protect 
the tension-type headache systematically for 
monitoring the unexpected tension-type headache or 
illness [5]. 

The Thai traditional massage is one of the 
treatments for the muscular pain [6]. The massage is 
divided into 2 types; the royal massage and general 
massage, which are different technics [7].  The aims 
of massage are for; the better blood circulation, 
relieve the muscle tension, increase the cervical 
range of motion, extend the capillary, increase the 
elimination from cell to the vein system and the 
better urine which would reduce the pain from the 
arrearage of the chemical substance from cell 
function and affected to decrease the hypertension. 

In consequence, this research was aimed to 
study the immediate effects of Thai traditional 
massage on cervical range of motion in patients with 
tension-type headache as the guideline for the 
treatment choice and affirm its treatment result to be 
more accepted.   
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MATERIALS AND METHODS 
 

Design 
This research was the quasi-experimental 

research design which the cervical range of motion 
assessment was conducted in the Department of 
Traditional Thai Medicine, Bamnet Narong 
Hospital, Bamnet Narong District, Chaiyaphum 
Province, Thailand 

  
Subjects 
The sample groups were 30 patients at the 

age of 18-65 years old with chronic tension-type 
headache, at the level 4 of VAS score by the criteria 
of chronic tension-type headache of International 
Headache Society: IHS[2] 

  
Assessment 
This research was the cervical range of 

motion assessment. 
  

Measurement Instruments 
In this research, the Visual Analog Scale 

(VAS) was used to assess the level of the tension-
type headache which was a straight line with 10 
centimeters long. The volunteers would mark the 
levels of the tension on the straight line; the left 
hand side was no tension (VAS = 0) and the right 
hand side was the highest tension (VAS = 10) which 
represented to the level of the tension-type headache 
before and after the treatment immediately, and the 
results were recorded as centimeter. Additionally, 
the Cervical Range Of Motion (CROM) was used to 
assess the cervical range of motion; cervical flexion, 
cervical extension, cervical left lateral flexion, 
cervical right lateral flexion, in a week before the 
treatment, before and after the treatment 
immediately, and the results were recorded as 
degree.  
  
 Intervention 
 The volunteers were treated by getting 45-
minute of Thai traditional massage which was the 
pressure threshold; shoulder muscle, cervical 
muscle, front head and back head. 

 
Statistical Analysis 
In this research, the descriptive statistic was 

used to describe the characteristic of volunteers; 
mean and standard deviation. Additionally, the 
paired t-test was used to analyze the variables as 

objected by conducting the result analysis 
immediately in the first day of the assessment. 
 
RESULTS 
 
 The findings of the general information 
of 30 volunteers revealed that; most of them were 
female (86.70%), most of the age was 37 – 50 years 
old (43.30%), most of the marital status was married 
(86.70%) and most of them have no chronic disease 
(83.30%), most of the tension-type headache was 15 
times per month or more (1 0 0 %), most of the 
tension duration was 30 minutes - 1  hour (60.00%) 
and the level of tension-type headache in 24 hours 
last week was 6.26±1.17.  
 The assessment of the level of tension-
type headache by the Visual Analog Scale (VAS) 
before and after the treatment immediately revealed 
that the VAS score was decreased with 0.95 level of 
significance (P < 0.05).   
 The assessment of the cervical range of 
motion; cervical flexion, cervical extension, cervical 
left lateral flexion, cervical right lateral flexion 
before and after the treatment immediately revealed 
that the immediate cervical range of motion was 
increased with 0.95 level of significance ( P < 0.05) 
(Table 1).   
 
Table 1 Comparison of the outcome measures 

between baseline (pre-test) and post-test 
assessments in Cervical range of motion 
(degree) (paired t-tests). 

Outcome Baselin
e 

Immediate 
(Mean ± SD) 

P-value 

Cervical 
flexion 

52.94± 
9.27 

58.16± 10.55 <0.05  
 

Cervical 
extension 
(%); mean ± 
SD 

60.22± 
7.37 

64.38± 8.15 <0.05  
 

Cervical 
left lateral 
flexion 

37.49± 
6.0 

43.94± 6.98. <0.05  
 

Cervical 
right lateral 
flexion 
mean± SD 

36.22± 
6.49 

41.27± 7.83 <0.05  
 

    
Note: CTTM is court-type traditional Thai massage. 
NA is not available. 𝑃𝑃< 0.05 is statistically 
significant differences from baseline. 
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DISCUSSION 
 
 The findings of the immediate cervical 
range of motion assessment were different in each 
motion with 0.95 level of significance ( P < 0.05) 
which was increased more than 5 degrees. In 
consequence, it was different in the clinical 
significance that the volunteers were treated the Thai 
traditional massage would have a relief of muscle, 
shoulder muscle, cervical muscle, better blood 
circulation and affected to the better cervical range 
of motion. 

The findings were consistent with the study 
of Kruapanich et al.[8],  the study of Thai traditional 
massage (TTM) group compared with a napping 
with the episodic tension-type headache after the 
treatment for volunteers of the TTM group, the 
cervical range of motion was increased with 0.95 
level of significance ( P < 0.05) ; cervical flexion, 
cervical extension, cervical left lateral flexion, 
cervical right lateral flexion. Additionally, the 
comparison of each TTM group revealed that it had 
more cervical range of motion than who had a relief 
with 0.95 level of significance ( P < 0.05)  of all 
cervical range of motion at after 3-week, 6-week 
follow-up after the final treatment in TTM  group. 
Besides, it was consistent with the study of Sooktho 
et al.[9], the study of effectiveness of Thai 
traditional massage in patients with chronic tension-
type and migraine headache compared with the 
group immediately at after 3-week, 6-week follow-
up after the final treatment, the  group who were 
treated by g e t t in g  Thai traditional massage had a 
better cervical range of motion than the sham 
ultrasound group. Moreover, it was consistent with 
the study of Puusjarvi et al. [10], the finding 
revealed that cervical range of motion was increased 
in the 3 and 6 phase. Lastly, it was consistent with 
the study of Eungpinichpong et al.[11] in 2000, the 
study of therapeutic effects of Thai traditional 
massage on patients with cervical spondylosis: 
comparison of therapeutic effects of non-steroidal 
anti-inflammatory drug and Thai traditional massage 
for 8 weeks, it revealed that after the treatment by 
Thai traditional massage; cervical flexion, cervical 
extension, cervical left lateral flexion, cervical right 
lateral flexion were increased as traditional Thai 
massage by stretching the muscle would decrease its 
tension and increase the cervical range of motion.   
  
 
 

CONCLUSION 
 

As the findings and the research which 
were consistent with the study of the cervical range 
of motion was increased after its studies, revealed 
that Thai traditional massage would increase the 
cervical range of motion due to Thai traditional 
massage had decreased its tension and increased the 
cervical range of motion [63] which affected to 
increase the cervical range of motion in all direction. 
In addition, there was a difference between before 
and after the treatment by Thai traditional massage 
which the pressure threshold on muscle and in-depth 
had affected to stimulate the peripheral receptor to 
react directly on those areas to be treated [64] that 
would decrease its tension and increase the cervical 
range of motion.   
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