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ELASTIC BEHAVIOURS OF A CEMENTED LATERITIC SOIL FOR A 

ROAD BASE 

Sawanya Dararat1, Warat Kongkitkul2, Thitikorn Posribink3 and Pornkasem Jongpradist4

1,2,4 Department of Civil Engineering, Faculty of Engineering, King Mongkut’s University of Technology 

Thonburi, Thailand; 3 Bureau of Maintenance, Department of Rural Roads, Ministry of Transport, Thailand 

ABSTRACT 

Cemented soils are wildly used as a base course material for flexible pavement structures in Thailand. In the 

current design approach, the compressive strength of cemented soil cured for 7 days is taken into account as the 

only design strength parameter. The strains mobilized in the layers of pavement structure are not taken account for 

determination of the lifetime. In order to utilize the cemented soil more efficiently, its elastic (or resilient) 

behaviour should be investigated and understood. In this study, a series of triaxial compression (TC) tests, in which 

the specimen’s axial deformation was measured locally so as to reliably determine the quasi-elastic Young’s 

modulus (Eeq) at various stress states, were performed on a cemented lateritic soil cured for 7 days. It was found 

that the Eeq value exhibits a hypo-elastic stress state-dependent behaviour, which can be explained by the k-  

model as for the resilient modulus (Mr) used in the mechanistic-empirical design of a pavement structure. In 

addition, the Eeq value also increases with increasing cement content (C). Thus, the Eeq value can be expressed as 

a function of k,  and C. 

Keywords: Triaxial compression, Elastic modulus, Cement, Lateritic soil, Pavement structure 

INTRODUCTION 

For a pavement structure, most of base layer 

materials are usually compacted crushed rock, which 

is an unbound granular type. However, pavement 

construction in Thailand encounters the problem of 

material deficiency for a long time, especially 

crushed rock products used for granular base layer. In 

many cases, the material sources are located far away 

from the construction site, which results in a high 

construction cost. In addition, the production of 

crushed rock aggregate involves drilling, blasting, 

crushing and road haulage, all of which create dust, 

causing environmental problems. Although the 

lateritic soil is local natural material abundantly found 

in many areas in Thailand, it is poor in engineering 

properties such as high plasticity, low strength, high 

permeability, and a tendency to retain moisture 

content [1]–[3]. Lateritic soils, especially fine-

grained lateritic soils, are not suitable for as the road 

base layer. Cement stabilization with the lateritic soil 

has been widely employed to improve the mechanical 

properties [4], [5] such that it is strong enough to 

serve as a road base or subbase layer. 

The conventional design method of pavement 

structure in Thailand is based on empirical rules from 

behaviour observed during service of the pavement 

structure or of the experimental sections. For the 

cement-treated soil, it must satisfy the minimum 

requirement in terms of unconfined compressive 

strength (qu). Moreover, in the construction practice, 

the qu value is the only strength parameter of 

cemented soil used for quality control. Department of 

Highways (DOH), Thailand and Department of Rural 

Roads (DRR), Thailand specify the minimum value 

of qu for soil cement base of not less than 1717 kPa. 

The thickness of this soil cement base, typically 20 

cm, is also specified. However, this design method 

does not take the deformation behaviours responded 

from the traffic loading into consideration. 

Development of more rational design methods 

becomes necessary. Analytical or mechanistic design 

has been developed and is popular among a number 

of pavement engineers since 1940 and 1960s, 

respectively. This design uses fundamental material 

behaviour (linear or nonlinear-elastic, plastic, viscoe-

lastic, etc.), and theoretical model of each pavement 

material to predict the response of stresses, strains and 

deflections due to the traffic loads. Using resilient 

modulus (Mr) as a key parameter in the design has 

been widely recommended in many design guides 

[6]–[8]. Generally, the Mr is determined from 

repeated load triaxial apparatus for simulating wheel 

load [9]. Because the Mr is a stiffness of a material 

responded after many cycles of traffic loading have 

been applied until there is no irrecoverable 

deformation developed (therefore, resilient), it is 

significantly the same as the elastic stiffness. On the 

other hand, triaxial compression tests, in which small 

strain-amplitude cyclic loadings were applied, were 

performed to determine the quasi-elastic Young’s 

modulus (Eeq) of geomaterial [10], [11]. In addition, 

it was shown that the determination of Eeq by triaxial 

compression test can be alternatively used in place of 

Mr [12]. 

This study aims to analyse the elastic modulus of 
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cemented lateritic soil and to report its dependency 

with the stress state and cement content so that a 

better understanding of the material can be achieved. 

MATERIAL AND APPARATUS 

Test Materials 

A lateritic soil, which did not satisfy the 

requirements (i.e., gradation, plastic index, 

and %CBR) for use as a subbase material of ordinary 

pavement structure specified in DOH and DRR 

standards, was used in this study. This lateritic soil 

contains the amount of fines more than the limit 

indicated in the standards (finer than sieve No.200 

over 20%) as shown in Fig. 1. A series of modified 

Proctor compaction tests (ASTM D1557) were 

conducted to determine the maximum dry density 

(MDD) and the optimum moisture content (OMC). 

Then, CBR tests (ASTM D1883) on specimens 

prepared with the water content at OMC were 

performed to determine %CBR for various values of 

dry density (ρd). Table 1 lists its physical and 

compaction properties. The %CBR at 95% of MDD 

is equal to 4.26%. This value is significantly lower 

than the minimum value specified in the standards 

(DH-S 205/1989 and DRR-S 202/2014) for use as 

subbase material (i.e., %CBR= 25%). 

Apparatus 

A compression machine, consisting of a reaction 

frame and a precise gear loading system, was used in 

the present study. The loading system is driven by a 

computer-controlled servo-motor and is able to 

perform load reversal with practically no backlash, 

which is a very important feature for performing 

precise cyclic loading test [13]. By controlling the 

displacement to accuracy of less than 1 m in an 

automated way, it becomes possible: i) to smoothly 

switch between displacement and load control 

loading phases and between sustained loading or 

stress relaxation stage and a constant strain rate 

loading or unloading phases; ii) to apply monotonic 

loading with a very precise controlled displacement 

rate; and iii) to apply very small amplitude 

unload/reload cycles to evaluate the elastic properties 

of test material during otherwise constant strain rate 

monotonic loading. This gear loading system has a 

capacity of 50 kN. 

TEST METHODS 

Specimen Preparation 

The lateritic soil has been treated with Portland 

cement type I to improve the mechanical performance 

for using as a material for base in the pavement 

structure. The cement content (C) was varied at %1, 

2%, 3%, 4%, and 5% by dry weight of the lateritic 

soil, and then after being compacting in mould, the 

specimens were cured for 7 days. This curing period 

is for verification in the construction process, also 

specified in the DOH and DRR standards (DH-S 

204/1990 and DRR-S 244/2013). The cement-treated 

lateritic soil specimens were wrapped with the plastic 

film in order to avoid loss of moisture after 

dissembling the mould and were kept in an incubator 

for 7 days. For all the tests, the specimens are 

cylindrical. They are 150 mm high and 70 mm in 

diameter. Specimens were prepared to achieve the dry 

density equal to maximum dry density (MDD). The 

values of water content and wet density of a specimen 

were controlled not to vary by more than ±1% of 

OMC and ±3% of the target value, respectively.  

Test Procedure 

A specimen is set on the pedestal and a membrane 

is put on it. An axial load cell used in triaxial 

compression (TC) tests performed in the present 

study was connected in series with the cap inside the 

Fig. 1 Gradation characteristics of the lateritic soil 

in comparison with DOH and DRR 

standards. 
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Table 1. Physical and index properties of the lateritic 

soil 

Properties Lateritic soil 

Specific gravity, Gs 2.89 

Liquid limit, LL (%) 31.3 

Plastic limit, PI (%) 14.7 

Optimum water content, OMC (%)* 10.79 

Maximum dry density, MMD 

(g/cm3) * 
2.099 

CBR at 95% of MMD (%) 4.26 
*Modified Procter compaction test (ASTM D1557) 
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chamber so that its reading was free from friction that 

may be mobilised at the bearing house on top of the 

chamber. Prior to mould disassembly, suction of -20 

kPa was temporarily applied to the specimen via the 

drainage lines connected to the cap and the pedestal 

so that the membrane was adhered firmly with the 

specimen’s side surface. Then, a pair of local 

deformation transducers (LDTs) were installed on the 

pseudo-hinges firmly glued on the membrane at the 

opposite diametrical sides, and three clip gauges 

(CGs) were placed at the height of 1/5, 1/2 and 4/5 of 

the specimen’s initial height, as shown in Fig. 2. 

These LDTs and CGs were calibrated with a 

micrometre head mounted with a cross slide roller 

table. In this paper, the axial strain and the radial 

strain in TC tests are the averages of readings from 

two LDTs and three CGs, respectively. In addition, 

the specimen’s axial deformation was also measured 

externally with a LVDT, which was necessary when 

the measuring range of LDT was exceeded.  

The TC test was performed by applying small 

strain-amplitude cyclic loadings (CLs) at various q:p 

stress states to determine quasi-elastic Young’s 

modulus (Eeq). In these TC tests, the Eeq value were 

determined from local axial deformation measured by 

a pair of local deformation transducers (LDTs, [14]), 

so the Eeq is free from bedding error. These q:p stress 

states are in accordance with AASHTO T307-99 

standard [9]. The loading pattern for the TC was 

presented by Dararat et al. [12]. That is, the sample is 

first isotropically confined with different values of 

cell pressure (σ3). Then it is continuous monotonic 

loading (ML) sheared by axial compression to a target 

deviator stress (q) value, while the cell pressure is 

kept constant to achieve a target q:p stress state. After 

that, sustained loading (SL) is performed for 30 min, 

holding the stress state at the target, while the sample 

is allowed to deform (i.e., creep). Next, cyclic 

loadings (CL), of which the stress-amplitude is equal 

to 30 kPa, are performed for 10 cycles for evaluating 

the Eeq value. Then, ML shearing is performed to the 

next target q value, at which 30-min SL and then CLs 

for 10 cycles are repeated. After finishing CLs at the 

largest target q value, q is reduced to zero, and then 

the cell pressure is increased to the next target value 

under isotropic condition. Then, similar shearing 

processes as of the first target cell pressure are 

repeated. In this TC test, the specimen’s response was 

measured at 15 q:p stress states by varying five 

different confining pressures and deviator stress. 

More details of this TC apparatus and test procedures 

can be found at Dararat et al. [12]. 

TEST METHODS 

Stress-Strain Relationship 

As the elastic modulus is the parameter that is of 

interest in this study, the behaviours at small strain 

level must be reliably measured, and therefore the 

local strain measurement was employed by using 

LDTs. Figure 3 shows the relationship between 

deviator stress (q) and axial strain (εa) from the TC 

test employing continuous monotonic loading test, 

intervened by 30-min sustained loadings, after which 

ten small-strain amplitude unload-reload cycles were 

performed, with a constant strain rate of 0.0277 

%/min, on lateritic soil treated with 3% cement. In 

addition, Fig. 4 shows a zoomed-up portion of Fig. 3, 

and only axial strain measured by using a pair of 

LDTs (εa,LDT) is presented. 

These figures show that at the same deviator stress 

(q) the value of axial strain (εa) measured by LVDT 

is always greater than that measured by a pair of 

LDTs, which is due to the measuring errors consisting 

of system compliances and bedding errors. The axial 

strain measured by using a pair of LDTs (εa,LDT), are 

found to give a sound basis for axial strains 

measurement at small strains. Moreover, from Fig. 4, 

Fig. 2 Installations of LDTs and CGs for 

measurements of axial and radial 

deformations free from any bedding errors. 
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Fig. 3 Relationships between deviator stress (q) 

and axial strain (εa) obtained from small-
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it can be readily seen that the q-εa,LDT loops during the 

respective unload-reload cycles are very small, which 

are consistent with the fact that the residual axial 

strain developed by these cycles is very small. 

Therefore, the behaviour during small unload-reload 

cycles is highly linear-elastic. 

Quasi-Elastic Young’s Modulus (Eeq) 

Figure 5 shows the unloading q-εa,LDT branches for 

the loop nos. 6-10, by small unload-reload cycles at 

the sequence no. 5, at which q = 68.9 kPa and p = 57.5 

kPa, obtained from the TC tests on lateritic soil 

treated with cements with the cement contents of 1%, 

2%, 3%, 4%, and 5%, respectively. It is obvious that 

the q-εa,LDT branches exhibit highly linear-elastic 

behaviour for the whole vertical deviator stress 

amplitude (30 kPa). Thus, the Eeq was determined 

from a linear relation fit to the unloading branches 

presented in Fig. 5. Each Eeq value can be defined 

with a degree of confidence, as confirmed by the 

values of coefficient of determination (R2-value) 

shown in the figure. For each sample, the Eeq value is 

mostly constant among loop nos. 6-10, implying that 

the behaviour during these unloading branches is 

significantly linear-elastic. The Eeq at the other q:p 

stress states (shown in Fig. 4) were determined in the 

same way as of Fig. 5. It is worth noting that as axial 

strain value is measured locally, and hence free from 

bedding error, the Eeq value defined as shown in Fig. 

5 is of the true value. 

Figure 6 shows relationships between the average 

Eeq and the bulk stress (θ) in a full-log plot for lateritic 

soil treated with cement with cement contents of 1%, 

2%, 3%, 4%, and 5%. The θ value is normalised by 

the reference pressure (Pa) of 100 kPa. The Eeq value 

increases significantly with an increase in the bulk 

stress ratio (θ/ Pa) value. That is, the Eeq of cement-

treated lateritic soil is also of hypo-elastic type. 

Dependency of Eeq with θ can be mathematically 

expressed by Eq. 1. 

m

eq o

a

E E
P

 
=  

 
   (1) 

where E0 is the value of Eeq when θ = Pa =100 kPa; 

and m is constant. The lines were best-fitted to the test 

data points shown in Fig. 6(a). The values of E0 and 

m for respective test samples are shown in Fig. 6(a). 

The functional forms of Eeq in Eq. 1 is similar to the 

k-Theta (k-θ) model [15]. 

Considering at the m value, it could be seen that 

the m values obtained from test samples with different 

cement contents are quite similar. This implies that 

the characteristics of increasing Eeq with the bulk 

stress for different C values are very similar. For this 

reason, averaging the m values was attempted and the 

averaged m value (mavg) of 0.271 was obtained with 

an exemption that the value of sample for cement 

content equal to 1% was excluded. Then, regression 

analysis was re-performed for different cement 

content values using Eq. 1, but with the fixed value of 

m = mavg as shown in Fig. 6(b). The new values of E0 

and m determined from the regression analysis with 

the fixed value of m = mavg are also shown in Fig. 6(b). 

Although the data are scattered to some extent, 

especially for the sample with 1% cement as seen 

from Fig. 6(b), the Eeq value can be defined with a 

degree of confidence, as confirmed by the coefficient 

of determination (R2-value) value shown in the figure. 

The E0 values by regression analysis with the 

common average m value are plotted against the C 

value in full-logarithmic scale as shown in Fig. 7. It 

seems that the E0 is rather a function of C. 

Relationship between E0 and C can be fitted using the 

mathematical form expressed in Eq. 2.  

Fig. 4 Close-up of q-εa,LDT relationship obtained 

from small-strain amplitude cyclic loading 

test on cement-treated lateritic soil with C = 

3%. 
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0 0,

n

C
E E C=  (2) 

where E0,C is the value of  E0 when C=1% (equal to 

764.309 MPa); n is constant (equal to 0.582). The 

values of E0,C and n for the cement-treated lateritic 

soil for different cement contents are shown in Fig. 7. 

By combing Eq. 1 with Eq. 2, Eeq of cement-treated 

lateritic soil can be mathematically expressed as 

follows. 

0,

m

n

eq C

a

E E C
P


=

 
 
 

           (3) 

where E0,C is the value of  E0 when C=1% (equal to 

716.519 MPa); n is constant (equal to 0.582); m is 

constant (equal to 0.268); and Pa is the reference 

pressure (equal to 100 kPa). Fig. 8 shows the 

comparison between predicted (by substituting the θ 

and C into Eq. 3) and the measured Eeq values for 

cement-treated lateritic soil. It can be seen that Eq. 3 

gives very satisfactory prediction results as with a 

good agreement shown in Fig. 8. 

CONCLUSIONS 

From the test results and analyses performed in 

this study, the following conclusions can be derived: 

1) The compressive strength and stiffness of

cement-treated lateritic soil significantly

increase with an increase in the cement content

(C).

2) The triaxial compression test (TC) employing

by the small strain-amplitude cyclic loadings

can be used to evaluate the true quasi-elastic

Young’s modulus (Eeq) for cement treated

lateritic soil by using the local displacement

transducers (LDTs) to locally measure the

axial strain. The Eeq value of test samples

exhibited significant dependency on the bulk

stress (θ) and the C value.

3) The equation to estimate Eeq value from this

study can be used as the Mr in the solution to

design and analysis of pavement structure.

(a) 

(b) 

Fig. 6 Relationships between quasi-elastic 

Young’s modulus (Eeq) and bulk stress ratio 

(θ/ Pa) for lateritic soil treated with various 

cement contents using: (a) respective m; and 

(b) common average m. 
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INFLUENCES OF SEEPAGE FLOW HISTORIES ON DETERIORATION 
WITHIN EMBANKMENTS

Koji Nakashima1 and Katsuyuki Kawai1 

1Department of Civil and Environmental Engineering, Kindai University, Japan 

ABSTRACT 

Embankment structures are important to protect against flooding damage. Suffusion, in which fine particles 

within the soil are transported and washed away following the seepage flow, intensifies the instability of 

embankment structures. Therefore, it is possible that some embankment structures that repeatedly experienced 

flooding and rainfall penetration have been deteriorated. However, there is little research investigating the relation 

between seepage flow histories and deterioration within the embankments. In this study, small-scale modeling 

tests duplicating a river levee were conducted under different seepage flow histories: (i) short term-critical ground 

water level, (ii) continuous-high ground water level and (iii) repeated-high ground water level. The work in this 

paper investigates changes in “drainage flow rate”, “height of ground water level” and “particle size distribution” 

during the seepage tests, and evaluates the effects of seepage flow histories on them. Soils gradually showed lower 

permeability under the first seepage experience in each cases. In the case of relatively longer flooding duration, 

the drainage flow rate is gradually increased. Fine particles were eroded, regardless of the seepage flow histories; 

“the number of fluctuations” and “height” of ground water level could particularly be a trigger of suffusion. 

Keywords: Seepage, Embankment, Suffusion, Particle size distribution 

1. INTRODUCTION

Soils are often used for the construction of 

embankment structures, such as levees and earth 

dams, and they protect neighborhoods from flooding. 

In recent years in Japan, increased daily 

precipitation tends to accompany global warming, 

which frequently causes flooding events and an 

embankment failure. For example, a river levee along 

the Yabe River failed following heavy rains in 

Northern Kyusyu, in 2012. A piping development 

was assumed as a cause of the failure (Zhang and 

Maeda, 2015; Saito et al., 2015; Ueno et al., 2017). In 

2015, a river levee along the Kinu River failed due to 

overtopping and seepage of water during heavy rain 

(Yasuda et al., 2016). Furthermore, in 2017, many 

embankment structures were failed due to flooding, 

such as a river levee along the Oda River.  

Most embankments are constructed from the 

various natural soil materials extracted from the local 

area, and they are repeatedly elevated using 

additional material. Therefore, the embankment is 

assumed to have uncertain homogeneity in terms of 

such as particle properties, density, permeability and 

strength. Suffusion is one of the causes of internal 

erosion, in which fine particles within the soils are 

transported and washed away following the seepage 

flow from the surface of the embankment. Figure 1 

illustrates the deterioration problems of concern for a 

river levee under seepage. Once fine particles wash 

away, the area could become a water path for 

localized flow. Moreover, clogging due to transported 

fine particles increases the possibility of water level 

rises. High ground water levels raised during flooding 

events due to conditions such as continuous rain or 

torrential rain intensify the occurrence of suffusion, 

whereby the deterioration of embankment may lead 

to devastating failure. Hence, it is thought that there 

are many working embankment structures which 

have been progressively deteriorating and have been 

having a potential for failure. 

Various laboratory experiments and analytical 

studies have previously been performed regarding 

internal erosion, and they have revealed the causes of 

soils instability, such as particle properties, hydraulic 

conditions and stress conditions (Horikoshi and 

Takahashi, 2015). However, there is very little 

research investigating the relation between seepage 

flow history and deterioration within the 

embankments due to suffusion. 

In this research, small-scale modeling tests 

duplicating a river levee were conducted under 

different seepage flow histories. For the test 

conditions, different seepage histories were applied to 

investigate their influences on the deterioration of 

Fig. 1 Deterioration problems of concern for 

a river levee under seepage 
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soils within the embankment. As an evaluation of 

deterioration, the work in this paper focuses on 

changes in “drainage flow rate”, “height of ground 

water level” and “particle size distribution” during the 

seepage flow tests. 

2. EXPERIMENTAL STUDY

2.1 Experimental Material 

The experimental material, which incorporated 

fine and coarse grain fractions, was prepared by 

mixing No.4 and No.8 silica sands. The combined 

particle size distribution curves are shown in Figure 

2. Kenny and Lau (1985) proposed the criterion that

classifies the stability of soils against internal erosion. 

The criterion can be defined by two parameters, H 

and F, which are obtained from particle size 

distribution curve, as illustrated in Figure 3. 

According to the criterion, the experimental material 

has (H/F)min of 0.55 (<1.0), which can be interpreted 

as having a potential for instability due to internal 

erosion, as shown in Figure 4. The material properties 

are also presented in Table 1. 

Constant head permeability tests were conducted 

for 3 days in advance. Figure 5 shows the fluctuation 

of the coefficient of permeability k during the 

permeability test. For comparison, the result of a 

stable soil mixture with a (H/F)min of 1.84 (>1.3) is 

also shown in the figure. It is worth mentioning that 

decreasing of the coefficient of permeability can be 

observed.  

2.2 Model Preparation 

Figure 6 illustrates details of the model 

configuration. The embankment model was 

constructed by compaction. A 0.075mm mesh filter 

was fixed in a perforated metal plate to allow the 

washing away of fine particles. The plate was then 

installed into the test box. Water was added to the test 

material to a moisture content of w=10%, and 

unsaturated soil material was prepared. Five layers of 

the material were gently compacted into the test box 

at a relative density of Dr=80%. After compaction, the 

excess materials were then excavated using pallet 

knives, and the embankment model was sculpted. The 

embankment model had the following geometry: 

height of 185mm, crest width of 60mm, base width of 

330mm, and a slope of 1:2. Three manometers were 

equipped to the bottom of the base materials through 

the test box. Figure 7 shows an overview of the test 

equipment. An observation camera used to capture 

the pictures for digital image correlation (DIC) 

analysis was set in front of the model.  

2.3 Test Procedures 

The seepage tests were conducted by suppling 

water from the back of the embankment, as shown in 

Figure 6. Water circulation using a pump enabled a 

constant water level at the upper tank and the back of 

the embankment.  

In this study, three seepage histories were set as the 

test conditions, as shown in Figure 8. Case 1 is the 

Fig. 2 Particle size distribution curve

Table. 1 Material properties 

Fig. 4 H/F relation

Fig. 3 Definition of parameters H and F
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condition which simulates short term-critical ground 

water level (90% of the embankment height) caused 

by concentrated heavy rain. Case 2 simulates 

continuous-high ground water level (70% of the 

embankment height), such as seen in the rainy season. 

Case 3 simulates repeated-high ground water level 

rises (70% of the embankment height). In each cases, 

a ground water level at 50% of the embankment 

height is assumed as the usual groundwater, and 

seepage for 24 hours was previously carried out. 

Leaking water from the toe of the embankment 

model was collected, and the flow rates were 

calculated. The water level within the embankment 

was investigated by measuring the manometer’s 

water level. 

After the seepage tests, the soil materials at 

different locations were sampled, and sieve analysis 

was then conducted.  

3. TEST RESULTS

3.1 Ground Water Table and Flow Rate 

Figure 9 shows the results of the ground water 

level for each manometers and drainage flow rate 

during the seepage tests. As seen in the figure, the 

result of the first 24 hours duration, when the top 

water level was 50% of the embankment height, 

shows a gradual decrease of drainage flow rate in 

each tests. A decreasing a magnitude of the 

coefficient of permeability was confirmed from the 

constant permeability test, as mentioned before. It is 

more likely that soil structures easily change, and that 

some areas of the embankment could be clogged due 

to fine particle transportation following seepage flow 

in the first seepage experience. The permeability of 

the soils, therefore, tends to decrease. The 

embankment model was compacted in the same 

manner, nevertheless, the decreasing trends of flow 

rate are different for each cases. Figure 10 shows the 

displacement contours for first 24 hours. Matlab and 

GeoPIV (White et al., 2003) were used to compute 

the DIC analysis. For Case 2, larger displacement can 

be seen compared with other cases. This result 

especially exhibits compaction of the embankment at 

Fig. 6 Model configuration

Fig. 7 Overview of test equipment

Fig. 5 Fluctuation of coefficient of permeability
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the toe. It is likely that clogging caused by the 

compression at the toe induced the decreasing 

permeability. It is assumed that differences in 

deformation are caused by non-uniformity in the 

model construction. However, this clearly implies 

that non-uniformity during construction of an 

embankment structure greatly affects permeability 

and deformation behavior. 

The results of Case 2 and Case 3 show that the 

manometer water levels respond in an accordance 

with flooding; whereas, the drainage flow rate 

gradually increases after flooding. This is probably 

because a water path gradually formed, and water was 

locally transported. After the second flooding event 

for Case 2, the gradient of increasing drainage flow 

rate is flatter, compared with the first flooding. For 

Case 1, it is assumed that a delay of increasing flow 

rate cannot be seen because the flooding duration is 

relatively shorter than those of the other two cases. 

Devastating failure was not observed in any of the 

cases.  

The expended energy Eflow, which is the time 

integration of the instantaneous power dissipated by 

the water seepage for the test duration, is represented 

as follows (Marot et al., 2016); 

 
0

t

flow wE t Q h t   (1) 

where, Q (m3/s) is the flow rate of water; w (kN/m2) 

is the unit weight of water; h is the difference of 

water level between the upstream section and the 

downstream section; and t is the time for a certain 

duration. In this study, h is defined as the difference 

Fig. 10 Displacement contours for first 24h

(a) Case 1 

(b) Case 2 

(c) Case 3 Fig. 9 Time histories of ground water level and 

drainage flow rate

(a) Case 1 

(b) Case 2 

(c) Case 3 
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between the top water level and the water level of the 

toe htoe. htoe can be calculated by Eq.(2); 

2 2

toe toph l h l   (2) 

where, htop is the top water level and l is the base 

width. Figure 11 represents the time histories of 

cumulative expended energy during the seepage tests. 

As shown by the result of the first 24 hours duration, 

the expended energy of each test is almost the same. 

The cumulative expended energy at the terminate 

point of Case 1 agrees with the magnitude of Case 3 

at that time. Larger cumulative expended energy at 

the terminate point can be seen in Case 2 compared 

with the other cases. 

3.2 Particle Size Distribution 

The tested materials were extracted at different 

locations in the embankment model, as illustrated in 

Figure 12. Figure 13 shows the particle size 

distribution curves after the seepage tests. It can be 

observed that finer particles were washed away in 

each case. A decreasing rate of 0.075mm percentage 

by weight after the test is summarized in table 2. 

Assuming that the decreasing rate corresponds to the 

magnitude of suffusion, in Case 1 and Case 3, it is 

confirmed that greater fine particles are washed away 

compared with Case 2. A correlation between the 

location where the materials were extracted and the 

decreasing rate was not observed. 

3.3 Discussion 

It was expected that one of the reason why the 

flow rate gradually increases after flooding is due to 

the formation water paths following the 

transportation and washing away of fines. Especially 

in cases where the ground water level repeatedly 

changes, such as in Case 3, structural changes are 

possible due to the fluctuation of pore water pressure 

within the soil, whereby the permeable area regularly 

changes. As a result, suffusion is significantly 

observed in Case 3.  In addition, in cases where the 

Fig. 12 Sampled location

Fig. 13 Particle size distribution after test
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ground water level rapidly rises, such as Case 1, it was 

expected that the pore water pressure would vary 

rapidly, and hence the possibility of suffusion would 

increase.   

According to the one-dimensional seepage flow 

tests of the elemental specimens, the mass of fine 

particles that wash away, generally increases in 

accordance with the magnitude of expended energy 

(Marot et al., 2016; Le et al., 2018). As observed in 

Fig.10 and Table.2, the results in this study do not 

follow such trends. This is probably because the 

compression of the embankment model occurred with 

the first seepage, and the non-permeable area was 

maintained after flooding. Additionally, wherever 

there is less fluctuation of ground water levels, such 

as in Case 2, the flow of water becomes locally 

concentrated in the same area, whereby less fine 

particle loss can be observed against greater drainage 

flow rate.  

It was expected that “the number of fluctuations” 

and “height” of ground water level could certainly be 

a trigger of suffusion. However, the event of fine 

particles washing away has less effects on the 

deformation of the embankment. As seen in the DIC 

results, the rising of the ground water table due to the 

clogging of the embankment toe intensifies the 

possibility of deformation. 

4. CONCLUSION

In this paper, small-scale modeling tests 

duplicating a river levee were carried out under 

different seepage flow histories. The test material for 

constructing the embankment model was prepared 

based on the Kenny’s criterion. The following 

conclusions were drawn; 

1) Whenever soils experience the first seepage,

permeability tends to decrease. It is interpreted that 

the soil structure easily changes and that some areas 

could become clogged due to fine particle 

transportation following seepage flow. 

2) In the case of respectively longer flooding duration,

it is assumed that a water path could gradually form, 

and water is locally transported, whereby the flow 

rate gradually increases. 

3) Loss of finer particles could be observed in each

case, and the magnitude of the suffusion was 

evaluated by a decreasing rate of 0.075mm particles.  

The relation between the cumulative expended 

energy during the seepage tests and the loss of fine 

particles could not be confirmed. 

The results indicate that “the number of 

fluctuations” and “height” of ground water level 

could certainly be a trigger of suffusion. However, the 

rising of the ground water table raising due to 

clogging of the embankment toe has larger effects on 

the possibility of deformation. 
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ABSTRACT 

When surplus soil generated in construction is too soft for reuse as a construction material, one method for 
improving it is to add a solidifier. By this method expect to achieve improvement; however, an embankment 
constructed using such improved soil may have a strength that exceeds the required value. As a method for 
controlling the development of excess strength, mixing a solidifier into the soft soil and then crushing the mixture 
during solidification and investigated the physical properties and strength of the resulting soil. Constructed a full-
scale embankment using crushed solidified soil on soft ground and investigated the deformation of that 
embankment. The result found that it was possible to control the increase in the strength of the solidified soil by 
crushing it and that an embankment constructed on soft ground from crushed solidified soil deformed following 
the deformation of the soft ground. 

Keywords: Solidified crushed soil, Production conditions, Physical properties, Strength 

INTRODUCTION 

Soil that is generated during road and river 
excavation is too soft for reuse in embankment 
construction can be improved by solidification using 
solidifiers such as cement or lime [1]. Be able to 
improve soft soil by using this method; however, the 
strength of an embankment constructed using this 
type of improved soil may exceed the required value. 
If the strength of an embankment constructed using 
the solidified soil is exceedingly high due to 
solidification, it may be difficult to re-excavate the 
embankment when installing median strips or 
guardrails. High strength embankments may fail 
when they are constructed on soft ground and are not 
able to accommodate the behavior of the soft ground. 
For these reasons, the crushed solidified soil was 
investigated, which is produced by mixing a solidifier 
in soft soil and then crushing it in the middle of the 
solidification, as a material whose strength 
development is possible to control even when a 
solidifier is mixed [2] [3]. Also the strength and 
compaction characteristics of the solidified crushed 
soil affect the type, amount of the solidifier, and the 
leaving time from the mixing of the solidified 
material to the crushing. Investigated the physical 
properties and strength of crushed solidified soil 
produced using volcanic ash depending on the 
amount of solidifier, time for leaving still before 
crushing, and the curing time. Furthermore, two full-
scale embankments were constructed on soft ground 
and investigated their deformation. The original soil 
for these embankments was clay. One embankment 
was constructed using solidified soil, and the other 
was constructed using the crushed solidified soil. This 

paper summarizes the investigation results. 

CRUSHED SOLIDIFIED SOIL 

The crushed solidified soil is a soil material 
produced by mixing a solidifier in an original soil that 
requires solidification and crushing it after a certain 
length of time. The crushed solidified soil can be used 
in construction that involves compaction. The 
strength characteristics of the compacted crushed 
solidified soil differ depending on the time between 
solidification and crushing. When the time before 
crushing is short, the solidification process has not 
been completed, and the constructability is inferior 
because the strength development is low at 
compaction. The solidification ability of this type of 
crushed solidified soil is still maintained after 
compaction. Therefore, the strength develops further 
after curing for a certain length of time, during which 
the solidification reaction progresses. When the time 
before crushing is long, crushing is done for soil that 
has already developed a certain degree of strength; 
therefore, the constructability is good. The residual 
ability to develop solidification in the crushed soil is 
smaller than that of the soil with a shorter time before 
crushing, and the increase in the strength after 
compaction is small. 

The terms used in this report are defined as shown 
in Figure 1. 
Solidified soil: A mixture of the solidifier and the soil 
subject to improvement (original soil).  
Leaving time: The time between the mixing of the 
solidifier in the original soil and the crushing. 
Crushed solidified soil: A soil material produced by 
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crushing the solidified soil. 
Curing time: The time between the production of a 
specimen and the strength test for solidified soil and 
crushed solidified soil. 

SOIL TEST METHOD 

Table-1 shows the basic physical properties of 
original soil No.1, which was used in testing the 
physical properties and strength of the crushed 
solidified soil, and No. 2, which was used for 
constructing full-scale embankments. Original soil 
No. 1 used for the physical properties and strength 
tests was volcanic ash sand and had a high cone index. 
The original soil used for constructing full-scale 
embankments was clay with a high liquid limit, 
whose cone index was very low, and construction 
machines were not able to travel on it [4]. 

Physical properties and strength tests 

The tests for physical properties and strength were 
done at the Tomakomai Construction Test Field of the 
Civil Engineering Research Institute for Cold Region. 
The wet weight of original soil No. 1, which was put 
in a container of 1m3, was measured. Portland blast-
furnace slag cement B was added to the original soil. 
The ratios of the added soil improvement material for 
the specimens were 5%, 10%, and 15% in the dry 
weight ratio. Each specimen was mixed for about 10 
minutes in the backhoe bucket. An embankment of 50 

cm in height and 1 m in crest width was constructed 
for each specimen. The embankment was formed by 
pressing the soil with the backhoe bucket. These 
embankments were left at the open test field under 
natural weather conditions. The test specimens for 
each solidified soil was produced by using the 
backhoe bucket and the backhoe breaker and breaking 
the part of the embankment into crushed solidified 
soil of about 10 mm in grain size on the 11th, 53rd, 
109th, and 259th days. A compaction test was 
conducted on solidified crushed soil. The tests for the 
specimen of each age were done in a laboratory 
immediately after preparing the specimens so as to 
avoid further progress in the solidification of the 
specimens. 

To clarify the time-dependent changes in the 
strength of the compacted crushed solidified soil 
specimens, the specimens for the unconfined 
compression test (5 cm in diameter and 10 cm in 
height) [5] and those for the impact acceleration test 
(15 cm in diameter and 12.5 cm in height) [6] were 
produced. The impact acceleration is measured using 
a steel weight with a built-in accelerometer, which 
was dropped in a free-fall condition. This method of 
measurement is applied at construction sites as a 
quality control technique by the Hokkaido Regional 
Development Bureau of the Ministry of Land, 
Infrastructure, Transport and Tourism. 

As a result of previous studies [7], it was found 
that the solidified crushed soil has different 
compaction curves depending on the standing time 
and the amount of solidifying material mixed. For this 
reason, the density of the specimen was determined 
by compacting with standard proctor energy for each 
standing time and each amount of the solidifying 
material to be mixed, with reference to Cement 
Association's specimen manufacturing method [8]. 
The unconfined compressive strength and impact 
acceleration were measured according to the age of 

Fig. 1 Defined of term. 

Mixing solidifier 
and original soil

Strength testProduction 
of specimen

Crush
（Lraving time）

Crushed solidfied soil

Solidified soil
（Curing time）

Strength testProduction 
of specimen

（Curing time）

Table 1 Basic physical properties of original soil (The Japanese Geotechnical Society, JGS) 

Sample No. 1 2 

Purpose of test physical properties/ 
Strength 

Full-scale 
embankment Standard number 

Soil particle density ρs (g/cm3) 2.693 2.587 JGS 0111-2009 
Natural water content wn(%) 55.97 88.6 JGS 0121-2009 

Grain size 
characteristics 

2mm-(%) 3.6 0.0 
JGS 0131-2009 75μm-2mm(%) 64.9 0.1 

-75m(%) 31.5 99.9 
Liquid limit wL(%) 90.5. 115.4 JGS 0141-2009 Plastic limit wP(%) 62.0 39.4 

Ground material classification SV CH JGS 0051-2009 
Cone index qc(kN/m2) 1500 90 JGS 0716-2009 

Maximum dry density ρdmax (g/cm3) 0.961 - JGS 0711-2009 
 (A-c) Optimum moisture content wopt(%) 51.7 - 
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each specimen. Measurements were done on the day 
of the specimen production, i.e., on the 7th, 30th, 90th, 
180th, and 365th days. Three specimens were used 
for the unconfined compressive strength test, and one 
specimen was used for the impact acceleration test. 
The unconfined compressive strength and the 
compressive strength of the solidified soil produced 
by mixing the original soil and the solidifier, which 
had a mixing ratio similar to that for the soil solidified 
on site, were measured using the same curing 
durations as those for the crushed solidified soil 
specimens. The flows of the test procedures are 
shown in Figure-2. 

The full-scale embankment test 

The river embankment constructed on soft ground 
settles after construction. Such embankment has to 
deform following the deformation of the ground. If 
the deformation of the embankment on the soft 
ground does not follow the deformation of the ground, 
gaps may be created between the embankment and 
the ground or cracks may occur in the embankment, 
which may result in water leakage. Therefore, the 
material of the embankment has to behave flexibly 
following the deformation of the ground. This 
characteristic is also required for the crushed 
solidified soil when it is used as the material for an 
embankment on soft ground. Two full-scale 
embankments were constructed on soft ground using 
solidified soil for one embankment and crushed 
solidified soil for the other embankment and 

investigated these two embankments regarding the 
deformation characteristics caused by the settlement 
of the ground. The information on the ground around 
the embankments is shown in Table-2. The ground 
was of alternate strata of peat and clay. The water 
content ratios of the upper layers were high. In the 
past, an embankment of 2.8 m in height was 
constructed and found that this embankment had 
subsidence of 70 cm in one year. 

The full-scale embankment construction test was 
done by constructing one embankment using the 
solidified soil and the other using the crushed 
solidified soil. The material was prepared using 
original soil No. 2 and a cement solidifier, which is 
considered as a solidifier with early strength 
development and a small increase in the strength 
development after the initial strength development 
(hereinafter, this solidifier will be called “ETR3”). 
The target strength value for the improvement of 
solidified soil and crushed solidified soil was a cone 
index of qc = 400kN/m2 at the construction of the 
embankment. The test done before the construction of 
the embankments were found, to obtain the target 
strength for the solidified soil and the crushed 
solidified soil, it was necessary to use 200kg/m3 and 
95kg/m3 of ETR3, respectively. The embankment of 
the solidified soil was constructed during the period 
from September 24 to October 2, 2018, and the 
embankment of the crushed solidified soil with a 
leaving time of 28 days was constructed during the 
period from October 16 to 25, 2018. As shown in 
Figure-3, the dimensions of the embankments are 3 m 
in height, 20 m in length, and 5 m in crest width. The 

 Fig. 2 Flows of the test procedures. 
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Solidfied soil
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7th, 30th, 91th, 182th qnd 365th dayStrength test

Unconfined 
compression
strength
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Strength test
Unconfined compression strength
Impact acceleration

Solidfied soil

Mixing solidifier 
and original soil

Table 2 Ground information around the full-scale embankment construction site 

Soil layer symbol Soil layer name Thickness (m) Ignition loss Li(%) water content wn(%) 
Ap1 Peat 1.4 48 414 
Acp Clay mixed with peat 1.0 26 263 
Ap2 Peat 2.5 54 396 
Acs Sandy clay 2.4 - 42 
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slope gradient was 1:1.5. To clarify the deformation 
of the embankment when it is excavated, markers 
were set in the embankment during the construction. 
For the markers, 1-cm thick lime layers with 60cm 
intervals in the depth direction were installed in an 
area of 2 m in width along the longitudinal center of 
the embankment. The construction machine used was 
a 4t-combined-roller which had a steel wheel (roller) 
at either of the front or the rear side and tires on the 
other side. Four runs of rolling compaction were done 
for each layer. In constructing embankments, that 
were worked in a short time to avoid damaging the 
ground. Up to the height of 1.8 m, 3 layers in one day 
were constructed, and after that, one layer per day was 
constructed. The two embankments were constructed 
20 m apart between the toe ends to avoid interference 
from the other embankment's settlement. On August 
29, 2019, which was about one year after the 
construction of the two embankments, the 
embankments were excavated in the longitudinal 
direction and investigated the deformation. 

TEST RESULTS 

The physical properties and strength 

Compaction characteristics 

The compaction curves for the crushed solidified 
soil specimens with solidifier mixing ratios of 5%, 
10%, and 15% are shown in Figure-4. All the 
compaction curves for the crushed solidified soil 
specimens are above that for the original soil 
specimen. The maximum dry density became higher 
for the crushed solidified soil than that for the original 
soil. For the crushed solidified soil specimens with a 
solidifier mixing ratio of 5%, the maximum dry 
density changed very little with the changes in the 

leaving time; however, the maximum dry density 
changed considerably depending on the leaving time 
for the specimens with solidifier mixing ratios of 10% 
and 15%. By continue of investigation to collect more 
data and clarify the tendency in the changes in the 
maximum dry density according to the solidifier 
mixing ratio and the leaving time. 

The strength of the specimens immediately after 
production 

The relationship between the leaving time and the 
unconfined compressive strength of the specimens 
immediately after production is shown in Figure-5. 
The relationship between the leaving time and the 
impact acceleration of the specimens immediately 
after production is shown in Figure-6. The longer the 
leaving time, the lower the unconfined compressive 
strength was. The impact acceleration was slightly 
higher for the longer leaving time. From this result, it 
was considered that the quality of the soil specimen 
changes from that of cohesive soil to that of sandy soil, 
and the quality of sandy soil became dominant with 
longer leaving times. The cohesion of the unconfined 
crushed solidified soil specimen was lower with 
longer leaving time, and the uniaxial compressive 
strength of the specimen became lower with longer 
leaving time. In the impact acceleration test for the 
confined specimen, the angle of shear resistance of 
the specimen became greater with longer leaving time, 
and the impact acceleration of the specimen became 
greater with longer leaving time. 

The curing time and the strength 

The relationship between the unconfined 
compressive strength and the curing time is shown in 
Figure-7. Excluding the crushed solidified soil with a 

Fig. 4 Compaction curves for the crushed solidified soil. 
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solidifier mixing ratio of 5% and a leaving time of 11 
days, the unconfined compressive strengths of the 
crushed solidified soil specimens were lower than 
those of the solidified soil, regardless of the solidifier 
mixing ratio and curing time. The unconfined 
compressive strength increases very slightly after the 
curing time of 84 days for the crushed solidified soil 
with the solidifier mixing ratio of 5%. However, for 
the specimens with the solidifier mixing ratios of 10% 
and 15%, the unconfined compressive strength tended 
to increase with the curing time. The degree of 
increase in the unconfined compressive strength of 
the crushed solidified soil for the specimen with a 
leaving time of 259 days was great. The increases in 

the unconfined compressive strength of the crushed 
solidified soil specimens with longer leaving times 
tended to be smaller than those of the specimen with 
shorter leaving times. In light of this, it can be 
concluded that the unconfined compressive strength 
of the crushed solidified soil with a low solidifier 
mixing ratio or a long leaving time does not 
considerably increase. The relationship between the 
curing time and the impact acceleration showed a 
similar tendency as that observed between the curing 
time and the unconfined compressive strength. 

The full-scale embankment test 

Fig. 6 Relationship between leaving time, and 
unconfined compressive strength of 
immediately after production 
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The excavated cross-section of the embankment 
constructed using the crushed solidified soil is shown 
in Figure-8. Deformation was observed in the entire 
body of the embankment constructed using the 
solidified soil and that of the embankment 
constructed using the crushed solidified soil. The 
deformation of the embankment on soft ground is 
large at the center of the embankment, and it is 
reported that the entire embankment is deformed [9]. 
About 60 cm to 70 cm of settlement was seen at the 
center of both of the embankments. It was found that 
the embankment constructed using the crushed 
solidified soil was entirely homogeneous in soil 
quality and had no cracks. The embankment 
constructed using the solidified soil had three cracked 
areas and one loose area near the bottom surface. At 
these three locations, 2.0 m to 2.5 m long and 1 cm to 
2 cm wide cracks developed upward from the bottom 
of the embankment were found. At the one location, 
the embankment toe failed from the loosening of the 
soil near the location of the installed settlement plate. 
Based on these findings, the cracks had formed in the 
embankment constructed using the solidified soil 
because the embankment was not able to follow the 
deformation of the soft ground were clarified; 
however, the embankment constructed using the 
crushed solidified soil followed the deformation of 
the soft ground similar to the embankments 
constructed using common soil materials. 

SUMMARY 

By using the original soil containing volcanic ash 
and that containing clay with a high liquid limit, the 
relationship between the production conditions and 
the physical properties and strength of the crushed 
solidified soil and the settlement characteristics of the 
embankment constructed using the crushed solidified 
soil on soft ground were investigated. the mix 
proportion and leaving time for producing crushed 
solidified soil which does not develop excess strength 
were could not determine; however, the following on 
the crushed solidified soil were found.  
[1] The physical properties of the crushed solidified 
soil, including compaction characteristics, differed 
from those of the original soil. The compaction curves 
showed that the maximum dry density of the crushed 
solidified soil was higher than that of the original soil 
and that the higher the mixing ratio of the solidifier, 
the higher the maximum dry density became. When 
constructing an embankment using the crushed 
solidified soil, it is necessary to perform quality 
control by obtaining the compaction curve for each 
specimen.  
[2] The unconfined compressive strength of the 
compacted crushed solidified soil immediately after 
the specimen preparation tended to be smaller with 
longer leaving times. The impact acceleration became 

greater with longer leaving times; however, the 
increase in the impact acceleration became negligible 
after a certain length of leaving time. The unconfined 
compressive strength and the impact acceleration of 
the compacted crushed solidified soil increase with 
the curing time. The unconfined compressive strength 
of the crushed solidified soil with a large amount of 
solidifier became higher with the curing time, even 
for the material with the leaving time of 259 days. The 
strength development of the crushed solidified soil 
was smaller than that of the solidified soil. Excess 
strength development was able to be controlled. 
[3] When an embankment was constructed on soft 
ground using the solidified soil, the embankment was 
not able to accommodate the deformation of the soft 
ground and cracks developed; however, cracks did 
not develop in the embankment constructed using the 
crushed solidified soil. The crushed solidified soil is 
able to be used for the material to construct 
embankments on soft ground was concluded. 
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ABSTRACT 

This research proposes a method to install a sensor at an appropriate position for monitoring slope soundness 

against heavy rainfall. The frequency of natural disasters caused by climate change has increased in recent years. 

In particular, rainfall-induced slope failures owing to localized heavy rain have increased; accordingly, 

countermeasures have been implemented on an urgent issue in Japan. As current nonstructural measures, there are 

various regulation standards, such as hourly rainfall, continuous rainfall, and Soil Water Index; however, it is 

difficult to evaluate the risk of slope failures individually. In contrast, studies are evaluating individual slope 

stability by monitoring rainwater infiltration, pore water pressure, and other parameters in the slope or by detecting 

slope deformation. These studies focused on sandy slopes, and the value of Nd can be used to estimate the depth 

of the slip surface, which is one of the main factors of slope failures. However, Nd is an index value that shows the 

rigidity and hardness of the ground. Therefore, it is not possible to directly estimate whether the water level forms 

or not only based on the information of Nd. Therefore, to accurately analyze the slip surface, a method for 

evaluating water permeability and water retention in the slope is required. Herein, we proposed a method to predict 

the depth of the slip surface, considering the rate of decrease of the volumetric water content in the soil. Then, its 

applicability was confirmed by using numerical analysis and verified on an actual slope. As a result, we indicated 

that the slip surface could be predicted using the proposed prediction method in the actual slope. 

Keywords: Slope failure, Volumetric water content, Slip surface depth, Slope health monitoring 

INTRODUCTION 

In recent years, the frequency of natural disasters 

associated with climate change in Japan has increased. 

In particular, the annual frequency of slope disasters 

is increasing, and implementing appropriate 

countermeasures is a major problem. Based on 

current nonstructural measures, criteria such as 

hourly rainfall, continuous rainfall, and Soil Water 

Index are set using rainfall data as an index; however, 

these criteria cannot be considered for evaluating the 

risk of slope failures individually. This is because 

slope failure occurs due to the combination of factors 

that indicate topographical and geological 

characteristics and incentives such as rain and 

earthquakes. However, this warning criterion based 

on rainfall information does not become a criterion 

considering slope angle and physical properties of 

soil as a predisposing factor. In contrast, several 

studies have evaluated the health of individual slopes 

by monitoring rainwater infiltration and deformation 

behaviors in the slope. For example, by focusing on 

slope deformation, methods to forecast the failure 

time based on the creep-rupture life or velocity of 

surface displacement [1], [2] and to predict the pre-

failure stages based on the tilting rate of tilt sensors 

[3], [4] have been proposed. Further, methods to 

predict slope failure based on the pore water pressure 

or groundwater level [5], [6] and to evaluate the 

health of slopes based on the volumetric water 

content [7]–[9] have been proposed. These studies 

have focused on the shallow slope failure. When the 

sensors for monitoring the slope stability are installed, 

only the value of Nd which is the index obtained by 

handy dynamic cone penetration test can be used to 

estimate the depth of the slip surface [10]. Nd is an 

index value that represents the degree of rigidity and 

hardness of the ground; however, it cannot be used to 

estimate whether a saturated zone has formed at the 

slip surface. Therefore, for accurately estimating the 

slip surface, Nd and the index for evaluating 

permeability and water retention of the ground are 

required. The purpose of this study is to propose a 

method to install a sensor at an appropriate position 

for monitoring slope soundness against heavy rainfall. 

In this study, the existence of the slip surface and its 

depth were analyzed by evaluating permeability and 

water retentivity in the slope based on the volumetric 

water content, which we are currently monitoring.  

The slip surface described in this study is defined 

as the boundary layer where a saturation zone is 

formed. Therefore, it has not been discussed whether 

the defined slip surface is consistent with the actual 

slip surface. 
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PREDICTION METHOD OF SLIP SURFACE 

DEPTH 

This study describes a method to estimate the slip 

surface based on the temporal change of volumetric 

water content in the slope of sandy soil. First, a case 

where a slip surface is formed in a shallow layer is 

considered. When there is a soil layer with poor water 

permeability in the shallow layer, it is considered that 

the water level is formed by the stagnation of the 

infiltration surface in the upper layer of the slip 

surface because water cannot drain out to the lower 

layer. Figure 1 shows the rate of decrease in the 

volumetric water content at each depth after rainfall 

to a certain time period with and without slip surfaces. 

In the case of “with slip surface,” though the water of 

shallow depth infiltrates downward owing to gravity, 

saturated and capillary zones are formed near and just 

above the slip surface. Therefore, the rate of decrease 

in the volumetric water content is expected to be 

relatively slow with depth. In other words, assuming 

that the capillary zone of sandy soil forming the upper 

layer of the slip surface is low in height, the slip 

surface may exist at a depth where the rate of decrease 

is zero. This can be obtained by connecting the rate of 

decrease of the volumetric water content at each 

depth to a straight line. On the other hand, even for 

“without slip surface,” the decrease rate of volumetric 

water content due to gravity drainage is expected to 

be slower at deeper depths than at shallow depths. 

However, the difference is smaller compared with the 

“with slip surface” case, and it is possible that the 

difference between the two becomes clear over time. 

VERIFICATION OF THE VALIDITY OF THE 

PREDICTION METHOD USING NUMERICAL 

ANALYSIS 

To verify the validity of the hypothesis shown in 

Fig.1, a one-dimensional analytical model simulating 

the slip surface was designed and evaluated using the 

saturated–unsaturated seepage flow program–

HYDRUS-2D. Water flow is calculated using the 

Richards equation [11] and a finite element method. 

The van Genuchten model [12] is used to express the 

soil–water characteristic curve, and the Mualem 

model [13] is used to estimate the unsaturated 

hydraulic conductivity. 

Analytical Method 

Figure 2 shows the analytical model. In this study, 

a boundary layer assumed to be a slip surface was set 

at a depth of 120 cm, and the hydraulic conductivity 

of the upper and lower layers was changed to show 

whether there is a slip surface or not. Concretely, the 

analytical model for two cases listed in Table 1 was 

prepared. For the lower layer, four patterns of 1, 1/10, 

1/100, and 1/1000 times of permeability of the upper  

Fig.1 Conceptual diagram of the rate of decrease in 

the volumetric water content at each depth 

after rainfall “with and without slip surface” 

Fig.2 One-dimensional analytical model 

Table 1 Parameters in each case 

Case1 Case2 

Upper Lower Upper Lower 

ks 0.57 

(1) 0.57*100 

0.074 

(1) 0.074*100 

(2) 0.57*10-1 (2) 0.074*10-1 

(3) 0.57*10-2 (3) 0.074*10-2 

(4) 0.57*10-3 (4) 0.074*10-3 

θr 0.153 0.034 0.065 0.034 

θs 0.430 0.460 0.410 0.460 

α 0.085 0.016 0.075 0.016 

n 1.60 1.37 1.89 1.37 

layer were set. The lower layer with lower 

permeability is classified as “with slip surface.” The 

hydraulic conductivity of the upper layer was set by 

estimating the upper and lower limits of the hydraulic 

conductivity of decomposed granite soil. The other 

water characteristic parameters were set based on the 

references. The observational depths were set to 20, 

80, and 100 cm, according to the position where the 

sensor was installed on the actual slope. The rainfall 

intensity was 30 mm/h, and it stopped when the 

infiltration surface reached the boundary layer. When 

the volumetric water content at each observational 
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depth started decreasing, the rate of decrease in the 

volumetric water content at each elapsed time was 

calculated by changing the time intervals in the order 

of 12, 32, and 60 min. The calculated results were 

used to evaluate the depth of the slip surface that was 

estimated based on the conceptual diagram in Fig.1. 

Hereinafter, it is referred to as the estimated slip 

surface depth. 

Results and discussion 

Figure 3 shows the change in the rate of decrease 

in the volumetric water content over time in cases 

1-(1)and 1-(4). If the decreased rate shows a negative 

value owing to the formation of a saturated zone in 

the boundary layer, it is plotted as zero for 

convenience. Based on these figures, it can be 

confirmed that the depth of the slip surface changes 

with time and is not uniquely determined, as shown 

in Fig.1. In case 1-(1), the estimated depth of the slip 

surface after 60 min roughly agreed with the 

boundary layer of 120 cm, but it deepened (arrows in 

the figure) with time. On the other hand, in case 1-(4), 

the estimated depth of the slip surface after 60 min 

roughly agreed with the boundary layer of 120 cm, 

but the depth slightly rose (arrows in the figure) with 

time. 

Figure 4 shows the change in the rate of decrease 

in the volumetric water content over time in cases 2-

(1) and 2-(4). As in Fig.3, if the rate of decrease shows 

a negative value, it is plotted as zero for convenience. 

In case 2-(1), the estimated slip surface depth changes 

to a deeper side with time, whereas in case 2-(4), it 

changes to a shallower one. This tendency is similar  

to cases 1-(1) and (4) in Fig.3. To clarify these 

relationships, Figures 5 and 6 show the changes in the 

estimated slip surface depth with time in cases 1-(1) 

to (4) and cases 2-(1) to (4), respectively. 

Based on Fig.5, it was confirmed that the 

estimated depth of the slip surface was almost the 

same, regardless of the hydraulic conductivity of the 

lower layer till 60 min of the elapsed time and that the 

depth tended to change with time. In addition, the 

estimated depth of the slip surface varies at 120–360 

min. In cases 1-(1) and (2), the depth of the slip 

surface tended to increase with time. On the other 

hand, as in case 1-(3), when the hydraulic 

conductivity decreases, the slope of the graph 

becomes gentler, and the estimated slip surface depth 

tends to approach the boundary layer of 120 cm. 

When the hydraulic conductivity is further reduced, 

as in case 1-(4), compared with the boundary layer, 

the estimated depth of the slip surface tends to be 

shallower with time. This is because a saturated zone 

is formed by the infiltration surface reaching the 

boundary layer, and the decrease rate at a depth of 100 

cm changed to a negative value owing to the influence 

of the capillary zone. Based on the results in Fig.6, 

the estimated depth of slip surface tended to increase  

Case 1-(1) 

Case 1-(4) 

Fig.3 Change in the decrease rate of volumetric 

water content over time in Case 1 

Case 2-(1) 

Case 2-(4) 

Fig.4 Change in the decrease rate of volumetric 

water content over time in Case 2 
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Fig.5 Changes in the estimated slip surface 

 depth with time in Case 1 

Fig.6 Changes in the estimated slip surface 

   depth with time in Case 2 

with time in cases 2-(1) and (2) with high hydraulic 

conductivity (Fig.5). On the contrary, in cases 2-(3) 

and (4) where the hydraulic conductivities are low, 

graphs with a convex downward line are seen, and the 

depths at the lowest point of the graphs are almost 

coincident with the boundary layer of 120 cm.   

Considering the above results, it is possible to 

distinguish “with slip surface” and “without slip 

surface” by analyzing the time change of the 

estimated slip surface depth. The slip surface depth is 

the depth at which the slope of the graph approaches 

zero with the elapsed time or the depth at the lowest 

point of the downward convex graph. 

ON-SITE VERIFICATION 

Here, the validity of the slip surface depth 

estimation method proposed in previous chapter is 

verified based on the field measurements. The outline 

information of the study site is listed in Table 2. The 

study site is located at a mountain slope behind the 

Ankoku-ji temple in Ayabe City, Kyoto Prefecture. In 

2014, rainfall-induced slope failures occurred in this 

site. Therefore, the slopes with the weathered soil are 

monitored to analyze their health. Soil moisture 

sensors and water level gauges were installed at the 

toe of the slope (SL-A) and the middle part of the 

slope (SL-B) to analyze rainwater infiltration 

behaviors. Based on the previous studies, three soil 

moisture sensors were installed along the depth of the 

Table 2 Outline of the study site 

Ankokuji temple, Ayabe, Kyoto Pref. 

Soil Classification (JGS) SC
s
G 

Slope type Natural slope 

Slope angle 40° 

Depth of soil moisture 

sensors 

20cm,80cm & 

100cm 

Depth of water sensor 110cm 

Measurement period 2019/10/24-27 

Fig.7 Installation information of each sensor in the 

study site 

Table 3 Physical properties 

Dry density 𝜌𝑑 (g/cm3) 1.46 

Wet density 𝜌𝑡  (g/cm3) 1.87 

Density of soil particle 𝜌𝑠  (g/cm3) 2.911

Natural water content w (%) 27.7 

Gravel (%) 16.8 

Sand (%) 43.3 

Silt (%) 17.6 

Clay (%) 22.3 

Maximum particle size (𝑚𝑚) 19 

slope. The installation depth of the soil moisture 

sensors and water level gauge was determined based 

on the values of Nd at each location. Here, Nd ≦ 20 is 

set as the boundary layer. The installation information 

of each sensor is shown in Fig.7. Moreover, a rain 

gauge for observing rainfall was installed in the study 

site. The data recorded in the IoT (Internet of things) 

data logger can be monitored in real time on the Web 

via the base station. The physical properties are listed 

in Table 3. 

Figures 8 and 9 show time-series variation in 

rainfall, volumetric water content, and water level in 

SL-A and SL-B. The measurement interval of rainfall 

and water content is 10 min, and the measurement  
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Fig. 8 Time series variation in rainfall, volumetric 

 water content, and water level in SL-A. 

Fig. 9 Time series variation in rainfall, volumetric 

water content, and water level in SL-B. 

interval of water level is 60 min. As the volumetric 

water content is calculated using the calibration 

formula of the manufacturer, only the relative change 

is emphasized. As shown in Fig.8, it can be estimated 

that the water permeability in the soil is high because 

the volumetric water content at each depth repeatedly 

increases and decreases in response to rainfall. 

Therefore, there was no tendency for the water level 

to increase in the boundary layer during the 

observation period. On the other hand, in Fig.9, 

although the volumetric water content increases 

orderly from the shallow part due to rainfall, the 

volumetric water content at depths of 80 and 100 cm 

is relatively larger than that at 20 cm. The timing 

when the volumetric water content at a depth of 80 

cm showed a peak value roughly corresponds with the 

timing when the water level gauge was at 80 cm, 

indicating that the depth of 80 cm is in the field-

saturated state. 

Based on the analytical method described in 

pervious chapter, the rate of decrease in volumetric 

water content was calculated by changing the time 

interval from the time when the volumetric water 

content began to decrease at each observation depth 

after rainfall. Figures 10 and 11 show the changes in 

the rate of decrease in the volumetric water content  

Fig. 10 Change over time in the decrease rate of 

volumetric water content in SL-A 

Fig. 11 Change over time in the decrease rate of 

volumetric water content in SL-B 

Fig.12 Changes in the estimated slip surface depth 

with time in case 2. 

over time in SL-A and SL-B. Figure 10 shows that the 

estimated depth of the slip surface in SL-A becomes 

deeper with time, and the estimated depth also 

becomes deep. On the other hand, Figure 11 shows 

that the estimated depth of the slip surface at SL-B 

varies slightly regardless of time, and the estimated 

depth remains at 100–110 cm. To clarify these 

relationships, Figures 12 shows the changes in the 

estimated slip surface depth with time in SL-A and 

SL-B, respectively. The estimated depth of slip the 
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surface in SL-A becomes deeper with time. This 

tendency is similar to case 1-(1) and (2) in Fig.5 and 

case 2-(2) and (2) in Fig.6, implying that there is no 

slip surface in the shallow layer where slope failure is 

a matter of concern. On the other hand, the estimated 

depth of the slip surface in SL-B is constant at 100–

110 cm regardless of the elapsed time. It suggests that 

the slip surface may exist at the depth of ~110 cm, 

and this tendency is (roughly) similar to case 1-(3) in 

Fig.5. 

CONCLUSIONS 

The purpose of this research proposes a method to 

install a sensor at an appropriate position for 

monitoring slope soundness against heavy rainfall. In 

this study, a method to predict the existence and depth 

of slip surfaces based on the rate of decrease of the 

volumetric water content in the soil after rainfall was 

analytically examined. And its applicability is 

verified in the actual slopes. The research findings are 

as follows.  

From the numerical analysis, it is confirmed to 

distinguish “with slip surface” and “without slip 

surface” by analyzing the time change of the 

estimated slip surface depth. The slip surface depth is 

the depth at which the slope of the changes in the 

estimated slip surface depth with time approaches 

zero with the elapsed time. The validity of the slip 

surface depth estimation  method proposed in 

numerical analysis is verified based on the field 

measurements. As a result, it was confirmed that the 

depth of the slip surface estimated from the 

observation data by using the water level gauge and 

the soil moisture sensors agreed with the depth of the 

slip surface estimated by the proposed method. 
From these results, it is suggested that the slip surface 

can be predicted by applying the prediction method 

obtained from the analysis to the measurement result 

of the actual slope. 
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ABSTRACT 

 
Rainfall-induced slope failure occurs frequently owing to the effect of recent extreme weather. Our research is 

aimed at the direct evaluation of slope stability by using a real-time monitoring system on the slope. However, 
several problems remain to be solved to allow for the practical use of this monitoring method, for example, 
determining how many sensors should be installed or where they should be installed on the slope. To address these 
questions, in this study, we determine the position that is more effective for the installation of a sensor for slope 
monitoring based on laboratory experiments. In addition, we propose a method for estimating an appropriate 
position. The results show that the proposed method for estimating the point at which the water level rises agrees 
well with the critical point of slope failure obtained through the laboratory-based model slope experiments. 
However, this result is only feasible under a constant rainfall condition, and its verification with respect to the 
effects on actual slopes remains to be solved in the future. 
 
Keywords: Volumetric Water Content, Shallow Landslide, Rain Intensity, Sensor Location, Shear Deformation 
 
 
INTRODUCTION 

 
In recent years, natural disasters caused by heavy 

rainfall, especially those causing traffic blockage and 
human casualties have been frequent in Japan, where 
70% of the land is made up of mountains. Currently, 
highways management company use only a rainfall 
information as a traffic-control standard in the event 
of abnormal rainfall. Although this method is simple 
and convenient, it does not consider the mechanism 
of slope failure. Our research group conducted field 
observations and model slope experiments and found 
that when rainwater infiltrates slopes during heavy 
rainfall, the volumetric water content of the surface 
ground temporarily reaches an equilibrium state 
(“quasi-saturated state”) and displacement occurs 
after the volumetric water content in equilibrium 
(“initial quasi-saturated volumetric water content 
(IQS)”) is exceeded. In other words, the prediction of 
the slope deformation caused by rainfall is possible 
by monitoring whether the volumetric water content 
reaches the IQS or not. Based on these findings, the 
authors considered that determining whether the 
traffic control is executed is possible by using IQS. 
However, the current works on slope monitoring have 
not yet considered a method determining the location 
of sensor installation position; such a method is 
currently being determined empirically. Therefore, in 
this study, the authors attempted to determine the 
appropriate sensor location based on model slope 
experiments to accurately detect slope hazards during 
slope monitoring. 

LITERATURE REVIEW  
 

This section provides an overview of literature on 
surface failure. Yagi, Yatabe, and Yamamoto [1] 
conducted rainfall model experiments to elucidate the 
mechanism of slope failure during heavy rainfall, and 
they found that excess pore water pressure at the 
bottom of the toe of the slope is one of the causes of 
slope failure. Kohgo, Saito, Niide, and Hori [2] 
conducted a rainfall model experiment and reported 
that negative pressure is released from the toe of slope, 
which is then is saturated, and the saturation 
progresses gradually to the top of the slope, leading 
to failure. Sako, Suda, Fukugawa, and Kitamura [3] 
conducted infiltration and failure tests using 
decomposed granite soil and found that after 
rainwater infiltration, groundwater started 
accumulating at the bottom of the soil layer, and 
failure occurred at the toe of the slope owing to the 
increased seepage force associated with pore water 
runoff from the toe of slope. Koizumi, Sakuradani, 
Oda, Ito, Fukuda, Feng, and Takemoto [4] conducted 
model slope experiments for surface failure under 
constant rainfall intensity and clarified the 
relationship between volumetric water content and 
displacement, as shown in Fig. 1. The figure also 
shows that (1) the volumetric water content initially 
increases with rainwater infiltration, and then (2) 
reaches a quasi-saturated state, resulting in an 
equilibrium state of volumetric water content. The 
quasi-saturated state is that in which the inflow and 
outflow volumes are equal in an unsaturated state 
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during the infiltration process, and the volumetric 
water content at this time is defined as the IQS. With 
further watering, (3) unsaturated capillaries are 
formed with the increase in the groundwater level, 
and the volumetric water content increases again from 
IQS. Eventually, (4) the groundwater level rises to the 
sensor position and reaches a saturated state. 
Displacement occurs after re-elevation from the IQS, 
i.e., after the formation of the groundwater level. 
Therefore, it is assumed that the displacement occurs 
after the volumetric water content reaches IQS. As 
shown in Fig. 2, the location of the seepage face and 
groundwater level can be estimated by measuring the 
volumetric water content at multiple depths in the 
vertical direction. For example, at time TC, the 
volumetric water contents in the deeper levels (points 
DU and DL) rose again and reached saturation, while 
the volumetric water content at the shallow point (S) 
remains in equilibrium; then, the position of the 
groundwater level can be estimated to be between 
points S and DU. 

Thus, the mechanism of slope failure is largely 
related to the water content in the soil, especially the 
groundwater level. Therefore, monitoring the soil 
water behavior before and after the formation of the 
groundwater level is important, i.e., the water 
behavior from rainwater seepage to groundwater 
level rise must be monitored to predict the slope 
failure. 
 

 
 
Fig. 1 Relationship between volumetric water content 

and displacement 
 

 
 

Fig. 2 Estimation of water state in the soil according 
to the volumetric water content 

PREDICTION AND VERIFICATION OF 
POINTS OF WATER-LEVEL OCCURRENCE 
 

This section explains the mechanism of slope 
failure. Rainwater infiltrates into the vertical direction 
in the slope, and the water that reaches the slip surface 
is concentrated at the toe of the slope as seepage flow, 
creating a water level. Then, slope failure occurs 
owing to the decrease in effective stress caused by the 
increases in soil mass weight and pore pressure. 
Therefore, if the point of occurrence of water level 
can be estimated and the rainwater seepage and 
deformation behaviors can be measured near this 
point, the slope danger can be detected more quickly. 

The current method for determining sensor 
locations involves a handy dynamic cone-penetration 
test to determine the Nd values at each depth along the 
slope, and then connecting the points with Nd = 20, as 
shown in Fig. 3, to estimate the boundary between the 
topsoil and bedrock layers, and select locations where 
rainwater is likely to concentrate. However, as the Nd 
value obtained by the handy dynamic cone-
penetration test is an index of the ground hardness and 
not of soil permeability.  

Therefore, a new method is proposed for 
estimating the point of water-level occurrence. Figure 
4 shows a conceptual diagram depicting the behavior 
of the volumetric water content in the case of 
continuous rainfall of certain intensity measured 
using soil-moisture meters installed at the same 
depths at points A, B, and C, as shown in Fig. 3. As 
each meter was installed at the same depth, the 
volumetric water content would theoretically begin to 
increase at about the same time, resulting in a quasi-
saturated state. Subsequently, as the water level rises 
from the toe of the slope, the volumetric water content 
is expected to increase again in the order of A, B, and 
C. Let t be the time when the quasi-saturated state 
continues, then tA < tB < tC. If a soil-moisture meter is 
installed at point P, the quasi-saturated duration of 
this point is expected to be almost zero, because the 
water level is formed shortly after the rainwater 
reaches the soil-moisture meter. Therefore, Fig. 5 
shows the horizontal distance from the point of water- 
 

 
 

Fig. 3 Conceptual diagram of the location of 
installation of soil-moisture meters 
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level occurrence plotted on the horizontal axis, and 
times tA, tB, and tC in Fig. 4 are plotted on the vertical 
axis. Water-level occurrence point P can be estimated 
by finding the intersection of the line connecting 
these plots and the horizontal axis. 
 

 
 

Fig. 4 Conceptual diagram of the change in 
volumetric water content over time 

 

 
 

Fig. 5 Conceptual diagram of quasi-saturation 
duration time t 

 
VALIDATION OF THE ESTIMATION METHOD 
THROUGH SATURATED AND UNSATURATED 
SEEPAGE-FLOW ANALYSIS  
 
Summary of the Analysis 
 

The saturated-unsaturated seepageflow analysis 
was performed using the software, HYDRUS-2D, 
which is a general-purpose program for predicting 
two-dimensional soil moisture and salinity transport 
[5]. In this software, the water flow is based on the 
Richards equation and the solute transfer is based on 
the transfer–dispersion equation. Both are computed 
using the finite element method. 

Figure 6 shows the analysis model used in this 
study, and Table. 1 lists the soil parameters. As shown 
in Fig. 6, the red dots indicate the observation points 
for the volumetric water content (31-cm deep), and 
the rainfall intensity was set to 96 mm/h. 
 

 
 

Fig. 6 Analysis model 
 

Table 1 SWCC parameters 
 

 
Analysis Results 
  

The change in volumetric water content over time 
is plotted in Fig. 7. The volumetric water content at 
observation points A and B at the same depth 
increased simultaneously owing to water infiltration 
from the ground surface because of rainfall. 
Subsequently, the rate of change in the volumetric 
water content decreased and reached quasi-saturated 
state. Then, the volumetric water content increased 
again in the order of A and B due to the water level 
was formed. 
 

 
 

Fig. 7 Analysis-based change in volumetric water 
content over time 

 
Estimation of the Point of Water-Level 
Occurrence 
 

The quasi-saturated duration was calculated from 
the data of volumetric water content at each 
observation point, and the point of water-level 
occurrence was estimated. The time when the change 

Sample Granite Soil 

Residual Volumetric Water Content 
(θr) 

0  

Saturation Volumetric Water Content 
(θs) 

0.377  

Hydraulic Conductivity (ks) 0.726 cm/min 
Parameter Related to Air Ingress 

Value (α) 
0.0821/cm 

Dimensionless Parameter (n) 3.33 
Dimensionless Parameter (l) 0.5 
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in volumetric water content was below 0.005 
(cm3/cm3)/min was defined as the quasi-saturation 
start time. Furthermore, the time when the change 
increased above 0.005 (cm3/cm3)/min, the volumetric 
water content was judged to start rising again. The 
quasi-saturated duration time, t, is calculated by 
subtracting the start time of the re-rising of the 
volumetric water content from the start time of quasi-
saturated at each observation point. Fig. 8 plots the 
horizontal distance from the point of water-level 
occurrence to the quasi-saturated duration time; the 
result shows an approximate straight line. If the 
intersection of the approximation line and the 
horizontal axis is defined as the point of water-level 
occurrence, the error is 8 cm from the actual point of 
water-level occurrence, implying that the point of 
water-level occurrence could be estimated with high 
accuracy. 

 

 
 

Fig. 8 Estimation of point of water-level occurrence 
 

VERIFICATION THROUGH MODEL 
EXPERIMENTS 
 
Summary and Method of Model Slope 
Experiments 
 

Figure 9 provides an overview of the model slope, 
and the physical properties of the samples are shown 
in Table 2. In this experiment, a model slope of 
1500 mm (length) × 300 mm (width) × 890 mm 
(height) was constructed with a topsoil thickness of 
450 mm and slope of 30°. The experimental 
conditions are shown in Table 3. The base of the 
topsoil layer was assumed to be a sliding surface, on 
which clay was applied for the undrained condition. 
To confirm water-seepage behavior in the depth and 
slope directions, soil-moisture meters were installed 
at seven locations, as shown in Fig. 9, and the 
volumetric water content was measured at 1-min 

intervals. An image-sensing technology [3] was used 
to measure the ground-surface displacement. In 
addition, a camera was set up at a position facing the 
slope model, and displacement measurement targets 
were set up at three locations, as shown in Fig. 9. The 
ground surface was opened to receive water that was 
sprinkled to simulate rainfall and drainage conditions. 
The watering intensity was set at 96 mm/h. To 
mitigate the effect of collapse settlement on the 
displacement measurements as much as possible, the 
experiment was started after the surface layer was 
slightly wet. 
 

 
 

Fig. 9 Overview of the model slope 
 

Table 2 Physical properties of the sample 
 

 
Table 3 Experimental conditions 

 

 
Experimental Results 
 

The change in ground-surface displacement over 
time is plotted in Fig. 10. Considering the time of 

Sample Granite Soil 

Initial Water Content (w) 5.0% 
Soil Particle Density (ρs) 2.607 g/cm3 
Setting Dry Density (ρd) 1.629 g/cm3 

Maximum Dry Density (ρdmax) 1.766 g/cm3 
Hydraulic Conductivity (ks) 1.21×10−2 cm/s 

Void Ratio (e) 0.6 

Boundary 
Condition 

Top Surface Drainage 
Back Side Undrained 

Side Surface Undrained 
Bottom Surface Undrained 

Slope Gradient  30° 
Water Sprinkling Strength  96 mm/h 
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failure, surface displacement initiated at all points 
about 27 min after the start of the experiment. At 
about 41 min, a small failure was observed near the 
toe of the slope, after which small failures occurred 
continuously from the toe to the top of the slope. 
Failure at point A occurred at around 48 min, and 
those at points B and C occurred at around 52 min.  

The change in volumetric water content over time 
is plotted in Figs. 11(a), (b), and (c). Regarding the 
behavior of volumetric water content at line B, the 
volumetric water content increased in order from B1 
to B2 to B3 owing to water infiltration from the 
ground surface and reached quasi-saturated state. 
Subsequently, the volumetric water content increased 
again in the order of B3 to B2 to B1. The behavior of 
line C is similar to that of line B. The results agree 
with those of previous studies showing that 
displacement occurs after the volumetric water 
content exceeds IQS. 
 

 
Fig. 10 Change of ground-surface displacement over 

time 
 

Estimation of the Point of Water-Level 
Occurrence 
 

The quasi-saturated duration is calculated using 
the data of volumetric water content at each 
measurement point, and the point of water-level 
occurrence is estimated. The time when the change in 
volumetric water content was below 0.01 
(cm3/cm3)/min was defined as the quasi-saturation 
start time, and the time when the change increased 
above 0.01 (cm3/cm3)/min was defined as the time 
when the volumetric water content started to rise 
again. However, if the change did not exceed 0.01 
(cm3/cm3)/min again, the time at which the change 
reached its maximum was considered to be the quasi-
saturation end time. The quasi-saturated duration is 
calculated by subtracting the start time of the re-rising 
of volumetric water content from the start time of 
quasi-saturation at each observation point. The 
horizontal distance from the point of water-level 
occurrence is plotted against the quasi-saturated 

 
(a) Line A 

 
 

(b) Line B 
 

 
 

(c) Line C 
 

Fig. 11 Change in volumetric water content over 
time according to the line of measure 

 
duration, and the approximate straight lines are 
shown in Fig. 12 (10-cm depth) and Fig. 13 (31-cm 
depth) for each measurement depth. If the intersection 
of the approximation line and the horizontal axis is 
defined as the point of water-level occurrence, at a 
measurement depth of 10 cm (A1, B1, C1), the error 
was 16 cm from the actual point of water-level 
occurrence, while it was 10 cm at the measurement 
depth of 31 cm (B2, C2); therefore, the actual point 
of water-level occurrence could be estimated with 
reasonable accuracy. 
 
CONCLUSION 
 
The authors investigated a method for predicting 
slope failure by focusing on soil water during rainfall. 
In this study, the appropriate locations for 
installations of sensors for slope monitoring were 
examined based on model slope experiments to detect 
slope hazards more accurately. A method for 



GEOMATE – Melbourne, Australia, 11-13 November 2020 

32 
 

estimating the point of water-level occurrence was 
presented based on the relationship between the 
distance between the sensors and the quasi-saturated 
duration time calculated using the analysis of 
saturated-unsaturated seepage flow. The validity of 
the proposed method was verified through model 
slope experiments. The results suggest that slope 
hazards can be reasonably detected by installing 
sensors at the estimated point of water-level 
occurrence. The proposed method will be applied to 
actual slope monitoring in the future. 
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(a) Estimation of the point of water-level occurrenc  (b) Estimated location of the water-level occurrence 

 
Fig. 12 Estimated point of water-level occurrence from the measured depth of 10 cm 

 

   
(a) Estimation of the point of water-level occurrence  (b) Estimated location of the water-level occurrence 

 
Fig.13 Estimated point of water-level occurrence from the measured depth of 31 cm 
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ABSTRACT 

In recent years, a number of soil structures were damaged by frequently occurring severe earthquakes and 
heavy rainfalls. In relation the above, the Ministry of Land, Infrastructure, Transport and Tourism Japan is 
advocating the “i-Construction” promoting the development of new technologies that can improve construction 
efficiency and can extend the life time of infrastructures including soil structures. It was recently shown that 
the soil compaction and the properties of compacted soil are controlled by the dry density ρd and the degree of 
saturation Sr, which can be evaluated typically by RI tests as a fast method. Yet, this method is time-consuming 
and can be performed only at a limited number of places. To improve the efficiency of soil compaction control, 
real-time and continuous compaction control ensuring high quality of compacted soil is required. We studied 
a method to evaluate the values of ρd and Sr based on the ground stiffness estimated from the acceleration 
response of vibratory compaction roller in real time and continuously (called the CCV method) together with 
proper control of field compaction energy level. By analyzing a large amount of data from on-site compaction 
tests, an empirical equation expressing the CCV value, as a soil stiffness index, as a function of ρd and Sr 
irrespective of the number of pass was developed. The ρd and Sr values for a given CCV value can be estimated 
based on this equation either when the water content ratio can be reasonably assumed or when the compaction 
energy level is controlled to be equal to a given specified value. 

Keywords: CCV, Embankment, Compaction, Dry density, Degree of saturation 

INTRODUCTION

In recent years, natural disasters, such as large 
earthquakes and heavy rainfall, have occurred 
frequently. In addition, the damage caused by such 
disasters has increased rapidly, e.g., the collapse of 
embankments, such as roads and railways, and the 
construction of residential land [1]. Therefore, 
construction methods and quality control methods 
that can realize high-quality embankments are 
required. 

The Ministry of Land, Infrastructure, Transport 
and Tourism has proposed i-Construction for 
promoting the research and development of new 
technologies for improving work efficiency and 
safety and prolonging service life [2]. Therefore, a 
real-time soil compaction control method over the 
area of concerned earthwork is required to improve 
the construction efficiency and the quality of 
compacted soil. 

In conventional soil compaction control, sand 
replacement tests or RI tests are performed after 
compaction at a limited number of places over the 
concerned area to obtain the dry density ρd and the 
water content ratio w of soil. This method is, 
however, time-consuming. 

It is known that the on-site CBR is a function of  
the dry density ρd and the degree of saturation Sr 
irrespective of compaction energy level (Tatsuoka, 

2015). In this study, an empirical equation 
expressing the response acceleration value (i.e., 
CCV value) of vibratory compaction roller as a 
function of ρd and Sr was derived by analyzing data 
from full-scale field compaction tests. It is shown 
the CCV value is representative of the stiffness of 
compacted soil in the field. This empirical equation 
is used to draw the contour lines of CCV values the 
ρd and w plane and the contour lines were compared 
with the compaction curve obtained by the standard 
compaction tests (1Ec). It is shown that the dry 
density during a given compaction process is 
accurately evaluated based on the empirical 
function for CCV when the water content ratio is 
known. 

MATERIALS AND METHODS 

Embankment Material 

Gravel sand mixed with fine particles with a 
maximum particle size of Dmax = 75.0 mm was used 
to perform a rolling compaction test. A picture of 
the embankment material is shown in Fig 1, and its 
physical properties are shown in Table 1. Fig. 2 
shows the grain size distribution curve of the field 
fill material used in the field full-scale compaction 
test (Fig. 5) and those of the samples that were 
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prepared by removing particles larger than a particle 
diameter either D = 37.5 mm or D = 9.50 mm. 

Fig. 1 Picture of embankment material 

Table 1 Properties of field fill material 

Parameter Value 
Soil particle density (g/cm3) 2.778 
Maximum grain size (mm) 75.0 
Fine fraction content (%) 10.1 
Uniformity coefficient 334 
Coefficient of curvature 16.2 

Classification Gravel sand mixed 
with fine particles 

Symbol G-FS 
Liquid limit    wL (%) 29.6 
Plastic limit    wP (%) 19.7 
Plasticity index    IP 9.9 
Compaction test 
(Dmax = 37.5 mm) JIS A 1210 

Maximum dry density 
(Standard proctor) 
ρdmax(g/cm3) 

1.897 

Optimum water content ratio 
(Standard proctor)  wopt (%) 14.8 

Optimum degree of 
saturation  Sropt (%) 88.5 

Fig. 2 Grain size distribution curve 

Laboratory Test 

A laboratory compaction test (JIS A 1210) was 
carried out by employing the B-c method (Standard 
Proctor: 1Ec) using the sample with Dmax = 37.5 mm 
(Fig. 5). The compaction curve for other Dmax 
values shown in Figs. 6 and 7 were obtained by the 
Walker-Holtz method (Walker and Holtz, 1951). 

To evaluate the internal friction angle of 
compacted soil, a series of drainage triaxial 
compression tests (JGS 0524-2009) were conducted 
(hereinafter referred to as the CD test) on specimens 
with dimensions of Φ5 cm × H10 cm produced by 
using the material with Dmax =9.5 mm. The 
compacted states of the specimens are shown in Fig. 
6. The CD test was performed after by saturating
the prepared specimens. 

Field Test 

Fig. 3 shows the full-scale compaction test yard 
and the zones in which quality tests were performed. 
The compaction test yard was 20 m long, 6 m wide, 
and 60 cm thick. The yard consisted of two layers 
with a thickness of 30 cm each. The first layer was 
a preliminary layer, which was constructed by 
applying rolling compaction 8 times using an 11 ton 
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vibratory compaction roller to the embankment 
material with an average water content ratio of wn = 
11%. The second layer was the test layer, which was 
constructed by applying rolling compaction 16 
times to the fill material with an average water 
content ratio of wn = 11%. While constructing the 
second layer, CCV measurement was performed on 
the entire area of the yard from the response 
acceleration records of the vibrating roller. After 
compaction passes N = 2, 4, 6, 8, and 16, at 
measurement points 1 to 6 shown in Fig. 3, the 
settlement was measured and the dry density of the 
top 20 cm was evaluated by the RI method. 

In CCV measurement method, an acceleration 
sensor is attached to the vibration axis of the front 
wheel of the vibratory compaction roller as shown 
in Fig 4, and the soil stiffness is evaluated from the 
response acceleration of the vibratory compaction 
roller during compaction [3]. The index referred to 
as the CCV value is used to evaluate soil stiffness in 
real time over the area of earthwork. The CCV value 
can be calculated by attaching an acceleration 
sensor to the iron wheel (front wheel) of the 
vibration roller and analyzing the acceleration 
waveform of the iron wheel vibration obtained 
during construction. The empirical equation for the 
CCV value is given by Eq. (1) [3]. 

CCV=(S1+S3+S4+S5+S6)／(S1+S2)×100 (1) 

where S2, S1, S3, S4, S5, and S6 are the amplitude 
spectra at f0, 0.5f0, 1.5f0, 2f0, 2.5f0, and 3f0, 
respectively, and f0 is the fundamental frequency of 
the vibrating roller. The CCV value can be 
measured at 0.2 s intervals. The construction area is 
arbitrarily divided into meshes, and the CCV values 
acquired when the vibratory compaction roller 
passes through the meshes are averaged. A GNSS 
antenna was installed on the vibratory compaction 
roller to obtain the position information during 
construction. Thus, the locations of the CCV 
measurement points could be accurately determined. 
In this study, the rolling compaction yard was 
divided into 50 cm meshes and CCV values were 
obtained for each mesh, as shown in Fig. 3.  

The CCV values obtained using 2 m meshes (blue 
hatching in Fig. 3) were used in the analysis 

Fig. 4 Picture of acceleration sensor 

shown below. These meshes included the RI test 
and level measurement zones. 

TEST RESULTS

Laboratory Test 

Fig. 5 shows the results of the laboratory 
compaction test performed using the sample with 
Dmax = 37.5 mm.  

As shown in Fig.6 at the compacted states 
Nos.1–3  of the specimens tested in the CD tests, the 
ρd value was (Dc)1Ec = 95% of [(ρd)max]1Ec, while the 
water content ratio was different.  

When the degree of compaction , Dc (i.e., ρd), 
increases under the condition that saturation Sr is 
constant, the internal friction angle tends to always 
increase [5]. For an allowable lower bound of an 
angle of φ equal to 30°, it was examined whether 
the φ values exceed this lower bound when (Dc)1Ec 
≥ 95% for the water content ratio at Nos. 1 - 3. Table 
2 shows the conditions for the CD test and the 
measured internal friction angle, φ. φ ≥ 30° for all 
Sr when (Dc)1Ec ≥ 95% can be confirmed. It was 
considered that  φ ≥ 30° can be ensured for any Sr if 
(Dc)1Ec ≥ 95% with the field fill material with Dmax 
= 75.0 mm [6]. 

In Fig. 7, the acceptable zone for compacted 
states of the field fill material with Dmax = 75.0 mm 
is indicated in relation to its compaction curve (1Ec) 
inferred by the Walker-Holtz method from the 
compaction curve (1 Ec) evaluated by the laboratory 
compaction test (1 Ec) on the material with Dmax = 
37.5 mm (shown Fig. 3). The allowable lower 
bound of ρd corresponding to (Dc)1Ec= 95 % for Dmax 
= 75.0 mm is indicated. 

Fig. 5 Compaction test 

Table 2  Results of drainage triaxial compression 
tests 

No. 

Dry 
density 
ρd

(g/cm3) 

Water 
content 
w (%) 

Degree of 
saturation 

Sr (%) 

Internal 
friction 
angle 
Φd (°) 

1 1.573 15.7 58 32.3 
2 1.568 21.0 72 36.6 
3 1.554 27.6 95 34.6 
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Fig. 6 Compacted states of specimens for triaxial 
compression tests  

Fig. 7  Acceptable zone in compaction control 

Field Test 

Relationship between the number of compaction 
passes and wet density ρt, w, ρd, Sr, and CCV value 

Figs. 8 to 12 show all the data measured at the 
six points shown in Fig. 3. Figs. 8 to 11 show the 
relationship between ρt, w, ρd, and Sr and the number 
of compaction passes N obtained by the field 
compaction tests, where the values of ρt and w were 
those measured by the RI tests, while the values ρd 
and Sr are those calculated from these measured 
values. 

As shown in Figs. 8 and 9, the values ρt and w 
noticeably differ depending on the measurement 
point. In particular, the value of w measured at point 
No.1 was lowest and the one at point No.2 was 
highest, different by 3–4% from each other. This 
fact means that, to accurately evaluate the dry 
density from a given CCV value, we cannot rely on 
a given fixed average water content ratio for the 
area but the local water content ratio at the place 
where this CCV value is obtained should be 
evaluated. In addition, the values at the same 
measurement point slightly fluctuate as the number 
of compaction passes increases. This fact should 

also be taken into account when evaluating local 
water content ratio. 

The values of d and Sr strongly also depend on 
the measurement point, as shown in Figs. 10 and 11. 
Yet it may be seen that the values of ρd and Sr tend 
to increase significantly until the number of 
compaction passes N becomes 2. Then, as N 
increases from 6 to 16, the values of ρd and Sr  either 
increase gradually or tend to converge. 

Fig. 8 Relationship between wet density ρt and 
number of compaction passes N 

Fig. 9 Relationship between water content ratio w 
and number of compaction passes N 

Fig. 10 Relationship between dry density ρd and 
number of compaction passes N 

Fig. 11 Relationship between degree of saturation Sr 
and number of compaction passes N 
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Fig. 12 shows the relationship between the CCV 
value and the number of compaction passes N. 
Similar to ρt, w, Dc, and Sr, the CCV value strongly 
depends on the measurement point. At each 
measurement point, the CCV value increases until N 
becomes 8, reaching a maximum at N = 8, and then 
starts noticeably decreasing as N increases from 8 
to 16, unlike the values of ρd and Sr. This trend may 
be due to that, as N increases from 8 to 16, the CCV 
value increases with an increase in ρd, while it 
decreases with an increase in Sr, while the effects of 
the latter factor are generally stronger than those of 
the former factor. 

Fig.12 Relationship between CCV value and 
number of compaction passes N 

Empirical equation for estimating ρd and Sr 
using CCV value 

 In the following, we propose an empirical 
equation expressing the CCV values as a function of 
Sr and ρd, in the same way as the field CBR data 
analyzed by Tatsuoka et al. [7-9]. The field CBR 
data are shown in Fig. 13a, which were obtained 
from a long-term research by full-scale compaction 
tests conducted at the Institute of Construction 
Mechanization (1965–1990) using many different 
compaction machines on the same type of sandy 
loam soil prepared at different water content ratio 
ratio. The proposed empirical equation for CBR is 
expressed by Eqs. (2) and (3):  

CBR = fCBR(Sr)・(ρd/ρw－b)C   (2) 

fCBR(Sr) = A2+(A1-A2) / [1+exp{ (Sr – x0)/dx}]     (3) 

The constants in Eqs. (2) and (3) were found as b = 
0.4, c = 9.5, A1 = 1.26, A2 = 0.042, x0 = 64.8, and dx 
= 9.97. The unit of Sr in Eqs. (2) and (3) was %, and 
all the other constants were dimensionless 
quantities. 

The relationships between CBR and ρd for 
different Sr values were fitted by Eq. (2): firstly by 
finding relevant values of parameters b and c by 
which Eq. (2) can fit the whole data; and then by 
finding the value of fCBR(Sr) by which Eq. (2) can fit 
the relation for the respective values Sr. In Fig.13(b), 
the values of fCBR(Sr) obtained as above are plotted 

against Sr. It may be seen from Fig. 13(a) that Eq. 
(2) captures very well the following trends of 
behaviour of the data: 1) for a fixed value of Sr, the 
CBR value consistently increases with an increase 
in ρd in the same way irrespective of the Sr value; 
and 2) for a fixed value of ρd, the CBR value 
consistently decreases with an increase in Sr in the 
same way irrespective of the ρd value. 

(a) Relationship with saturation Sr at the end of 
compaction as a parameter 

(b) Sr function fCBR(Sr) 

Fig.13 Relationship between on-site CBR and dry 
density obtained in the full-scale compaction test 
conducted at the Institute of Construction 
Mechanization [7,9] 

In this study, we analyzed the data obtained 
from the field full-scale compaction test and 
examined whether empirical equations for CCV 
values in the same form as Eqs. (2) and (3) are 
relevant. Here, the empirical relationship between 
ρd, Sr, and CCV is given by Eqs. (4) and (5). 

𝑪𝑪𝑪𝑪𝑪𝑪 = 𝒇𝒇𝒄𝒄𝒄𝒄𝒄𝒄(𝑺𝑺𝒓𝒓)×(𝝆𝝆𝒅𝒅/𝝆𝝆𝒘𝒘 − 𝒃𝒃)𝑪𝑪  (4) 

𝒇𝒇𝒄𝒄𝒄𝒄𝒄𝒄(𝑺𝑺𝒓𝒓) = 𝑫𝑫
𝟏𝟏+𝒆𝒆𝒆𝒆𝒆𝒆(𝑬𝑬𝑺𝑺𝒓𝒓)

 (5) 

Fig.14 shows all the measured CCV values for 
different values of Sr are plotted against the ρd value. 
The data are classified based an interval of Sr of 5% 
(i.e., 50% ≦ Sr < 55%, 55% ≦ Sr < 60%, 60% ≦
Sr < 65%, 65% ≦ Sr < 70%, 70 % ≦ Sr < 75%, 
75% ≦ Sr < 80%, 80% ≦ Sr < 85%, 85% ≦ Sr < 
90%, and 90% ≦ Sr < 95%). The solid curves 
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shown in Fig. 14 represent the CCV- ρd relation for 
the respective ranges of Sr obtained by Eq. (4) with 
b = 0.4 and c = 9.5 and the value of fCCV(Sr) obtained 
by Eq. (5). Eq. (5) was defined so that Eq. (4) fits 
the whole data. That is, in Fig. 15, the value of 
fCCV(Sr) obtained as CCV / (ρd/ρw – b)c of each data 
is plotted against Sr. A rather unique relation is 
obtained in a form very similar to the one for the 
field CBR seen in Fig. 13(b). The average relation 
represented by a broken curve was defined as Eq. 
(5) with D = 2.0 and E = 0.04. 

It may be seen from Fig. 14 that the fitted Eq. 
(4) is generally consistent with the  data points. It is 
to be noted that, although the fitting is relatively 
poor with the data for Sr = 65–70% (  in the figure) 
and 70–75% (  in the figure), the fitting is rather 
acceptable for Sr = 75–95%, which covers the 
optimum degree of saturation (Sr)opt = 88.5%. (Sr)opt 
is the value of Sr where the maximum dry density 
(ρd)max is obtained in a laboratory compaction test. 
As (Sr)opt is rather insensitive to variations of soil 
type and compaction energy level (CEL) in a given 
project, (Sr)opt could be defined as the target Sr value 
irrespective of inevitable variations of soil type and 
CEL to optimize the soil compaction efforts (i.e., to 
obtain (ρd)max) for given soil type and CEL.    

Fig.14 Relationship between CCV and ρd 

Fig.15 Relationship between fCCV(Sr) and Sr 

COMPACTION MANAGEMENT METHOD
USING EMPIRICAL EQUATION 

The CCV value is expressed as a function of ρd 
and Sr by Eqs. (4) and (5): i.e., by Eq. (6). Eq. (7) is 
obtained from Eq. (6) by using w instead of Sr. 

𝑪𝑪𝑪𝑪𝑪𝑪 = � 𝟐𝟐.𝟎𝟎
𝟏𝟏+𝒆𝒆𝒆𝒆𝒆𝒆(𝟎𝟎.𝟎𝟎𝟎𝟎𝑺𝑺𝒓𝒓)

�×(𝝆𝝆𝒅𝒅/ 𝝆𝝆𝒘𝒘 − 𝟎𝟎.𝟎𝟎)𝟗𝟗.𝟓𝟓    (6) 

𝑪𝑪𝑪𝑪𝑪𝑪 = � 𝟐𝟐.𝟎𝟎

𝟏𝟏+𝒆𝒆𝒆𝒆𝒆𝒆�𝟎𝟎.𝟎𝟎𝟎𝟎
𝝆𝝆𝒅𝒅𝝆𝝆𝒔𝒔𝒘𝒘
𝝆𝝆𝒔𝒔−𝝆𝝆𝒅𝒅

�
�×(𝝆𝝆𝒅𝒅/ 𝝆𝝆𝒘𝒘 − 𝟎𝟎.𝟎𝟎)𝟗𝟗.𝟓𝟓   (7) 

If the target ρd is determined and w and ρs are known, 
the target CCV value can be determined from Eq. 
(7). Moreover, if ρs and w are known, ρd can be 
calculated when the CCV value is measured during 
construction. Therefore, real-time compaction 
management over the area of compaction, which is 
the purpose of this work, can be realized by utilizing 
Eq. (7).  

In the following, the validity of Eqs. (6) and (7) 
in the estimation of ρd is examined. Fig.16 shows 
the plots of the measured and estimated values of ρd 
and the measured value of w in relation of the 
compaction curve of the field fill material with Dmax
= 75 mm. The estimated values of ρd were obtained 
by substituting the respective measured sets of CCV 
value and w into Eq. (7). The measured and 
estimated values of ρd are generally in good 
agreement, although the estimation is rather 
inaccurate for the data for Sr = 65–75% with the 
estimated values being lower than the measured 
values. 

Fig.17 shows the relationship between the 
measured and estimated values of ρd. Shown in this 
figure are the lines for Y = X, Y = X-0.1 and Y = 
X+0.1 together with the approximate curve 
obtained using the least squares method, for which 
the correlation coefficient (R2) between the 
measured and estimated values is 0.7023. The line 
Y=X indicates that the measured and estimated 
values are equal to each other. Nearly all the data 
are close to the line Y=X, and all the data points are 
located between the lines for Y = X+0.1 and Y = X-
0.1. Furthermore, a relatively high value of R2 = 
0.7023 confirms that the estimation accuracy is 
rather high. Based on this, we can conclude that the 
accuracy of estimating ρd using Eqs. (6) and (7) is 
generally good. 

Next, the compaction management method 
referring to the contour lines of the CCV value 
calculated from the estimation equation is examined. 
Fig.18 shows a vertical line where w = 9% and the 
contour lines for CCV values of 1, 5, 10, 11.2, and 
30 obtained from Eq. (6), together with the 
compaction curve for the field fill material (Dmax= 
75 mm). Along each contour line of the CCV values, 
as ρd increases, the w value increases when Sr < Sropt, 
reaches the maximum value slightly before Sr = Sropt
is attained, and decreases in the range of Sr > Sropt. 
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ρd is estimated by taking into account this trend of 
behaviour, as explained below. 

The average w value of each clod of fill material 
unloaded from a dump truck was obtained by 
performing RI measurement, and this w value was 
defined as the representative value of the area where 
the clod was spread. It is assumed that the water 
content ratio over the concerned area of compaction 
is constant at w = 9%, which is equal to the average 
value of respective clods. In the compaction process, 
ρd changes along the contour line of w = 9%. Point 
A is the point where the contour lines of CCV value 
= 11.2 contacts the w = 9% line. This implies that 
the maximum CCV value at w = 9% is 11.2. 

Based on this, if the maximum CCV value can 
be obtained in advance by measuring the w of the 
fill material and using an empirical equation. If 
CCV values higher than this maximum value, it is 
likely that the actual local water content ratio is 
lower than the assumed value (equal to 9 % in this 
case), which requires the careful measurements of 
local water content ratio and proper adjustments of 
water content ratio in the subsequent compaction 
work.  

Next, the case when the measured CCV value 
below the maximum value is obtained is analyzed. 
That is, as shown in Fig.18, the contour lines of 
CCV value = 10 and w = 9% intersect at two points 
B and C. This implies that there are two possible 
solutions for ρd. We must judge whether ρd is in the 
range of Sr ≤ Sropt (initial stage of compaction) or Sr
> Sropt (late stage of compaction). On the other hand, 
the CCV value changes during the compaction 
process as shown in Fig. 12. That is, the CCV value 
tends to increase in the early stage of compaction 
and decrease in the late stage of compaction. 
According to this trend, if the current compaction 
stage can be determined by examining the trend of 
change in immediately preceding CCV values and 
total compaction time until the present time, it is 
possible to accurately evaluate ρd. 
Thus, when estimating ρd based on the CCV value 
and w using the empirical equation, it is important 
to consider not only the CCV value but also the 
history of number of compaction pass.  

Fig.16  Results of compaction test on ρd–w plot 

This allows for real-time and compaction 
management over the concerned area of compaction. 
It is expected that a high-quality embankment 
structure can be realized by employing a rational 
construction method, such as the one proposed in 
this paper. 

Fig.17 Comparison of measured and estimated 
values of ρd

Fig.18 Compaction control method using contour 
lines of CCV values 

CONCLUSION

A field full-scale compaction test was carried 
out to develop a method for estimating ρd and Sr 
based on CCV values to realize high-quality 
embankment construction. The main findings of 
this study are as follows: 
(1) The results of the rolling compaction test show 

that the local values of w, ρd, Sr, and CCV differ 
considerably depending on the measurement 
point. Moreover, the local value of w at each 
measurement point slightly fluctuates as the 
number of compaction passes N increases. 
These facts indicate that it is imperative to 
accurate evaluate instantaneous local water 
content ratio at places where CCV values are 
evaluated.   

(2) ρd and Sr increase significantly when N = 2, 
gradually increase as N increases from 2 to 6, 
and tend to converge as N increases from 6 to 
16. The CCV values increase as N increases
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from 2 to 8, reach a maximum when N = 8, and 
decrease as N increases from 8 to 16. This fact 
indicates that CCV is not a unique function of 
ρd, but the effects of Sr are also important. 

(3) The CCV value can be expressed by Eq. (6), in 
which ρd and Sr are independent variables and 
the number of passes and compaction energy 
are not considered as variables. The accuracy 
of estimating ρd using the empirical equation 
increases with the accuracy of Sr and fCCV(Sr).  

(4) If the target ρd is determined and w and ρs are 
known, the target CCV value can be determined 
from Eq. (7). Moreover, if ρs and w are known, 
ρd can be calculated when the CCV value is 
measured during construction. Therefore, real-
time compaction management over the 
concerned area of compaction, which is the 
purpose of this work, can be realized.  

(5) When the w of the fill material is assumed to be 
constant, the CCV value reaches the maximum 
immediately before Sr becomes equal to Sropt. 
At the time of construction, the required high 
compaction state can be achieved by 
confirming that the CCV value has reached its 
maximum after a predetermined number of 
compaction passes. 

(6) When the CCV value is below the maximum 
value, ρd can be accurately evaluated by 
considering the CCV value along with the 
number of compaction passes. Real-time 
compaction management over the concerned 
area can be realized by combining the 
procedures (5) and (6). 

 The results of this study show that the 
compaction management using the empirical 
equation for the CCV value based on ρd and Sr is 
effective. This method can be applied to evaluate 
and improve the real time quality control of 
embankments. In the future, the authors will 
investigate a method for the real-time measurement 
of w and a method of evaluating the quality of 
embankments with a higher accuracy. 
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ABSTRACT 
 
Peat soil is an accumulation of partially decayed vegetation, formed under the condition of nearly permanent 

water saturation, which makes the high moisture and compressibility as two main features of peat. In recent years, 
lack of construction lands diverts the attention of researchers to make use of marginal grounds, like peatland, after 
some improvements. The past decade has witnessed a growing interest towards microbial induced carbonate 
precipitation (MICP) due to its reliability, wide application and potential contribution to sustainable and green 
development. There are two primary aims of this study: (i) investigating the feasibility and effectiveness of MICP 
in peat soil combined with bamboo fiber reinforcement, and (ii) ascertaining the mechanism of bamboo fiber 
incorporated MICP. Bamboo fiber possesses some unparalleled advantages owing to its fast growth and ability to 
survive in diverse climates. This study differs from previous researches in the use of native bacteria isolated from 
the peat soil, while most of them were conducted using exogenous bacteria which might pose a threat regarding 
adaption and microbial pollution. Different concentration of cementation resources (1-3 mol/L) and proportion of 
fibers (0-50%) were studied, and each case was well designed. Treated samples were subjected to fall cone test at 
certain time intervals to estimate the undrained shear strength. The results revealed that the samples with higher 
fiber content gained higher strength than others did, whereas high initial cementation resources in soil could 
contribute to the decline of strength. Microscale observations were also performed on treated samples to clarify 
the mechanism of MICP incorporated with fiber. 
 
Keywords: Microbial induced carbonate precipitation (MICP), Peat soil, Bamboo fiber, Fall cone test, Native 
bacteria 
 
 
INTRODUCTION 

 
Peat is a type of soft soil with high content of 

fibrous organic matters, which is produced by the 
incomplete decomposition and disintegration of 
sedges, trees, mosses, and other vegetation growing 
in wetland and marshes in the anoxic condition [1]. 
Consequently, it is often referred as problematic soil 
due to its low shear strength, high compressibility and 
high water content [2]. 

Methods to improve peat soils are typically soil 
replacement, reinforcement to enhance strength and 
stiffness, stone columns, piles, chemical admixtures 
etc. [3], [4]. Chemical stabilization like grouting and 
mixing using cement and lime, which is one of the 
most preferred methods to improve the soil for the 
economical reason [3], [4]. In recent years, although 
known as the most useful artificial material for 
construction, cement has suffered criticisms related to 
its contribution to greenhouse gas emission. 
According to the UNEP annual report of 2010, to 
produce 1 ton of cement, 1 ton of CO2 will be released 
into the environment, which means annually about 7-
8% of overall CO2 emissions are coming from cement 
industries [5], [6]. There is an increasing concern that 
some of these traditional methods are being 

disadvantaged for the harmful environmental effects. 
In recent years, a considerable body of literature 

is springing up around the theme of MICP (microbial 
induced carbonate precipitation). The MICP is a 
relatively innovative technique developed via 
biological processes, in which the production of 
calcium carbonate bio-cement relies on the 
performance of microbial urease [3],  [7]. Up to now, 
several studies have confirmed the effectiveness of 
MICP on the application of removing contaminants 
from the air and water, preventing liquefaction, 
reducing compressibility and permeability, 
improving soil bearing capacity and so on [3], [4], [8]. 
The application of this technique could to some extent 
reduce the dependence on cement products whereby 
it can be an alternative of green development to 
traditional methods. In this research, another 
sustainable material is the bamboo. As one type of 
most common plant fiber material, it has some 
unparalleled merits due to its fast growth, 
survivability under diverse climates and excellent 
engineering properties [9].  

 This study set out to investigate the usefulness of 
bamboo fiber combined with MICP in soil 
improvement: to assess the feasibility and efficiency 
of MICP on bamboo fiber reinforced peat soil and to 
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reveal the mechanism in the solidification process. 
For these purposes, ureolytic bacteria isolated from 
local peat soil were examined before being utilized in 
solidification tests; different proportion of bamboo 
fibers were mixed into the peat to clarify the effect on 
moisture and strength change; the concentration of 
cementation material was investigated as one of the 
significant factors governing the effectiveness of 
MICP. Finally, fiber incorporated microbial 
cementation experiments were conducted. 

 
 

MATERIALS AND METHODS 
 
Characteristics of Soil  

 
The distribution of peat lands in Hokkaido, Japan 

can be observed in Fig. 1. Peat soil used in this 
research was obtained from Iwamizawa city 
(43°18'17.9"N 141°40'23.9"E), Hokkaido (Fig. 1), 
from the depth of 3 m underground. Collected peat 
samples were then preserved in the sterile containers 
under the temperature of 4 ℃ and then subjected to 
some laboratory examinations. The intrinsic 
characteristics of peat soil were obtained in the 
laboratory, shown in Table 1. According to the 
American Society for Testing and Materials (ASTM) 
standard [10], the peat soil can generally be 
categorized as one of the followings: (i) fibrous, (fiber 
content ≥ 67%), (ii) hemic or semi-fibrous and or (iii) 
sapric or amorphous (fiber content < 33%). Based on 
the analysis, the Iwamizawa peat soil was found to be 
falling under semi-fibrous category. 

 

 
 

Fig. 1  Distribution of peat ground in Hokkaido [1] 
 

Table 1  Basic characteristics of Iwamizawa peat  
 

Note: Samples were examined from the lower layer to upper layer; 
k is coefficient of permeability. 

 
 

Fig. 2  Variation of moisture absorption with 
bamboo fiber content 

 
Characteristics of Fiber  

 
The bamboo fiber utilized in this study was made 

of bamboos with natural moisture content about 26%, 
with a uniform grain size from 150 to 200 µm. Prior 
to utilizing the bamboo fiber for solidification test on 
peat soil, the water absorbing capacity of bamboo 
fiber was investigated. Totally six cases with bamboo 
fiber to peat soil ratio at 5%, 10%, 20%, 30%, 40% 
and 50% were prepared, weighed and dried in the 
oven at 105℃ for more than 48 hours until the mass 
variation was found to be negligible [11]. The results 
are shown in Fig. 2, depicting a significant decrease 
in the water content of peat with increasing fiber 
content. It is worth noting that the water content could 
be reduced by half with 20% of fiber addition.   
 
Isolation and Characterization of Bacteria 
 
Isolation of native bacteria 
 

Isolation was conducted by a sequence of dilution 
(101-103) of peat soil and then being plated on the 
NH4-YE agar medium [12], [13].  After 72 hours of 
culture at 30℃, colonies were inoculated into new 
plates using a platinum loop to obtain a purified single 
colony from groups of distinctive bacteria. Following 
the purification process, the bacteria were cultured for 
24 hours as the preparation of the urease activity test. 

 
Identification of ureolytic bacteria 
 

During the process of urea hydrolysis, the pH of 
solution increases over time. Urease activity test 
using cresol-red could realize the identification by a 
simply qualitative observation on the color change 
from yellow to purple, indicating an increase in pH 
from 7.2 to 8.8. Detailed experimental process could 
be found in the following previous works [12], [13]. 
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The bacteria were added into the testing solution, 
shaken sufficiently, then incubated at 45℃ for 2 
hours. Species changed the color into purple was 
identified as urease activity positive. 

 
16S rRNA sequencing and analysis 
 

According to the Japanese laws as to the 
microorganism utilization, it is a must to examine the 
bio-safety level of bacteria, in case the unknown 
bacteria would be harmful to human body. Finally, 
the isolates were characterized by sequencing their 
16S rDNA and comparing with the database of 
Apollon DB-BA 9.0, Gen Bank, DDBJ (DNA bank 
of Japan) and EMBL (European Molecular Biology 
Laboratory). 

 
Urease activity and growth curve measurement 
 

Quantitative measurement of bacterial population 
and urease activity were realized by colorimetry, 
which is used to test the concentration of a solution 
by measuring its absorbance of a specific wavelength 
of light. In case of the determination of bacterial 
population, the optical density was scanned at the 
wavelength of 600 nm (OD600). This parameter was 
set as 630 when measuring the urease activity of 
bacteria by spectrophotometric determination of 
ammonia as Indophenol [12], [14]. 
 
Treatment and Evaluation 

 
Solidification test 
 

Injection method and mixing method are currently 
two of the most popular methods for investigating the 
efficiency of solidification using MICP. In this study, 
the unique characteristics of peat soil made the choice 
of mixing method for its reliability and validity. First, 
NaCO3 was used to adjust the pH condition of peat 
soil, followed by mixing of cementation resources: 
CaCl2 (Ca2+), urea (CO3

2-) and ureolytic bacteria 
(urease). In each 150 g of peat soil, only 15 mL of 

bacteria (OD600=11, 2-day cultured) were used. 
Different proportion (10%-50%) of bamboo fibers 
were added to keep the water content of peat soil at a 
relatively low level. Sufficient mixing was always 
followed by adding process. Cases set in this 
experiment were depicted in the Table 2. Molded 
samples were then put into an incubator with constant 
temperature of 30℃ for curing. Examinations were 
carried out after 48 hours and on day 7. 

 
Fall cone test 
 

Fall cone test was conducted according to the JGS 
0142-2009 [15]. One advantage of this method is that 
it could be applied on soft clay materials [16]. And 
for peat, it avoids the problem of the organic matter. 
The test is based on an approximate relation between 
the undrained shear strength (τf) and the depth of 
penetration (h), as presented in Eq. 1. K is the fall 
cone factor which depends mainly on the cone angle, 
and Q is the cone weight. 

 
τf=KQ/h2                                                               (1)  

 
Table 2  Different cases in this experiment 
 

Note: Vs is sample volume; Wf is weight of fiber; Wp is weight of 
peat soil. 
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Fig. 3  Performance of PS-1 under different temperatures: (a) growth curve and (b) urease activity
RESULTS 

 
Bacteria Performance 

 
In total, 14 isolated species were tested, of which 

three species were finally identified as ureolytic 
bacteria. Two of them were sent to DNA Data Bank 
and characterized as Staphylococcus edaphicus (PS-
1) and Oceanobacillus profundus (PS-5). After the 
preliminary analysis, PS-1 was chosen for further 
experiments as per its higher relative performance, 
and its performance under different temperature were 
confirmed by a series of tests. Figure 3 reveals that, 
for the first few days, there has been a gradual rise in 
the population of bacteria (showed as OD600), 
irrespective of the incubation temperature. However, 
this number reached a peak at the temperature of 20℃ 
after four days. As per the urease activity tests, the 
bacteria, on the other hand, showed the highest 
preference at high temperature. The activity under 
30℃ peaked around 0.75 U/mL after 6 days of 
culturing. 
 
Strength Characteristics 

 
MICP on peat soil (without fiber) 
 

To study the effect of initial concentration of 
resources, the peat soil was treated preliminary by 
MICP. As shown in bar chart (Fig. 4), the 
improvement of peat soil made by MICP seems to be 
insignificant here, and the development of undrained 
shear strength declined steadily along with the 
increase of concentration of cementation material 
added. Based on the observations, therefore, 1 mol/L 
was chosen to be appropriate for further experiments. 
 

 
Fiber incorporated MICP on peat soil 
 

Figure 5(a) presents the experimental data on the 
strength of fiber reinforced peat soil. The 
improvement of peat soil with as small as 10% fiber 
addition was negligible. However, as the fiber content  
increased to 50%, the shear strength grew by more 
than 40 times after 7 days of curing under the constant 
temperature of 30℃. What stands out in Fig. 5(b), 
which describes the efficiency of MICP incorporated 
with fiber, is the dramatic growth of undrained shear 
strength in samples with 50% of fiber, reached 43 kPa, 
improved by more than 80 times of the untreated, 
twice of that of fiber reinforced. It also can be clearly 
seen in this figure that no significant increase in cases 
with lower fiber content. 
 

 
 

Fig. 4  Effect of different initial concentration of 
cementation resources 

 
 

 
 

Fig. 5  Fiber incorporated MICP with different concentrations of cementation material: 
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(a) only fiber and (b) 1 mol/L  

 
 

Fig. 6  SEM images of peat soil: (a) untreated; (b-c) MICP- treated 
 
SEM Observation 
 

The results obtained from the SEM (scanning 
electron microscope) analysis of untreated and treated 
peat soil are compared in Fig. 6. Fig. 6(a) shows the 
microstructure of the untreated peat soil. As indicated, 
fibers were found to be at various sizes and shapes; 
open cellular structure could also be seen in fibers of 
untreated soil, suggesting a high degree of decay. 
When the MICP treatment was applied, the fibers 
were bonded together by the precipitated calcium 
carbonate (as depicted in Fig. 6(b)). Certain amount 
of calcium carbonate was also found to be randomly 
precipitated on the surface of fibers, which might 
contribute to the increase in surface roughness. 
Moreover, the precipitated calcium carbonate tended 
to crystalline within the open pore structure of the 
decayed fibers, and a clear microstructure of 
enhanced fiber material is presented in Fig. 6(c). 
Overall, the microscopy analysis has provided 
important insights to understand the mechanism how 
the strength improvement is achieved in peat soil. 
 
DISCUSSION 
 

Previous studies [17], [18], [19] evaluated the 
effectiveness of chemical stabilization on peat, of 
which the results showed that the strength was 
significantly improved when the considerable amount 
of pozzolanic materials were mixed in-situ or ex-situ. 
Therefore, traditional methods such as Portland 
cement are firmly being demanded, although some 
adverse environmental effects are often reported. 
MICP is a recent call, which is believed to have the 
potential for stabilizing a wide range of soils. Among 
the studies performed to this date, only very little 
were focused on improving peat material, and the 
improvements were found to be relatively poor [20], 
which is essentially due to the high moisture content, 
weak skeleton of peat and intrinsic chemical 
conditions. 

In this study, it has been found that the initial 

concentration of resources mixed significantly 
governs the effectiveness of MICP. The results 
showed that the increasing the initial concentration of 
resources decrease the strength gaining of peat soil. A 
possible explanation of this might be that high 
concentration of MICP chemicals (particularly urea) 
might affect the urease enzyme. During the 
experimentation, the softening of peat soil was 
experienced with the increase in resource 
concentrations. Basically, peat soil is rich in colloids 
which are charged nano∼micro particles, responsible 
for most of the chemical responses of peat soil. High 
concentration of resources would induce the fierce 
chemical reaction within a short time, leading to the 
increase in ion-exchange and possibly softening the 
peat. However, when the moisture is controlled by the 
fibers, a significant enhancement is achieved in MICP 
treatment (as compared in Fig. 5). 

The query that was not addressed in this study was 
how this method could alter the consolidation 
responses of peat soil, which is an important 
parameter to evaluate. Another limitation may be the 
limited supply of resources, and multiple mixing 
phased might further improve the mechanical 
responses of peat soil. Despite of the possessed 
limitations, the study suggests the potential value of 
bamboo fiber in engineering field. Further 
investigations are necessary to firmly establish the 
technique with a deeper understanding of the 
approach. 

 
CONCLUSIONS 
 

The fall cone test, micro-scale observation and a 
series of examinations were conducted for MICP 
incorporated with different bamboo fiber ratios, in 
order to clarify the feasibility and effectiveness of 
fiber incorporated MICP on peat soil and to ascertain 
its mechanism. Conclusions could be drawn as below: 
(i) The addition of bamboo fiber could greatly reduce 

the water content of peat soil, resulting in an 
improvement in strength. 

Coated fibers

Bonded fibers

Filled fibers

Open cellular structure

(a) (b) (c)



GEOMATE – Melbourne, Australia, 11-13 November 2020 

46 
 

(ii) With the increase of initial concentration of 
cementation material, the strength gain decreased. 

(iii) The undrained shear strength of peat soil was 
improved by more than 80 times using MICP 
incorporated with 50% of bamboo fiber, twice as 
values obtained from cases of fiber only. 

(iv) MICP filled the cellular structure, coated and 
bonded separate fibers together, increasing the 
roughness of the fiber surface to make them a 
whole. 
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ABSTRACT 
 
Sanitary landfills (SLFs) are usually employed as final waste disposal facility to protect public health and the 

environment. As a result of rapid population growth and urbanization, there is currently a great demand to 
construct SLFs in the Philippines. The hydraulic conductivity characteristics of remolded samples of a locally 
abundant fine-grained soil compacted at different compaction energy level is investigated to determine the 
suitability of the soil as landfill liner material. The hydraulic conductivity of lining system is one very salient 
feature of the SLF to prevent contamination of nearby soil and water sources. The physical properties of the soil 
are determined through a series of laboratory tests which includes the grain-size distribution, specific gravity, 
Atterberg limits, soil classification, Cation Exchange Capacity (CEC), X-ray powder diffraction (XRD) and 
scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDS). The falling head laboratory 
test was conducted to determine the saturated coefficient of hydraulic conductivity. A numerical model was 
formulated that can predict hydraulic conductivity as a function of the void ratio. The resulting coefficient of 
hydraulic conductivity ranges from 1.98 x 10-6 to 1.0 x 10-7 cm/sec meet the Philippine standard requirement. 
The soil being classified as clay loam can readily be used as top lining material. However, additional study on 
unconfined compressive strength and volumetric shrinkage among other parameters is recommended prior to use 
of the fine-grained soil as bottom lining material as soil amendment maybe necessary. 
 
Keywords: Hydraulic conductivity, Permeability, Landfill Liner, Sanitary Landfill 
 
 
INTRODUCTION 

 
Sanitary landfills (SLFs) are usually employed as 

final waste disposal facility to protect public health 
and the environment. As a result of rapid population 
growth and urbanization, there is currently a great 
demand to construct SLFs in the Philippines on top 
of the statutory requirement set forth by Republic 
Act (RA) 9003 otherwise known as the “Ecological 
Solid Waste Management Act of 2000”. This law 
requires all local government units (LGUs) to 
transition from open dumpsite to controlled 
dumpsite, and eventually to a sanitary landfill (SLF) 
not later than February 2006. However, as February 
2020, only 108 sanitary landfills or 6 percent of the 
total required number of 1700 landfills nationwide 
as reported in the Philippine Environmental 
Management Bureau website. The construction for 
more SLFs gives rise to the need for sustainable 
materials especially for the lining system. The lining 
system in SLF is one of the most important features 
of the facility to provide containment against 
environmental degradation that may cause adverse 
effect to public health. Compacted clayey layer, 
geomembrane, geosynthetic clay layer or a 
composite of these may constitute the barrier 
component of the liner which should have a low 

hydraulic conductivity and the ability to attenuate 
pollutants migrating through. 

In this study, the saturated hydraulic conductivity 
of a locally abundant fine-grained soil is explored as 
part of a much bigger study on the possible use of 
that soil as compacted soil lining material for a 
municipal SLF. The use of compacted soil lining 
with or without admixture of clay is common due its 
relatively low cost, accessibility, durability, high 
resistance to heat, and other factors among other 
liner materials [1]. Some marginalized materials are 
also studied as potential landfill liners such as 
residual soil [2], dredged marine soils [3], compost 
[4], fly ash used as soil treatment in combination 
with bentonite [5] among others. Published literature 
on the use of compacted soil in the Philippines as 
landfill liner is limited.  

Compacted soil liner consists of a mineral layer 
which satisfies hydraulic conductivity and thickness 
requirements along with other technical 
requirements such as cation exchange capacity 
(CEC) which varies for different countries. The 
hydraulic conductivity is the principal factor that 
affects hydraulic barrier performance. Typical 
hydraulic conductivity value must be less than or 
equal to 1 x 10-7 cm/sec for soil liners and covers to 
contain hazardous waste, industrial waste and 
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municipal solid waste. Other considerations in 
choosing the soil liner material include but not 
limited to shear strength, swelling and volumetric 
shrinkage. Most soils that possess the properties 
shown in Table 1 will meet these requirements [6]. 
 
Table 1 Specifications for Soil Liner Materials [6] 
 

Soil Property Range of Values 
Percentage of Fines (%) ≥ 39-50 
Plasticity Index (%) ≥ 7-10 
Percentage Gravel (%) ≤ 20-50 
Maximum Particle Size (mm) 25-50 mm 
 

Hydraulic conductivity or permeability of soil is 
the capacity of soil to allow water to pass through it. 
Soils are permeable due to the existence of 
interconnected voids through which water flow from 
points of high energy to points of low energy. 
Permeability of soils are affected by particle size, 
void ratio, properties of pore fluid, shape of particles, 
structure of soil mass, degree of saturation, absorbed 
water, entrapped air and organic impurities in water, 
temperature, and stratification of soil. Reduction in 
void ratio will result to decrease in permeability. For 
the same soil sample, only the void ratio will be the 
most significant factor. In compacted soils, the 
compaction variables also greatly influence the 
hydraulic conductivity. 

In this paper, the saturated hydraulic 
characteristics of a local fine-grained soil as 
potential landfill liner material compacted at three 
different compaction energy level were investigated. 
The values obtained from the test is compared to the 
requirements of RA 9003 and its implementing rules 
and regulations (IRR) as shown in Table 2. Relations 
to estimate the saturated hydraulic conductivity in 
terms of the corresponding void ratio at the different 
compactive efforts were developed and validated 
with the previous related studies.  
 
Table 2.  RA 9003 and its IRR Hydraulic 
Conductivity and Soil Thickness Requirements 
 

Landfill 
Category 

Capacity 
(tons/day) 

Min. Requirement 
for k (cm/sec) 

and thickness (cm) 

I ≤ 15 1 x 10-5 

& 60 

II > 15 ≤ 75 1 x 10-6 

& 75 

III > 75 ≤ 200 1 x 10-7 
& 75 or 60* 

IV > 200 1 x 10-7 

& 60* 
Note: *Build together with synthetic liner of 1.5 mm thick 
 

The findings will be used for initial assessment 
and design purposes of the local fine-grained soil for 

possible utilization as soil liner without discounting 
the need of an actual conduct of field hydraulic 
conductivity test as well as other requirements set 
forth by the aforementioned law and its IRR. The 
information can be utilized as a part of the basis for 
soil modification whenever needed prior to 
utilization as a construction material. 
 
MATERIALS AND METHODS 
 
Source of the Fine-Grained Soil Sample 
 

The soil sample used was excavated from a 
proposed sanitary landfill site in the municipality of 
Kauswagan, Lanao del Norte, Philippines. The 
sample was taken at a depth of least 2 meters to 
exclude organic matters. The soil looks to be 
reddish-brown. The soil consistency is sticky, plastic 
when moist and firm when dry. Figure 1 shows the 
soil sample used in the study. 

 

 
 

Fig. 1 Moist Soil Sample  
 

Preliminary Experimental Program 
 

The preliminary laboratory tests in the study is 
summarized in Table 3. 
 
Table 3 Preliminary Experimental Program 
 

                Test Test Standard  

Grain Size Analysis   
-Mechanical Method ASTM D6913              
-Hydrometer Method ASTM D7928 
Specific Gravity Test ASTM D854 
Liquid Limit Test ASTM D4318 
Plastic Limit Test ASTM D4318 
Shrinkage Limit Test ASTM D427 
Min. Index Density Test ASTM D4254 
Max. Index Density Test ASTM D4253 
XRD  
SEM-EDX  
Compaction Test  
-Reduced Proctor Daniel & Benson [7] 
-Standard Proctor ASTM D698 
-Modified Proctor ASTM D1557 
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CEC US EPA 9081* 
Note: *United States Environmental Protection Agency 
 
The physical properties  were determined through 

a series of laboratory tests which are the grain-size 
distribution including both the mechanical and 
hydrometer analysis, specific gravity, Atterberg 
limits covering the plastic limit, liquid limit and 
shrinkage limit and soil classification as per Unified 
Soil Classification System (USCS). Cation 
Exchange Capacity (CEC) conducted through the 
Sodium Acetate Distillation-Titration Method 
employed to determine exchangeable ions. X-ray 
powder diffraction (XRD) was performed on soil 
sample to obtain a mineralogical analysis of the 
sample. The analysis used manually ground oven-
dried soil sample of fine powder passing sieve No. 
200. The sample was scanned from 3° to 70° at a 
scanning rate of 1 degree per minute. Scanning 
electron microscopy was done to provide a broad 
character of the soil microfabric. Soil samples oven-
dried at 105oC of grains passing sieve No. 200 were 
used to remove moisture, coarse and organic 
material are used for this as well as in Energy 
dispersive X-ray spectroscopy (EDX) analysis which 
was used to determine the elemental composition of 
the surface of the soil specimen. The laboratory 
compaction test was carried out using Modified 
Proctor Test, Standard Proctor Test and Reduced 
Proctor Test [7] to represent varying compaction 
energy of equipment in the field. Three runs of test 
for each compactive efforts.  
 
RESULTS 
 
Grain Size Distribution 
 

The grain size distribution (GSD) is graphically 
depicted in Fig. 2 with mechanical and hydrometer 
test combined. The mechanical sieve analysis 
yielded a small 2% of fine sand and majority 98% of 
silt and clay. The GSD curve exhibits a poorly 
graded soil. Considering the percentage of soil 
grains passing No. 200 sieve more than 50%, the soil 
is said to be fine-grained and is expected to respond 
poorly to compaction.  
 

 

 
Fig. 2 Grain Size Distribution Curve 
 
Soil Constants 

 
The various laboratory tests resulted to the values 

for soil physical properties as shown in Table 4. The 
resulting experimental specific gravity value falls 
within the range of 2.6 to 2.9 typical for clayey and 
silty soils. The value of the Plasticity Index (PI) falls 
within the range of 20-40 which is for the highly 
plastic soils. The values for liquid limit and 
plasticity index are subsequently used as inputs for 
soil classification in addition to the percentage fines 
discussed in the previous subsection. 
 
Table 4. Soil Constants [8] 
 
Soil Property Value  
Specific Gravity, Gs 2.66 
Liquid Limit, LL,  88.49 
Plastic Limit, PL 55.68 
Plasticity Index, PI 32.81 
Shrinkage Limit, SL 29.69 
Min. Void Ratio, emin 1.07 
Max. Void Ratio, emax 1.55 
Min. Dry Unit weight, γdmin, kN/m3 10.24  
Max. Dry Unit weight, γdmax, kN/m3 12.59  
 
Soil Classification 
 

In accordance with the Unified Soil 
Classification System (USCS), the soil sample is 
classified as elastic silt with designation MH.  The 
values of the soil properties being percent finer 
passing No.  200 > 50%, liquid limit >50%, 
plasticity index plots below the “A” line and 
percentage passing of sand or gravel < 15 to 29%.  
However, the said soil is classified as clay loam 
according to the United States Department of 
Agriculture and are good landfill cover or top lining 
material [9].  
 
XRD Result 
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Fig. 3 X-ray Diffractogram of the Soil Sample 

The resulting XRD pattern shows sharp peaks as 
depicted in Fig. 3. The result suggests that the soil 
sample comprises mainly of the crystal phases of 
kaolinite, biotite, antigorite, and goethite. 
 
SEM-EDX 
 

A micrograph for the soil sample at 100, 000x 
magnification factor is exhibited by Fig. 4. The 
image shows sub-angular and sub-rounded shapes 
like those of granular soils. It also reveals large 
intergranular voids. Also visible are flakey, 
spheroidal, tubular morphological attributes and 
inter granular voids usually associated to clay 
minerals. A flakey configuration in the soils is 
common in fine-grained varieties such as clay and 
silt enabling those types of soil to have large surface 
areas for moisture adsorption. The image gives an 
impression that the soil contains many components 
such as mica, clay species (silicates) occurring in 
platy, sheet, flake structure in the family of 
phyllosilicates and few organic materials. 
 

 
 
Fig. 4 SEM Micrograph at 100, 000x magnification 
of the Soil Sample 
 

The elemental analysis yields that oxygen, 
aluminum, and silicon comprised most of the soil 
sample with traces of iron, carbon, titanium and 
calcium which are among the most abundant 
elements in the Earth’s crust. These are the elements 
which compose the family of phyllosilicates. The 

weight percentage distribution is as shown in Table 
5.  
 
Table 5. EDX Elemental Distribution 
 

Element Name Symbol Weight Percentage 
Oxygen O 52.4 
Aluminum Al 16.6 
Silicon Si 16.6 
Iron Fe 6.9 
Carbon C 6.7 
Titanium Ti 0.7 
Calcium Ca 0.1 

Compaction Tests 
 
A set of the typical compaction curves for the 

soil sample compacted with the three compactive 
efforts is shown in Fig. 5.  It is observable that the 
maximum dry unit weight increases with the 
increase in compactive effort while the optimum 
water content decreases with the increase in 
compactive effort. All the curves are well below the 
zero-air voids curve.  

 

 
Fig. 5 Typical Compaction Curve 
 
Cation Exchange Capacity 
 

The resulting laboratory test for CEC yield a 
value 7.76 cmol/kg which falls within typical value 
for kaolinite of 5-15 cmol/kg.  
 
Hydraulic Conductivity 
 

The permeability test was carried out on 
remolded samples with compaction energies 
corresponding to the three compactive efforts in a 
rigid wall permeameter with a cross-sectional area of 
5.73 square centimeter and height of soil specimen 
of 7.60 centimeters using distilled water as permeant. 
Further, the permeability test was performed under a 
falling head condition under a hydraulic gradient of 
around 20.  
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Fig. 6 Hydraulic Conductivity versus Moisture 
Content 

The hydraulic conductivity coefficient was 
calculated using Darcy’s law.  The saturated 
hydraulic conductivity result ranges for the three 
compactive efforts from 1.98 x 10-6 to 1.0 x 10-7 
cm/sec which can be said to be of low hydraulic 
conductivity. This range falls within the typical 
values for elastic silt [9]. The values meet the 
Philippine requirement depending on the targeted 
category of the SLF. Figure 6 shows a typical plot of 
the hydraulic conductivity, k versus the moisture 
content, ω at the three compaction efforts. It can be 
observed that the values of the hydraulic 
conductivity decrease as the compactive effort is 
increased. It is notable that the values of k is lowest 
to the left of the optimum moisture content. This 
agrees to the earlier finding of a similar study that 
soils that are more plastic and have a great quantity 
of fines yield lower hydraulic conductivity when 
compacted wet of the optimums [10].  
 
Predictive Models 
 

Predicting the hydraulic conductivity, k of soils 
accurately and dependably is among the lingering 
problem for geotechnical engineering as laboratory 
studies have shown that hydraulic conductivity is 
influenced by a lot of parameters as discussed in the 
introduction section. One equation widely used is the 
Kozeny-Carman relation wherein k is a function as a 
function of the void ratio of soils, shape constant, 
specific surface area of particles, particle density of 
soil, unit weight and viscosity of the fluid permeant. 
However, the model is not appropriate for clayey 
soils as it assumes no electrochemical reactions 
between the solid particles and permeant. Research 
studies have been made on possible relationships 
between hydraulic conductivity and void ratio, e of 
fine-grained soils. One relationship established is 
that a linear relation between the logarithm of the 
hydraulic conductivity and the void ratio for clays 
[11]-[12].  In this study, a linear regression analysis 
on the void ratio and logarithm of the hydraulic 
conductivity per compactive effort to develop a 
predictive model. The output of the test is presented 

in a semi-log plot, the hydraulic conductivity in a 
logarithmic scale and the void ratio in arithmetic 
scale as ordinate abscissa, respectively. 
The equation can take form: 
 
𝒌𝒌 = 𝒄𝒄𝒇𝒇𝒆𝒆                                                     (1) 
 
where: 

c = material constant 
k = hydraulic conductivity in cm/sec 
fe = function describing the effect of void ratio 

 
The regression analysis yielded the quantities in 

Table 6 together with the coefficient of 
determination R2. A high correlation coefficient, i.e. 
close to +/-1.0 suggests a strong linear relationship 
exist between the variables. This underpins the 
strength of the linearity of the regression equation.  
 
Table 6 Coefficients for the Regression Model 

 
Compactive 

Effort c fe R2 

Reduced Proctor 3.0x10-11 exp6.00e 0.92 
Standard Proctor 1.0x10-11 exp7.10e 0.93 
Modified Proctor 3.0x10-12 exp8.81e 0.92 

 
The high values of the coefficient of 

determination R2 indicates that the model fits the 
data well. The values are comparable to similar 
studies [13]-[14]. Figure 7 depicts the plots of the 
log k versus the void ratio at the three compactive 
efforts. 

 

 
 

a. Reduced Proctor 

 
 

b. Standard Proctor 
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c. Modified Proctor 
 

Fig. 7 Plot of the log k versus e for the Three 
Compactive Efforts 

The models can be useful to soil similarly 
situated and the strength lies on the simplicity with 
only void ratio as the parameter. Those can be 
helpful to specify field compaction. 
 
CONCLUSIONS 
 

Based on this study, the following conclusions 
can be drawn: 

The fined-grained soil as elastic silt based on 
USCS or clay loam based on USDA. The soil being 
classified as clay loam can readily be used as top 
lining material or cover. The soil is said to be of high 
plasticity. The soil sample composition consists 
mainly of the crystal phases of kaolinite, biotite, 
antigorite, and goethite from the XRD analysis and 
consistent from the SEM-EDX results.  

The resulting coefficient of hydraulic 
conductivity ranges from 1.98 x 10-6 to 1.0 x 10-7 
cm/sec meet the Philippine standard requirement 
depending on the SLF Category. The Strong 
correlation was developed between the logarithm of 
the hydraulic conductivity and the void ratio at the 
three compactive efforts.  

Further study is warranted on field hydraulic 
conductivity test, unconfined compressive strength 
and volumetric shrinkage to provide baseline 
information for design and quality assurance 
purposes. Those are additional information 
necessary for soil modification as maybe desired for 
the utilization of the soil as marginalized bottom 
SLF lining material.  
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ABSTRACT 
 
The rapid infrastructure development in the Philippines over the past years poses problem on construction cost 

due to the limited supply of suitable road foundation materials within economic haul distances. An economic and 
sustainable solution is to use locally available but suitable materials. This study utilized the naturally-occurring 
alluvial soil along the Angat Riverbanks as a potential road foundation material. Geotechnical characterization of 
the alluvial soil was performed including direct shear and California bearing ratio (CBR) tests. The findings of the 
index properties showed that the alluvial soil is 92% sand, non-plastic, and was classified as poorly-graded sand. 
A CBR of 41% makes the river sand a suitable subbase course material. However, the sample failed on the 
gradation requirement for subbase application due to lacking of coarse aggregates. From the direct shear tests, the 
soil showed brittle failure that yields peak shear stress and dilative volume change behavior. The critical state 
friction angles for dry and saturated conditions are 37.52° and 36.61°, respectively. Morphological analyses were 
also performed to further evaluate the material composition of the alluvial soil. The sedimentological analysis 
found that the sample is both texturally and compositionally immature. Sediments are angular to subrounded and 
moderately sorted. Correspondingly, the SEM-EDX revealed flocculation with flakey particles and small inter 
granular voids that justifies the shear strength of the sand. It is recommended to blend coarse aggregates with the 
alluvial soil to meet the gradation requirements and possibly increase its bearing strength for base course 
applications. 

 
Keywords: Alluvial soil, Road foundation, CBR, Direct shear strength, Morphology 
 
 
INTRODUCTION 

 
The "Build, Build, Build" program of the 

Department of Public Works and Highways (DPWH) 
of the Philippines promises a significant construction 
development in the Philippines. In the recent 
Philippine Infrastructure Report of 2017, strong 
growth in the construction and infrastructure industry 
was predicted to occur over the next five years. The 
report shows that the real growth will reach 12.5% 
between 2017 and 2021, while the average annual 
growth will reach 11.2% for the construction sector 
[1]. The Philippine Development Plan launched in 
2017, aims to change the Philippine income trend as 
an upper-middle-income country by 2022 [1]. This 
trend resulted in the urge to developing infrastructure 
and therefore boost the construction industry in the 
country [2]. 

It follows that there is a greater need for 
construction materials such as embankment and road 
foundation aggregates. However, there are three 
emerging challenges on sourcing of aggregate 
materials for road construction: (1) geographical 
distribution of natural deposits of high-quality 
aggregates needed for road construction is uneven in 
nature and not found in some areas, (2) in areas where 
high-quality aggregates exist, gravel mines and rock 
quarries are being either lost to another land uses or 

restricted from mining due to public perception and 
conservation efforts, and (3) higher quality standards 
may further reduce the amount of usable aggregates 
mined from specific sources [3]. 

Searching for alternative construction materials 
is considered a sustainable way of development if 
secondary material is free from hazardous 
components and does not have any adverse long-term 
effects  [4]. Road construction costs can be very high 
because of the limited opportunity of locating suitable 
road base material within economic haul distances [5]. 
It is preferable and economical to use and to stabilize, 
if necessary, locally available but abundant materials 
than to import conventional aggregates. 

One thing that is abundant in the Philippines is 
its alluvial deposits of soils. The alluvium occupies 
approximately 15 percent of the land surface of the 
archipelago [6]. The alluvium is the soil transported 
by water and settled along riverbanks. It is usually 
most extensively developed in the lower part of the 
course of a river, forming floodplains and deltas, but 
may be deposited at any point where the river 
overflows its banks.  

Alluvial soil was already researched for its 
suitability as an alternative road foundation aggregate 
in various countries [7] [8]. However, alluvial soils in 
the Philippines are yet to be explored. Due to its 
archipelagic characteristics, Philippine lands is 



GEOMATE – Melbourne, Australia, 11-13 November 2020 

54 
 

composed of approximately 15% alluvium. The 
country experiences the rise of rivers and streams 
during the rainy season, which results in the 
formation of floodplains and thick alluvial deposits. 

The province of Bulacan alone, the house of the 
153-km Angat River with a catchment area of 1,085 
km2, is composed mainly of alluvial orders of soil. 
Alluvial soils along the rivers are considered part of 
the lowland soils, and these soils represent the heavy 
use of land resources being easily accessible to the 
general populace. 

Alluvial soils are mainly used for agricultural 
purposes. However, problems arise when some of the 
soils possess high permeability that crops cannot 
grow. This is attributed to the sandy soil types, such 
as Quingua and Obando soil series, present along the 
Angat River [9]. With a thickness of 2 to 4 meters and 
covers more than 810 hectares, this fine sandy soil is 
a potential source of road embankment materials [9]. 

The main objective of this study was to 
characterize and assess the potential of the naturally 
occurring alluvial soils when used as a road subgrade, 
subbase course, and embankment materials. The 
DPWH Standards was the major reference on the 
classification of the alluvial soil on its suitability [10]. 
Table 1 shows the parameters and requirements based 
on the DPWH specifications for subgrade, subbase 
course, and for select granular backfill of 
mechanically stabilized earth. 

 
Table 1 DPWH Standards for road foundation [10] 
 

Parameter Requirement 
Subgrade course 

Gradation All 
particles 
are finer 

than 75mm 

not more than 15 
mass percent will 
pass the 0.075 mm 

sieve  
Atterberg 
limits 

PI not more 
than 6 

LL not more than 
30 

Unit weight greater than 7.85 KN/m3 
Subbase course 

Gradation All 
particles 
are finer 

than 50mm 

not more than 12 
mass percent will 
pass the 0.075 mm 

sieve  
Soaked CBR not less than 30% at MDD 

condition 
Dust ratio Less than or equal to 2/3 
Atterberg 
limits 

PI not more 
than 12 

LL  not more than 
35 

Select granular backfill 
Gradation all particles must be smaller than 

100mm 
particles finer than 0.0425mm 

must be 0 – 60 percent by mass 
at most 15% of the particles are 

finer than 0.075mm 

Friction angle not less than 34% 
 

MATERIALS AND METHODS 
 
Source of Alluvial Soil 

 
The alluvial soils were gathered from a vacant 

land in Brgy. Laog in the municipality of Angat, 
Bulacan. The soils are located along the riverbanks. 
Disturbed samples were used since the roadway 
construction materials are actually blending of 
different materials with specific gradation. The oven-
dried and moist-tamped soil is shown in Fig. 1. 

 

  
a. oven-dried soil             b. moist soil 

 
Fig. 1 Soil sample used in this study 

 
Experimental program 

 
The laboratory tests performed on the samples 

are enumerated in Table 1. These procedures were 
based from either ASTM or AASHTO standards to 
establish a reference in evaluating the index 
properties and strength of the alluvial soil. 
Morphology includes the SEM-EDX analyses, 
texture, and mineral identification. These material 
analyses supported the results of laboratory tests and 
explained the soil behavior that is important for long-
term applications. 

CBR tests in accordance with AASHTO T193 
were performed for the alluvial soil compacted at the 
maximum dry density and under soaked conditions to 
simulate the worst possible scenario in the field. 
Moreover, specimens were soaked for 96 hours (4 
days). However, a shorter immersion period of not 
less than 24 hours was applied, as suggested by the 
AASHTO standards, if the shorter period did not 
affect the test results. 

Direct shear tests in accordance with ASTM D 
3080 were performed for the alluvial soil to complete 
its geotechnical characterization. This study 
considered fully saturated conditions to simulate the 
worst-case scenario and dry condition to see the 
strength of the alluvial soil at the most possible 
condition. The samples were subjected to varying 
vertical stresses: 13.63 KPa, 27.75KPa, and 83.25 
KPa. The first vertical stress would capture the low-
stress condition while the second and third vertical 
stress will simulate the 1.5m and 4.5m overburden 
pressure in the field. The relative compaction will be 
60%, 80%, and 90% to represent the medium dense, 
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dense, and very dense conditions, respectively. Moist 
tamping was done to achieve the desired density of 
the reconstituted sample. For the saturated condition, 
the specimen was soaked in distilled water before 
transferring to the direct shear apparatus tank filled 
with water. Unconsolidated undrained condition was 
performed because of the non-plastic and 
cohesionless property of the soil sample. The test ran 
at 1.25 mm/min rate of shearing. 

 
Table 2 Experimental program for alluvial soil 
 

Test Test Standard 
Grain Size Analysis ASTM D6913 
Specific Gravity Test ASTM D854 
Atterberg Limits Test ASTM D4318 
Compaction test ASTM D698 
Max. Index Density Test ASTM D4253 
Min. Index Density Test ASTM D4254 
CBR Test AASHTO T193 
Direct Shear Test ASTM D3080 
SEM-EDX - 
Sedimentology - 

 
RESULTS 
 
Particle Size Distribution 
 

Figure 2 shows a typical particle size distribution 
curve. Generally, a soil is referred to as well graded if 
the uniformity coefficient (Cu) is larger than about 4–
6 and coefficient of curvature (Cc) is between 1 and 
3 [11]. The alluvial has a Cu of 5.11 and Cc of 1.2. It 
has an effective grain size (D10) is 0.29. Based on its 
D10, the soil falls on a medium size sand [12]. The 
alluvial soil comprises of 92% sand, 6% gravel, and 
1% silt. Based on the gradation requirements of 
DPWH, the soil is not suitable for subbase course 
application due to its insufficient amount of coarse 
particles. 

 

 
 
Fig. 2 Particle size distribution curve 

 
Soil Constants 
 

The material constants is presented in Table 4. 
The specific gravity of 2.60 is common to sandy soils 
[13]. The zero plasticity that is common to sand – silt 
particles complies with the low plasticity requirement 
for the road foundation materials. The modified effort 
was employed during compaction to concur with the 
DPWH standards for subbase/base course materials. 
The alluvial soil reached a maximum dry density of 
19.66 KN/m3 at an optimum moisture content of 
10.65%. It absorbs water and produces a wide range 
bell-shaped curve that falls on well-graded to fine 
sands [12]. 
 
Table 3 Soil Constants 
 
Soil Property Value  
Specific Gravity, Gs 2.60 
Liquid Limit, LL %  Non-plastic 
Plastic Limit, PL % Non-plastic 
Min. Void Ratio, emin 0.48 
Max. Void Ratio, emax 0.91 
Max. Dry Unit Weight,γdmax kN/m3 19.66 
Optimum Moisture Content, ωopt % 10.65 

 
Soil Classification 
 

According to the Unified Soil Classification 
System (USCS), the alluvial soil is a poorly-graded 
sand. On the other hand, the AASHTO classified it 
under A-1-b with group index of zero. Considered 
granular material, the alluvial soil had a rating of 
excellent to good subgrade material according to the 
AASHTO classification system. 
 
Soil Strength 
 
California Bearing Ratio 

Stipulated by the DPWH (2013) standard 
specifications, the bearing strength is defined by the 
CBR value obtained from AASHTO T93 provisions. 
The alluvial soil obtained CBR values at 2.54mm and 
5.08mm penetrations of 30.77% and 41.03%, 
respectively. These values correspond to the typical 
CBR of poorly graded sand classified by the USCS 
and of A-1-b soils identified by AASHTO [14]. Based 
on these CBR values, the alluvial soil had a bearing 
strength suitable for subbase course application as per 
the DPWH specifications. 

 
Direct Shear Strength 

In regards with the direct shear test, for both dry 
and saturated conditions, it was observed that as the 
normal load increases the value of the critical state 
shear stress or the shear stress at failure increases. The 
shear strength or the critical state shear stress is the 
shear strength at which the volume change ceases.  
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For the dry condition, stress-strain curves follow 
a similar pattern. As the shear strain starts to manifest, 
the dry soil behaves elastically (linear curve) until 
yielding occurs. At this point, the linear region starts 
to form a curvature as it approach a peak as shown in 
Fig. 3a. This phenomenon is called strain-hardening. 
Furthermore, after the soil reach a peak shear stress, 
a strain-softening phenomenon happened before it 
approach the critical state. This is attributed to the 
particle crushing and reorientation [13]. It can also be 
observed from the volumetric strain-shear strain plots 
in Fig. 3b that during strain hardening the soil 
changes its volumetric behavior from compression to 
expansion. Moreover, the dry samples exhibit dilation 
continuously until the graphs asymptotically 
approach a critical region where volume change stops. 
This is known as the critical state. 

It is noticeable that the 13.63 kPa normal load 
soil sample experiences the greater volumetric 
expansion. Thus, it is concluded that the increasing 
normal load directly affects the volumetric expansion 
of the soils. 

Figure 4 displays the stress-strain and volume 
change relationships of the saturated alluvial soil 
subjected to direct shear test. Slight variations from 
the results of the dry condition can be observed. First, 
the reduction of shear strength is very obvious since 
at saturated condition soil loses strength because of 
the presence of water as shown in Table 4. Second, 
the stress-strain curves for the 60% relative-density 
soils show no peak stress under the highest normal 
load (83.25KPa). In addition, dilation were not 
observed in this test sample. The reason for this is that 
a higher normal load can suppress the peak stress and 
the dilatancy [13].  

From Table 4, critical shear strength at different 
initial relative densities are almost the same for a 
particular effective normal stress. Secondly, the 
effective normal stress varies directly with the critical 
shear strength. Moreover, the densest soil specimens 
(Relative density = 90%) experience the largest 
volumetric expansion. Negative values of volumetric 
strain denotes soil expansion.  The idea is that dense 
soil has the greater chance to expand than to compress 
upon shearing [13]. 

From the direct shear test, the critical state 
friction angle for dry condition is 37.52° while the 
saturated alluvial possess a 36.61° angle of internal 
friction. These values fittingly fall on the typical 
range of friction angle for sand of 27° to 37° [13]. 
From the DPWH standards, the soil sample used in 
this study is a suitable select granular backfill 
material. 

 
a. Shear stress – shear strain curve 

 

 
b. Volumetric strain – shear strain curve 
 
Fig. 3 Stress-strain and volume change behavior of 
alluvial soil for very dense dry conditions. 
 
Table 4 Critical state values 
 

Alluvial 
soil 

Normal 
effectiv
e stress, 
KPa 

Dr 
= 

90% 

Dr 
= 

80% 

Dr   
= 

60% 

Critical state shear strength (kPa) 
Dry 
condition 

13.63 15.58 15.58 15.63 
27.75 23.11 24.44 24.05 
83.25 62.16 59.58 64.97 

Saturated 
condition 

13.63 13.61 12.28 11.55 
27.75 22.45 21.44 23.05 
83.25 60.96 57.69 64.02 

Critical state volumetric strain (mm/mm) 
Dry 
condition 

13.63 -0.035 -0.026 -0.018 
27.75 -0.029 -0.024 -0.017 
83.25 -0.022 -0.021 -0.012 

Saturated 
condition 

13.63 -0.013 -0.014 -0.009 
27.75 -0.009 -0.008 -0.002 
83.25 -0.001 0.002 0.009 
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a. Shear stress – shear strain curve 

 

 
b. Volumetric strain – shear strain curve 
 
Fig. 4 Stress-strain and volume change behavior of 
alluvial soil for medium dense saturated conditions. 
 
Morphology 
 
SEM – EDX 

Figure 6 depicts the micrographs of the alluvial 
soil sample. The soil contains many components such 
as blocks of minerals, clay, clay accessory minerals, 
and organic materials. There are highly varied shapes 
and size ranges as shown in Fig. 6a. Soil exhibits 
small inter granular voids. It has flocculation with 
flakey particles usually associated with clay as well 
as plagioclase laths and an indication of early stages 
of weathering as shown in Fig. 6b. Lastly, Fig. 6c 
revealed inter granular voids with flakes and that is 
common to clay minerals in sedimentary soils [12]. 

 
Sedimentology 

The analysis revealed a texturally and 
compositionally immature sedimentary soil. Texture 
and composition are two components to describe 
maturity. Texture provides a description of how 
rounded and sorted the sample is. Composition 
describes how much the soil composition is changing 
towards more stable minerals and components. An 
immature soil has the greater chance to breakdown 

and undergo weathering. The grain-size curve as 
shown in Fig. 2 validates the immaturity of the 
alluvial soil grains [12].  
 

 
 
a. 500x magnification 
 

 
 
b. 5,000x magnification (larger than 0.075mm) 
 

 
 
c. 5,000x magnification (finer than 0.075mm) 

 
Fig. 6 SEM micrographs of the soil sample 
 

About the composition, the altered fragments are 
composed mainly of silicified, quartz, and chloritized 
fragments. Lithic fragments are basaltic in 
composition with varying textures. The sample have 
sparsely distributed broken chips of plagioclase with 
quartz, augite, epidote and hornblende The result of 
EDX shows a soil that is made up mainly of oxygen, 
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carbon, silicon, aluminum, iron, and magnesium with 
small amounts of calcium and titanium. All of these 
elements corresponds with the mineralogical analysis. 
 
CONCLUSION 

 
Based on this study, the following conclusions 

can be drawn: 
The alluvial soil sample is a poorly graded sand 

with textural and compositional immature grains of 
quartz, basalt, chloritized, and altered fragments. It 
has no plasticity and the alluvial soil reached a 
maximum dry density of 19.66 KN/m^3 at an 
optimum moisture content of 10.65%. 

The bearing strength based on the CBR value at 
5.08mm penetration of 41.03% revealed that the 
alluvial soil is a suitable subbase course aggregate 
based on the DPWH Standards. However, the soil 
failed on the gradation requirement for subbase 
course because the amount of coarser particles is 
insufficient. 

For the direct shear strength, from the slope of the 
failure lines critical state friction angle for dry 
condition is 37.52° while the saturated alluvial 
possess a 36.61° angle of internal friction. Both brittle 
and ductile failure were observed from the test data 
which allows the stress-strain behavior to experience 
peak and dilatancy for the volume change behavior.It 
is a suitable select granular backfill material. 

Further work on this research is recommended to 
focus on the blending of alluvial soil with coarser 
aggregates to comply with the gradation requirements 
and to possibly promote its application to base course.  
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ABSTRACT 
 
The bend section of a buried water supply pipeline transfers a thrust force to the ground. Thus, a concrete block 

is typically installed at the bend for protection. However, the concrete block may become unstable when the ground 
around the concrete block liquefies during an earthquake. In a previous study, we proposed the use of a geogrid 
gabion composed of a geogrid basket and gravel as a thrust-protection method. In this method, the geogrid gabion 
is placed on the ground in the direction of the thrust force. It is desirable for a geogrid gabion to be installed close 
to the pipe. However, the pipe and gabion must be separated for the effective compaction of soil around the pipe 
during construction. In this study, the effects of the horizontal distance on the thrust force protection performance 
of the geogrid gabion were evaluated by applying a horizontal force on a buried pipe model in a saturated ground 
model. The results revealed that the resistance force acting on the pipe increased regardless of the horizontal 
distance; the resistance force acting on the pipe was highest when the pipe moved close to the geogrid gabion. 
Based on the relationship between the resistance and the ground behavior, the resistance force was modeled as the 
sum of the passive earth pressure acting on the pipe and the resistance increment due to the passive earth pressure 
acting on the geogrid gabion. 
 
Keywords: Buried pipe, Thrust force, Gabion, Resistance force, Strain distribution 
 
 
INTRODUCTION 

 
A thrust force is generated in the outward 

direction of the bend section of buried pipes, e.g., 
water supply pipelines. The pipe is normally designed 
to resist the passive earth pressure and circumferential 
surface friction acting on the bend section. If the 
thrust force is estimated to exceed the resistance due 
to the passive earth pressure and surface friction, a 
concrete block is typically installed in the bend 
section, as shown in Fig. 1a. The concrete block is 
installed to increase the resistance by expanding the 
passive earth pressure-receiving area and increasing 
the friction at the bottom due to its heavyweight. 
However, a concrete block is expected to have the 
following disadvantages: generating a high inertial 
force at the bend due to the heavyweight of the 
concrete block during an earthquake, and 
significantly decreasing the resistance to thrust force 
or the stabilization when the ground around the pipe 
is liquefied. For example, it has been reported that the 
bend section detached when the surrounding ground 
liquefied [1]. 

If the proximity section of the bend is straight with 
sufficient length, a certain section of a pipe, including 
the bend, maybe welded instead of installing a 
concrete block. In this method, the passive earth 

pressure acting on the entire welded section is larger 
than that acting only on the bend, and a larger 
resistance to the thrust force is estimated. However, 
some cases of pipe detachment at the boundary 
between welded and non-welded sections during 
earthquakes have been reported, and the inaccuracy 
of the calculation of the passive earth pressure acting 
on the welded section has been pointed out [2].  

Therefore, a new thrust-protection method is 
required. Kawabata et al. [3][4] proposed the use of a 
geogrid as a thrust-protection method. In this method, 
the geogrid is connected to the pipe on the inside of 
the bend to act as a lateral anchor. Several model 
experiments revealed that the lateral displacement of 
a pipe protected with the geogrid is lower than that of 
a pipe protected with a concrete block. 

In [5], we proposed a new thrust-protection 
method involving the use of a geogrid gabion 
installed in the passive area of the buried pipe as a 
pressure-receiving structure (Fig. 1b). It is assumed 
that the passive earth pressure acting on the geogrid 
gabion and the surface friction of the geogrid acted as 
the resistance force against the thrust force. The 
basket is made of a polymer geogrid to obtain long-
term stability against environmental events. Gravel 
with high permeability is used as the filling material 
of the basket, which is expected to retain effective 
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stress by dispersing excess pore water pressure during 
an earthquake. The geogrid gabion is also expected to 
resist deformations due to the thrust force because the 
gravel is confined by the geogrid basket. In [5][6], we 
found that the displacement of the pipe protected with 
a geogrid gabion was reduced and that the bottom part 
of the geogrid gabion should be buried deeper than 
the pipe owing to its high stability; the large width of 
the geogrid gabion prevented its rotation in the 
ground. 

The geogrid gabion should be installed close to a 
pipe but at a sufficient distance to allow the effective 
compaction of the soil around the pipe during 
construction. Therefore, the effects of the initial 
distance between a pipe and a geogrid gabion should 
be clarified. Moreover, the resistance force acting on 
a pipe protected with a geogrid gabion has hardly 
been discussed in the previous study. In this study, the 
resistance force acting on a pipe and ground behavior 
are discussed to further clarify the effects of thrust 
protection by conducting model experiments 
reproducing the horizontal distance between a pipe 
and a geogrid gabion. 

 
OUTLINE OF THE LATERAL LOAD TEST 

 
Test Conditions 

 
Lateral load tests were conducted to evaluate the 

resistance of a pipe and the behavior of the ground 
when a thrust force is applied laterally to the pipe. 
Although the ground is assumed to be three-
dimensionally deformed when the thrust force is 

applied from the bend, it is difficult to evaluate the 
deformation of the ground owing to the complexity of 
the boundary conditions. For simplification, we 
modeled the model as a plane strain problem, with the 
cross-section B-B’, as shown in Fig. 1b [5][6]. Figure 
2 shows a schematic of the lateral load test set-up. The 
pipe model was loaded laterally inside the ground 
model constructed in a testing box. To evaluate the 
effects of the initial horizontal distance between a 
geogrid gabion and a pipe, several tests with different 
distances were conducted. 

The ground model was constructed with Mikawa 
silica sand No. 5 (soil particle density, ρs = 2.675 
g/cm3) with the particle size distribution shown in Fig. 
3. The maximum dry density and the optimum water 
content of the silica sand were 1.525 g/cm3 and 14.7%, 
respectively. The ground model was constructed by 
wet tamping using silica sand with a water content of 
13% to achieve a compaction layer thickness of 50 
mm and a dry density of 1.374 g/cm3.  

The pipe model was designed as a straight 
cylinder with a diameter of 50 mm and a length of 390 
mm. The pipe model had a smooth surface and was 
buried in the ground model at a depth of 100 mm from 
the ground surface. A simulated thrust force was 
applied laterally to the pipe model through a stainless-
steel loading shaft, and the displacement of the 
loading shaft was measured as the pipe displacement 
dp. A pore water pressure meter and a load cell with a 

 
Fig. 2 Schematic of the lateral load test set-up. 
 

 
Fig. 3 Particle size distribution. 
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Fig. 1 Schematics of the a) concrete-block and b) 

proposed thrust-protection method [5][6]. 
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17 mm width pressure plate were installed on the side 
of the pipe model, as shown in Fig. 2. Under the 
loading of the simulated thrust force, the lateral earth 
stress σp and pore water pressure up acting on the pipe 
model were measured using a load cell and water 
pressure meter, respectively. The effective value of 
the lateral earth stress acting on the pipe model σ'p is 
defined as (σp − up). 

The geogrid gabion model consisted of gravel (ρs 
= 2.807 g/cm3) and a polypropylene net, as shown in 
Fig. 4. The geogrid gabion had a height of 100 mm 
and a width of 50 mm. The particle size distribution 
of the gravel is shown in Fig. 3. The dry density of the 
whole gabion was set to approximately 1.4 g/cm3. 
The depth of the geogrid gabion model center from 
the ground surface was set to be the same as that of 
the pipe model. To prevent the migration of silica 
sand into the geogrid gabions, a non-woven fabric 
was laid on the upper surface. The non-woven fabric 
was not laid on the side and bottom sections to 
simplify the condition between the geogrid gabion 
and silica sand in the model test. 

 
Test Cases and Procedure 

 
Table 1 shows the parameters of the test cases 

considered. To reproduce the initial horizontal 
distance between the geogrid gabion model and the 
pipe model Dh, three cases with Dh values of 15, 50, 
and 100 mm were considered, as shown in Fig. 5. The 
smallest value of Dh was set to 15 mm to ensure good 
compaction around the pipe (case G3). Considering a 
pipe diameter D of 50 mm, the Dh values of 15, 50, 
and 100 mm represented as 0.3D, 1.0D, and 2.0D, 
respectively. 

If the geogrid gabion is not installed, it is 
presumed that the passive area of the ground in 
contact with the pipe mainly resists the thrust force. 
The boundary of the passive area is assumed to be 
located between Line A and Line B, as shown in Fig. 
5, and varies according to the internal friction angle 
of the ground. In case G6, most of the geogrid gabion 
was placed outside the ground passive area in contact 
with the pipe. In this study, a total of four cases were 
analyzed, including the above three cases, and case 
N2 without a geogrid gabion. 

In the lateral load test, a simulated thrust force F 
was applied to the pipe model after the ground model 
was saturated with water. The simulated thrust force 
was loaded until the changes in the pipe displacement 
converged. The same procedure was repeated with a 
stepwise increase in the value of F. 

The values of σp, up, and dp were measured under 
the loading of the simulated thrust force. The 
experiment was finished when the value of σ'p began 
to decrease. For Case 6, the experiment was finished 
when the pipe displacement converged under a load 
F of 301 N because the pipe displacement reached the 
limit of the loading device. 

 
Fig. 4 Photograph of geogrid gabion model. 
 
Table 1 Experimental cases considered. 

 Initial horizontal 
distance, Dh 

Thrust force, F 
[N] 

Case N2 － 149 
Case G3 0.3D 149–254 
Case G4 1.0D 149–277 
Case G6 2.0D 149–301 

D: pipe diameter of 50 mm. 
 

 
Fig. 5 Schematic of the geogrid gabion layout; a) 

case G3, b) case G4, and c) case G6. 
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Aluminum markers with a diameter of 7 mm were 
embedded in the side of the ground model beforehand, 
and the displacement of the markers following the 
deformation of the ground was observed by analyzing 
the images taken from the side of the testing box. The 
maximum shear strain γmax in the ground model was 
calculated for each four-node rectangular element 
using four markers. 

 
TEST RESULTS AND DISCUSSION 

 
Pipe Displacement and Resistance 

 
Fig. 6 shows the relationships between F and dp 

just before unloading in each step. It can be seen that, 
in case N2, the pipe displacement with a loading of 
149 N increases to nearly 30 mm. In the other cases 
with the geogrid gabion under 149 N loading, the pipe 
displacements are lower than those in case N2. Under 
loading of 200 N or less, the dp value in case G3 is 
small compared to those in cases G4 and G6, which 
indicates that the pipe displacement is highly 
restrained when the initial distance between the pipe 
and the geogrid gabion is small. It should be noted 
that the dp value in case G3 significantly increases 
under loading of 254 N. 

Figure 7 shows the relationships between σ'p and 
dp during loading. Assuming that the surface friction 
of the pipe model is small owing to the smooth 
surface of the pipe, most of the resistance to the thrust 
force is due to the passive earth pressure. In this study, 
the value of σ'p is used as a representative indicator of 
the resistance acting on the pipe model, although σ'p 
was measured in a small area on the side of the pipe 
model. 

From Fig. 7, it can be seen that in case N2 without 
a geogrid gabion, the σ'p value reaches its peak at 
approximately 8 kPa and then gradually decreases. In 
contrast, in the cases with a geogrid gabion, the peak 
values of σ'p are larger than that in case N2, and the 
slopes of the σ'p and dp relationships decrease as Dh 
increases. It should be noted that the relationship 
between σ'p and dp in case G6 might have trended 
upward continuously if a thrust force larger than 301 
N had been applied. 

Figure 8 shows the relationships between the peak 
σ'p and dp at the peak values of σ'p. The peak values 
of σ'p in cases G3, G4, and G6 are at least twice that 
in case N2. It is clear that the resistance acting on the 
pipe model is increased when the geogrid gabion is 
installed. 

Figure 9 shows the relationship between dp at the 
peak values of σ'p and Dh. The dp value at the peak 

 
Fig. 6 Relationships between F and dp just 

before unloading in each step. 
 

 
Fig. 7 Relationships between σ'p and dp. 
 

 
Fig. 8 Relationships between the peak values of 

σ'p and dp at the peak values of σ'p. 
 

 
Fig. 9 Relationships between dp at the peak 

values of σ'p and Dh. 
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values of σ'p linearly increases with Dh. This indicates 
that the resistance acting on the pipe is highest when 
the pipe model approaches the geogrid gabion. 

 
Ground Deformation 

 
Fig. 10 shows the distributions of γmax in the 

ground when the pipe displacement is approximately 
20 mm. The thrust force was applied in the left 
direction in all cases. 

In case N2, the band of high shear strain is 
distributed from the left side of the pipe model to the 
ground surface, which indicates that the boundary of 
the passive area in the ground (Fig. 10a). The band of 
high shear strain on the right side of the pipe model is 
the active area of the ground. 

In case G3, the geogrid gabion moves by 
approximately 15 mm horizontally, and the share 
strain increases from the bottom of the geogrid gabion 
to the ground surface (Fig. 10b). This indicates that 
the geogrid gabion resists the thrust force received 
from the pipe, and the passive area in the ground is 
larger than that in case N2. This geogrid gabion is 
located across the boundary of the passive area of the 
pipe model (Fig. 5a), and the thrust force is probably 
transmitted to the geogrid gabion smoothly. 

In case G3, the effective value of the lateral earth 
stress acting on the pipe reaches its peak value when 
the pipe displacement is 19 mm (Fig. 8), which was 
observed under a loading F of 254 N (Fig. 6). When 
the pipe displacement is 19 mm, a band of a high 
shear strain of approximately 30% formed in the 
passive area in contact with the geogrid gabion (Fig. 
10b), and the stress state in the band is assumed to be 
in the residual state. The thrust force of 254 N seems 
to exceed the resistance force, and therefore, the pipe 
displacement significantly increases from 9 to 73 mm 
upon a loading F of 254 N. 

In contrast, a high strain band appears in between 
the pipe and geogrid gabion in case G6 (Fig. 10d). 
Most of the geogrid gabion is located outside the 
passive area in contact with the pipe model; 
subsequently, the thrust force is assumed to be hardly 
transmitted to the geogrid gabion. Hence, the 
resistance to the thrust force is mainly due to the 
passive earth pressure acting on the pipe model. This 
is also supported by the fact that the relationship 
between σ'p and dp in case G6 is similar to that in case 
N2 at dp below approximately 20 mm (Fig. 7). 

In case G4, although a high share strain band 
appears between the pipe and geogrid gabion, the 
shear strain slightly increases in the passive area in 
contact with the geogrid gabion (Fig. 10c). Therefore, 

the thrust force is assumed to be hardly transmitted to 
the geogrid gabion through the passive area of the 
pipe. The σ'p value in case G4 is larger than that in 

case N2 and G6 when the pipe displacement is 
approximately 20 mm, as shown in Fig. 7, probably 
because the passive earth pressure acting on the 
geogrid gabion also acts as a resistance. 

 
Resistance by Geogrid Gabion 

 
Figure 11 shows a schematic of the resistance 

force in the thrust-protection using a geogrid gabion 
based on the experimental results. The resistance 
force to thrust force is modeled as the sum of the 

 
Fig. 10 Distribution of maximum shear strain at a dp 

of approximately 20 mm; a) case N2, b) case 
G3, c) case G4, and d) case G6. 
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passive earth pressure acting on the pipe and the 
resistance increment provided by the geogrid gabion. 

When the value of Dh is as small as 0.3D, the 

thrust force from a pipe is transferred quickly to a 
geogrid gabion. Therefore, the resistance force 
increases even when the pipe displacement is small.  

In contrast, when Dh is greater than 1.0D, the 
resistance is due to the passive earth pressure mainly 
acting on the pipe. As the pipe approaches the geogrid 
gabion, the thrust force is transmitted to the geogrid 
gabion; subsequently, the resistance due to the 
passive earth pressure acting on the geogrid gabion 
increases gradually. 

The increase in resistance is assumed to depend 
on the size of the pressure-receiving area of the 
geogrid gabion. Under these experimental conditions, 
the resistance with the geogrid gabions is estimated to 
be at least two times greater than that without the 
geogrid gabions, regardless of the value of Dh. 

 
CONCLUSIONS 
 

The use of a geogrid gabion as a thrust-protection 
method for buried pipes was tested on a model with 
different initial distances between the geogrid gabion 
and the pipe. The conclusions are summarized as 
follows: 
1) The resistance force of the pipe was higher when 

the geogrid gabion was installed, regardless of 
the initial horizontal distance between the 
geogrid and the pipe. 

2) In cases where the initial horizontal distance was 
more than 1.0D, the resistance force acting on the 
pipe gradually increased as the pipe 
displacement increased and was highest when 
the pipe approached the geogrid gabion. 

3) When the initial distance was as small as 0.3D, 
the resistance force rapidly increased even when 
the pipe displacement was small. 

4) As the pipe approached the geogrid gabion, the 
thrust force was transmitted to the geogrid 
gabion; subsequently, the resistance due to the 
passive earth pressure acting on the geogrid 
gabion was gradually provided to the pipe. 

5) The resistance force was modeled as the sum of 
the passive earth pressure acting on the pipe and 
the resistance increment provided by the geogrid 
gabion. 
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ABSTRACT 

Soil resistivity measurement is one of the survey methods widely used for subsurface investigation. The method 
has recently been studied as a useful tool to verify the range and quality of soil improvement. Although it has been 
suggested that electrodes should be placed as close to target areas and as many in surrounding sections as possible, 
it requires time and cost to drill boreholes to arrange many electrodes in the ground. This would be a main reason 
why resistivity measurement has not been widely used in practice for soil improvement. Recently, however, we 
have developed readily installable electrodes mounted on a driving pipe (called the measurement pipe here), which 
could apparently lower the installation cost. This paper outlines the measurement pipes and shows some 
preliminary test results to verify the driving performance of the measurement pipes and the applicability of the 
equipped electrodes for measurement of soil resistivity as well as ground resistance. The paper also presents the 
field test results obtained from a jet grouting site. These results show that the measurement pipe could be driven 
9m in an hour into the ground where SPT-N value was less than 5, and that the electrodes on the measurement 
pipe could be applied for measurement of soil resistivity and ground electrical resistance. It is implied that soil 
resistivity change caused by soil improvement could be detected by the measurement of ground resistance.  

Keywords: Soil resistivity, Ground resistance, Driving-pipe, Soil improvement, Jet grouting 

INTRODUCTION 

Soil improvement methods, which can improve 
soil properties such as strength and water cut-off 
performance, have been widely used as an essential 
technique especially in the construction of structures 
located on soft sediments. In the quality check of soil 
improvement works, it is necessary to confirm that 
the soil has been improved to the required property, 
and that the entire targeted area has been improved as 
planned. However, the improved soils cannot be 
observed directly, and are sampled only partially 
from a limited number of boreholes or tested with a 
limited number of specimens. 

Soil resistivity measurement is one of the survey 
methods widely used for subsurface investigation. It 
has recently been studied as a useful tool to verify the 
range and quality of improved soils [1]. Focusing on 
an electrical resistivity difference between ground-
water and chemical grout, Komine et al. proposed a 
method to visualize chemically grouted area with 
electrical resistivity tomography [2]-[4]. On the other 
hand, Fujii et al. investigated a relationship between 
the coefficient variation of the resistivity of improved 
soil and the rotation number of mixing blade, and 
suggested that the efficiency of deep mixing method 
could be evaluated by measuring soil resistivity [5]. 

It has been suggested that the accuracy of 
resistivity measurements could be improved by 
placing electrodes as close to a measurement target as 
possible [4], and it is clear that the more electrodes 
are placed, the higher the measurement accuracy. 

However, in the conventional electrodes placing, it 
requires time and cost to drill boreholes to arrange 
many electrodes in the ground. This would be a main 
reason why resistivity measurement has not been 
widely used in practice for soil improvement to date. 

Recently, we have developed readily installable 
electrodes mounted on a driving pipe (hereinafter, 
called “the measurement pipe”), which could 
apparently lower the installation cost [6], [7]. This 
paper outlines the measurement pipes and shows 
some preliminary test results to verify the driving 
performance of the measurement pipes and the 
applicability of the equipped electrodes for the 
measurement of soil resistivity and ground resistance. 
The paper also presents the field test results obtained 
from a jet grouting site. 

DEVELOPMENT OF MEASUREMENT PIPE 

Outlines 

We have originally developed a steel driving-pipe 
for rapid arrangement of air/chemicals injection wells 
used for soil remediation [8]. Depending on how stiff 
the soil is, the installation of the steel driving-pipe 
may take from only several tens of seconds to several 
minutes per meter. Newly developed measurement 
pipes are based on this technique. Electrode parts of 
the steel pipe are exposed but the other surface is 
covered with polyvinyl chloride plastic for electrical 
insulation, while securing enough strength and 
rigidity for driving into ground. Although soil 
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resistivity has generally been discussed in the soil 
improvement evaluation, we also focus on the ground 
electrical resistance. It is because ground resistance 
implies the resistance between electrodes in ground 
and the point of zero potential, and it could be 
obtained more easily than obtaining soil resistivity. 
Since ground resistance depends on soil resistivity 
around an electrode, changes in soil resistivity caused 
by soil improvement might also be detected by 
measuring ground resistance. 

Details of developed measurement pipes 

To verify driving performance of measurement 
pipes and the applicability of the equipped electrodes 
for soil resistivity and ground resistance measure-
ments, four different measurement pipes were 
developed and manufactured (see Fig. 1). Pipes No.1 
and 2 have single electrode at the tip of the pipe and 
the whole pipe surface is insulated by polyvinyl 
chloride plastic. The difference in these two pipes is 
the shape of the electrode: pipe No.1 has a conical 
electrode while No.2 has the same conical electrode 
with a 50 mm high ring extension. In both pipes, the 
electric current flows through the internal steel pipe 
to electrode. Pipes No.3 and 4 have conical electrode 
at the tip and several 20 mm high ring electrodes on 
the side. The three electrodes on pipe No.3 are 
individually connected to electric cables and these 
three cables are led to ground surface through the 
inside of the pipe. Therefore, electric current can be 
applied to these three electrodes at the same time. 
Pipe No.4 has a conical electrode at the tip of pipe and 
nine ring electrodes on the side, but these ten 
electrodes are not connected to electric cables in 
advance. To apply electric current to these electrodes, 
an electric cable with a brush tip is inserted into the 
internal steel pipe after the driving installation and 
connected to a single selected electrode. Since 
electric current flows through this movable cable, 
multiple electrodes on pipe No.4 cannot be applied an 
electrical current at the same time. 

Fig. 1 Schematic of developed measurement pipes. 

PRELIMINARY TEST TO VERIFY DEVELOP-
ED PIPES 

To verify the driving performance of the pipes and 
the applicability of the equipped electrodes, the 
measurement pipes mentioned above were driven into 
ground and used for soil resistivity and ground 
resistance measurements. 

Ground conditions of the test field 

Figure 2 shows soil profiles of the test field: Top 
layer from the ground surface to a depth of 3.9 m 
consists of backfilled sand and clay (SPT-N value < 
5); the second layer to a depth of 8.2 m consists of silt 
and sandy silt (SPT-N value < 5); the third layer to a 
depth of 11.0 m consists of fine sand (SPT-N value < 
10); and groundwater level is about 2.9 m below 
ground surface. Figure 2 also shows soil resistivities 
measured in laboratory by using borehole samples 
from several depths. 

Fig. 2 Soil profiles of the test field. 

Test conditions 

Figure 3 shows the arrangement of the measure-
ment pipes and auxiliary electrodes. The measure-
ment pipes were arranged at 2 m interval and driven 
to a depth of about 9 m from the ground surface to 
verify the driving performance by a self-propelled 
boring machine (ECO-3V, YBM Co., Ltd. Japan).  

Table 1 shows 6 measurement cases. In four cases 
from A-1 to A-4, ground resistance was measured by 
the three-pole method using each measurement pipe 
with two auxiliary electrodes. In case B-1, soil 
resistivity was measured by the Pole-Pole array 
method using selected two of the three electrodes on 
pipe No.3 with two auxiliary electrodes. In case B-2, 
soil resistivity was measured by the Wenner array 
with only the tip electrodes of the four pipes No.1 to 
4. Here, apparent soil resistivity was calculated with
the results obtained from cases B-1 and B-2, 
assuming that the target ground was uniform. 
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Test results 

Driving performance of measurement pipe 

Since the measurement pipes are divided into 
pieces of 1 m long except the tip part, it was necessary 
to alternate the pipe driving and pipe connecting 
processes. In the test, it took approximately 30 
seconds to drive a pipe 1 m into ground when the 
SPT-N value was less than 5, regardless of the type of 
pipe. On the other hand, time required to connect 
pipes varied according to the type of pipe. In pipes 
No.1, 2 and 4, pipe connecting process was necessary 
to connect screw parts only, which took less than 2 
minutes. On the contrary, it took more than 3 minutes 

in pipe No.3 because it was required that electric 
cables had also to be connected in the process; all in 
all, it took less than an hour to drive pipes 9m into 
ground. It was confirmed through the test that the 
electrodes could be arranged in the ground in a short 
period of time when the developed measurement 
pipes were used, compared to the conventional 
electrode arrangement method in boreholes.

Applicability of equipped electrodes for soil 
resistivity and ground resistance measurements 

Figure 4 shows the measurement results of ground 
resistance. It may be seen that ground resistances 
measured in cases A-1 and A-2 did not coincide with 

Fig. 3 Arrangement of measurement pipes and auxiliary electrodes with circuit in the preliminary test. 

Table 1 Measurement cases in the preliminary test 

Case Pipe Measured value Remarks 
A-1 No.1 Ground resistance Using a tip electrode on No.1 and 2 pipe, every 1 m from a depth 

of 1 m to a depth of 9 m. A-2 No.2 Ground resistance 

A-3 No.3 Ground resistance 
Using three electrodes on No.3 pipe, every 1 m from a depth of 5
m to a depth of 9 m. 

A-4 No.4 Ground resistance 
Using ten electrodes on No.4 pipe, every 1 m from a depth of 5 m
to a depth of 9 m. 

B-1 No.3 Soil resistivity 
Using selected two of the three electrodes on No.3 pipe, every 1 
m from a depth of 5 m to a depth of 9 m (3 times at every 1 m). 

B-2 No.1-4 Soil resistivity 
Using tip electrodes of four driven pipes (only 1 measurement at a 
depth of 9 m). 

(a) Cases A-1, 2   (b) Case A-3     (c) Case A-4    (d) Sorted by electrode type 

Fig. 4 Measurement results of ground resistance (Cases A-1 to A-4). 
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each other, but their distribution trends were similar 
at depths (see Fig. 4 (a)). It seems that the measured 
resistivity was lower in case A-2 than in case A-1, 
since the electrode used in case A-2 had a larger 
surface area than that in case A-1. In cases A-3 and 
A-4, it was observed that the measured ground 
resistance was lower at a tip electrode than that at the 
ring electrode on the side (see Fig. 4 (b), (c)). It is also 
likely that this was caused by the difference in 
electrode size at the pipe tip and on the side. On the 
other hand, the results measured by the same type of 
electrode showed almost the same value at each depth 
(see Fig. 4 (d)). However, the results of A-1 did not 
coincide the values measured on side of A-3 and A-4 
although those electrode size and shape were almost 
same. This implied that the electricity supply method 
in cases A-1 and A-2 using internal steel pipe might 
have increased the measured values compared to that 
in cases A-3 and A-4. 

Figure 5 shows the measurement results of soil 
resistivity. Soil resistivity at a depth of 8.9 m 
measured in case B-2 was 46.8 Ω-m and it was close 
to the measured value in case B-1 at 8.75m (43.7 Ω-
m). Although it was a limited comparison, the soil 
resistivities obtained from in-situ and laboratory 
testing could be seen almost same level from a depth 
of 6.5m to a depth of 7.5 m. 

 Through the test, it was confirmed that the 
developed measurement pipes could be applied for 
the measurement of ground resistance and soil 
resistivity. 

(a) Case B-1       (b) Cases B-1, 2, BH sample 

Fig. 5 Measurement results of soil resistivity (cases 
B-1, B-2 and borehole sample). 

TRIAL MEASUREMENT OF GROUND 
RESISTANCE BEFORE AND AFTER JET 
GROUTING 

Based on the results of the preliminary test 
discussed above, a trial measurement of ground 
resistance was conducted before and after a cement 
jet grouting in an actual construction site. The pipes 
No. 1 and 2 (shown in Fig.1) were used, focusing on 

ground resistance as an easy index that might help 
evaluate the changes in soil resistivity around 
electrodes.  

Measurement conditions 

Figure 6 shows the arrangement of measurement 
pipes, auxiliary electrodes and soil-cement columns 
created by jet grouting. Measurement apparatuses 
were arranged a few hours before jet grouting. 
Column in design has a diameter of 3.5 m and a height 
of 4 m, that was created at depths between 2 m and 6 
m. Two measurement pipes were arranged
horizontally 1.75 m away from the injection point 
(radius of the column in design). The distance 
between the two pipes was 2m and the tip electrode 
was placed at a depth of 4 m, which was the mid 
height of the column. 

(a) plan view 

(b) cross-sectional view (X-X) with circuit 

Fig. 6 Measurement pipes and electrodes arrange-
ment with circuit diagram of each case. 

Table 2 shows measurement cases. In cases 1 and 
2, ground resistance around the electrodes was 
measured at pipes No.1 and 2 individually, while in 
case 3, total ground resistance around the two 
electrodes was measured using both pipes No.1 and 2. 
In order to confirm the changes in ground resistance 
caused by jet grouting each measurement was 
repeated three times, before jet grouting, just after jet 
grouting, and one day after jet grouting. In addition, 
the resistivity of the soil discharged from jet grouting 
work was also measured to confirm the actual 
resistivity of improved area. 
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Table 2 Measurement cases 

Case Pipe Measured value 
1 No.1  Ground resistance 
2 No.2 Ground resistance
3 No.1,2 Sum of ground resistances 

Results of trial measurement 

Table 3 shows measurement results of ground 
resistance in the site and the resistivity of discharged 
soil. In case 1, three values of measured ground 
resistance were almost same, and the effect of jet 
grouting was not observed. On the other hand, in 
cases 2 and 3, lower ground resistance was observed 
after, compared to before the jet grouting. Since the 
resistivity of the discharged soil shown in Table 3 was 
obviously lower than the general range of natural soil 
resistivity, it seemed that decreases in the ground 
resistance in cases 2 and 3 were caused by jet grouting. 
In case 1, the ground resistance measured before the 
jet grouting was close to that measured just after the 
jet grouting in case 2. Therefore, measurement before 
jet grouting in case 1 might have been affected by 
surrounding columns created previously. 

Through the trial measurement, it seemed that the 
changes in ground resistivity caused by jet grouting 
could be evaluated easily and readily using the 
developed measurement pipes. How to visualize the 
improved area and evaluate the improved soil quality 
will be investigated in the next stage, using the 
developed measurement pipes. 

Table 3 Measured ground resistance in the site and 
discharged soil resistivity 

Case 
Ground resistance (Ω) 

Before Just after Day after 
1 22.4 22.0 21.6 
2 55.8 25.4 24.6 
3 183.0 48.0 47.0 

Resistivity (Ω-m) 
Discharged soil 1.23 1.49 

CONCLUDING REMARKS 

To provide a rapid electrode arrangement method 
for soil resistivity and ground resistance measurement, 
the driving pipes were developed. Their effectiveness 
was then examined through the preliminary test and 
the trial measurement in the field. 

The results obtained in the study show that the 
measurement pipe could be driven 9 m in an hour into 
the ground where the SPT-N value was less than 5, 
and that the electrode of measurement pipe could be 
applied for soil resistivity and ground resistance 
measurements. It was implied that the changes in soil 
resistivity caused by soil improvement could be 

detected by the measurement of ground resistance. 
On the other hand, the followings are the 

remaining issues which would be typical factors to 
decide the proposed method limitation: 

- As an issue relating to driving performance, 
maximum driving lengths must be identified based on 
ground conditions such as SPT-N value and soil 
properties. 

- As an issue relating to the soil resistivity 
measurements, acceptable original ground resistivity 
ranges must be clarified to secure evaluable 
difference in soil resistivity of soil improved part. 

Also, the optimization of electrodes arrangement 
must be pursued to minimize installation costs. To 
solve these issues, additional laboratory and field 
testing are under planning by authors.  

Through these efforts, we will make the proposed 
method fit to practical use in near future. Furthermore, 
we hope it will contribute to realization of “real-time” 
management system of quality assurance for soil 
improvement works, which is the authors image as a 
next-generation system. 
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THE CONTRIBUTION OF PILES TO THE AVOIDANCE OF THE 
RAINFALL-INDUCED SLOPE FAILURE  

 
Yujia Wang1, John V. Smith1 and Majid Nazem1 

1RMIT University, Australia  
 

ABSTRACT  
 
Rainfall is the major cause of the slope failure in South Gippsland, Victoria, Australia. These slope failures 

typically impact the rural road infrastructure in the form of requiring regular maintenance and continuous cost. 
This issue thus is fixed by an integrated slope-stabilisation method that combines the gabion-faced geogrid-
reinforced retaining-wall and the pile. This integrated reinforcement system has been investigated with a three-
dimensional non-linear finite element approach. An elastic-perfectly plastic model with Mohr-Coulomb criterion 
is used to describe the behaviour of the soil and the gabion basket. The piles are shown to make a significant 
contribution to the retaining system. The factor of safety was increased by approximately 30% and the horizontal 
displacement at the retaining wall crest was reduced by 75%. Comparison between the model of the field pile 
configuration (diameter 0.4 m and spacing 1.4 m) and models of a range of pile diameters and spacings showed 
that the field pile configuration is efficient with respect to the volume of concrete piles required.  
 
Keywords: Slope stabilisation; Pile retaining structure; Geogrid-reinforced retaining-wall; Gabion basket; Finite 
element.  
 
 
INTRODUCTION  
 

The failure of slopes traversed by the rural roads 
of South Gippsland, Victoria, Australia frequently 
requires stabilization by construction of retaining 
walls [1]. The technique applied is geogrid-reinforced 
retaining walls (GR-RW) as has been widely used for 
local public sector retaining wall projects [2]. 
Roadside stabilisation with GR-RW has benefits 
including cost-effectiveness, ability to tolerate 
settlements, aesthetic appeal of the stone filled 
gabions and good performance [3].  

Piles are also used as a method of slope 
stabilisation, and the effect of piled retaining wall in 
resisting lateral soil movement of a slope has been 
investigated by many researchers [4]-[5]. In this study, 
the method used is the finite element method (FEM) 
which can provide coupled solutions in which the pile 
response and slope stability are considered 
simultaneously.  

The present research investigates the contribution 
of piles in increasing the stability of a slope when 
integrating the pile retaining structure into the 
conventional gabion-faced geogrid-reinforced 
retaining wall (GF-GR-RW). This study compares the 
representative indicators of the stability of the slope, 
the critical slip surface, the horizontal displacement, 
and the FoS. The results demonstrate the significant 
contribution of integrating the pile into GF-GR-RW.  
 
STUDY AREA  
 
Site Location  
 

The study area is in South Gippsland, Victoria, 

Australia. The stability of the slopes in South 
Gippsland has a major impact on the road 
infrastructure that is maintained by the local 
government authority. An example of the slope 
reinforcement system, which integrates piles into the 
GF-GR-RW, used in this area to stabilise the slope is 
shown in Fig. 1.  
 

 
 

Fig. 1. GF-GR-RW with piles used in South 
Gippsland  

 
Slope Configuration  
 

The field conditions replicated in the model 
include a GF-GR-RW installed to stabilise a road 
cutting. Piles were installed at the toe of the retaining 
wall (prior to its construction) with a diameter of 0.4 
m and a centre-to-centre spacing of 1.4 m (a gap of 1 
m between piles). For comparison, other 
configurations were also modelled. These 
configurations included GF-GR-RW without piles 
(Fig. 2(a)) and piles which are not embedded into a 
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weathered rock layer (Fig. 2(b)). For clarity, the 
simpler cases will be presented prior to the more 
complicated case (Fig. 2(c)).  
 

 
 

(a)  
 

 
 

(b)  
 

 
 

(c)  
 
Fig. 2 Slope configurations: (a) GR-RW (b) GR-RW 
with piles (c) GR-RW with piles embedded in the 
stable layer (dimension in meters)  
 

The dimensions of the gabion baskets are 1 m 
cubes filled with quarried rock. The facing of the 
retaining wall is composed of six layers of gabion 
basket which are stacked with a stepped pattern to 
form a gradient of 9V:1H. In the model, the length of 
the pile is 6m, and the embedded length of the pile in 
the weathered rock layer is 2m. The diameter (D), 
centre-to-centre spacing (S), and the presence or 
absence of a weathered rock layer are varied for the 
purpose of making the comparison between different 
cases as summarised in Table 1. C0 represents the 

case that is only stabilised by GR-RW without the 
piles, (C1-C4) represent the cases that have the piles 
but no weathered rock layer with the increase of the 
S/D ratio, and (C5-C8) represent the cases that have 
the piles and the pile is embedded in the weathered 
rock layer with the increase of the S/D ratio.  
 
Table 1 Pile configurations  
 

 Centre-
to-

centre 
spacing 

(m) 

Diameter 
(m) 

S/D Embedded 
length in 

stable layer 
(m) 

C0 - - - - 
C1 1.4 1 1.4 - 
C2 1.4 0.4 3.5 - 
C3 4 1 4 - 
C4 4 0.4 10 - 
C5 1.4 1 1.4 2 
C6 1.4 0.4 3.5 2 
C7 4 1 4 2 
C8 4 0.4 10 2 

 
NUMERICAL MODELLING  
 
Material Properties  
 

The slope model is composed of two types of 
material, a natural soil layer underlined by a stable 
layer of weathered rock. The material properties of 
slope and reinforcement are summarised in Table 2. 
The strength of the soil and the weathered rock is 
determined based on the previous study [1]. The 
strength of the pile and the steel is 𝐶𝐶30 and 𝑆𝑆500, 
respectively. The geogrid is the typical polyester 
(PET) geogrid (GGW) and the strength is determined 
by the standard. For the gabion basket, the strength 
properties are determined based on the compression 
test and the direct shear test of the gabion basket 
group.  
 
Table 2 Material properties  
 

Material 𝜸𝜸 (kN/m3) 𝝋𝝋′ 
(⁰) 

𝒄𝒄′ (kPa) 

natural soil 20 20 10 
weathered rock 23 35 200 

pile 23 - - 
gabion basket 17 45 560 

steel 79 - - 
geogrid 2 - - 

 
Mesh Configurations  
 

Regarding the mesh of the three-dimensional 
model, the solid element including the pile, steel, the 
gabion basket, and the slope is discretised by eight-
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node brick elements (C3D8) without reduced 
integration, and the geosynthetic is discretised by 
four-node membrane elements (M3D4). A structured 
mesh technique was used for the solid elements and 
membrane elements. Fig. 3 shows the finite element 
mesh of the reinforcement system and the finite 
element mesh of the slope, consisting of 160,952 
nodes and 130,926 elements, adopted in the 
calculation. The computation time for the analysis of 
each case is about 1h, and the computations are 
performed on the platform of National Computational 
Infrastructure (NCI) using 32 core 2.6 GHz High-
Performance Computing (HPC) with 31 GB random 
access memory. The mesh sensitivity and 
convergence criteria were also investigated by 
comparing simulation results due to the use of 
different shape or number of elements to make sure 
that the current shape and size of the mesh used for 
this modelling is fine enough so that the results of 
simulations are not sensitive to mesh density.  
 

 
 

(a)  
 

 
 

(b)  
 
Fig. 3 Meshed model: (a) Meshed reinforcement; (b) 

Meshed slope  
 
SHEAR STRENGTH REDUCTION FINITE 
ELEMENT METHOD (SSR-FEM)  
 

The reduced shear strength parameters 𝑐𝑐𝑟𝑟 and 𝜑𝜑𝑟𝑟 
are given by:  

 
 𝒄𝒄𝒓𝒓=

𝒄𝒄′

𝐒𝐒𝐒𝐒𝐒𝐒
 (1) 

 
 𝝋𝝋𝒓𝒓=arctan�𝐭𝐭𝐭𝐭𝐭𝐭𝝋𝝋′

𝐒𝐒𝐒𝐒𝐒𝐒
� (2) 

 
where SRF is the strength reduction factor. The 

FoS is equal to the value of SRF.  
In strength reduction calculation, the factored 

shear strength parameters  𝑐𝑐𝑟𝑟  and 𝜑𝜑𝑟𝑟 replace the 
corresponding values of 𝑐𝑐′ and 𝜑𝜑′ by  

 𝒄𝒄𝒓𝒓=
𝒄𝒄′

𝒇𝒇(𝒕𝒕)
 (5) 

 
  𝝋𝝋𝒓𝒓=arctan�𝐭𝐭𝐭𝐭𝐭𝐭𝝋𝝋

′

𝒇𝒇(𝒕𝒕)
� (6) 

 
where f  (𝑡𝑡) =field variable [𝑓𝑓(𝑡𝑡) = (𝑎𝑎 − 𝑏𝑏)𝑡𝑡 +

𝑏𝑏] ; t=time increment for every calculation step in 
Abaqus (0 ≤ 𝑡𝑡 ≤ 1); a and b=adjustable factors (𝑎𝑎 >
𝑏𝑏). The value of a and b can be determined by the user 
based on the estimated range of the FoS. It can also 
be found that the field variable is increasing with the 
increment of the step time, which means during the 
calculation, the value of c′ and 𝜑𝜑′ would be reduced 
progressively until the failure happens. The non-
convergence of the solution is the indication of the 
slope failure, when it occurs, the value of FoS would 
be obtained which is equal to the value of the field 
variable of the final incremental step. Once the value 
of the FoS is obtained, the graphical output of the 
index ‘U1’ of Abaqus will be used to indicate the 
value of the horizontal displacement within the model 
[6], including the pile head deflection. From the 
horizontal plane of the model, the soil arching effect 
between piles will be indicated by the relative 
horizontal displacement between the moving and the 
stationary soil masses. From the vertical plane of the 
model, the significant effect of piles in reducing the 
horizontal soil displacement will be presented. In 
addition, the reduction in the size of the critical slip 
surface of the slope will also be represented by ‘U1’ 
because of the reduction in the horizontal soil 
displacement. The accuracy and effectiveness of the 
Strength Reduction Finite Element Method (SR-
FEM) conducted within Abaqus have been validated 
by [7]-[8], and it represents an effective tool to 
conduct this parametric study.  
 
ANALYSIS OF RESULTS  
 
Lateral Soil Movement  
 

To better understand the effect of the piles within 
this system in reducing the lateral movement of soil 
in the slope, a comparison of three cases is 
represented by the vertical plane of the model. These 
three cases are: (1) no piles (C0); (2) with piles (C2) 
and (3) with the piles embedded in the weathered rock 
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layer (C6). The pile diameter and spacing in these 
cases is the field site condition. 

The lateral soil movement of the slope that is only 
stabilised by the GR-RW (C0) is much larger than the 
other two cases. The length of the failure surface of 
the slope that without the piles (C0) extends almost to 
the toe of the lower slope and with a large depth 
which is defined as a deep-seated failure, the volume 
of the unstable soil mass is also much larger than the 
other two cases (Fig. 4(a)). With the piles present at 
the toe of the slope but not embedded in the stable 
layer (C2), the depth of the lateral movement up to 
the position of the piles is almost the same as 
observed for no piles, but the magnitudes of 
displacement are greatly reduced (Fig. 4(b)). With 
piles embedded in a stable layer (C6), the depth and 
the length of lateral movement has been reduced 
significantly (Fig. 4(c)).  
 

 
 

(a)  
 

 
 

(b)  
 

 
 

(c)  

 
Fig. 4 Horizontal displacement: (a) Without piles 
(C0) (b) With piles (C2) (c) With piles embedded in 
a stable layer (C6) (cross section is located along the 
centre line of the model; U, U1 represents the 
horizontal soil movement in metre)  
 

Comparison of four cases in the horizontal plane 
of the model illustrates the pile configurations 
considered. In particular, the stress elevations 
between piles is noted as the result of the soil arching 
effect. These four cases are selected as follows: (1) 
S/D=1.4 (C1); (2) S/D=3.5 (C2); (3) S/D=4 (C3); (4) 
S/D=10 (C4). These four cases are all without the 
embedment of piles into a weathered rock layer.  

The different S/D ratio represents the different 
magnitude of the soil arching effect (Fig. 5). When 
the S/D ratio of the piles is equal to 1.4 (C1), the pile 
deflection is the same as the horizontal displacement 
of the surrounding soil (Fig. 5(a)), which is a clear 
manifestation of the strong arching effect. Compared 
with the S/D ratio which is equal to 10 (C4), the soil 
at the interval of the piles displaces much larger than 
the pile head deflects (Fig. 5(d)), which represents 
that the soil at the interval of the piles is hardly 
confined by the soil arching effect and flows between 
the piles. This phenomenon indicates that the soil 
arching effect within this reinforcement system is 
gradually diminishing with the increase of the S/D 
ratio. The distribution of the horizontal displacement 
contours of the soil and the pile presents a similar 
pattern when the S/D ratio of the piles is equal to 3.5 
(C3) and 4 (C4). The contour of the horizontal soil 
displacement under these two conditions can be 
considered as effective soil arching (Fig. 5(b) (c)), 
which could provide support to the soil mass and 
confine the flow of the soil between the piles 
effectively.  
 

 
 

(a)  
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(b)  
 

 
 

(c)  
 

 
 

(d)  
 
Fig. 5 Lateral movement of soil in the horizontal 
plane: (a) S/D=1.4 (C1) (b) S/D=3.5 (C2) (c) S/D=4 
(C3) (d) S/D=10 (C4) (the cross-section is located 
along the surface 0.5m lower than road; two intervals 
between three piles are selected; the movement of the 
soil is from top to bottom in the picture; U, U1 
represents the lateral soil movement in meter)  
 

To investigate the contribution of the piles in 
reducing the horizontal displacement of the slope, all 
9 cases with varied pile configurations were studied. 

The following result, expressing the horizontal 
displacement at toe and crest of the slope, with 
respect to the variation of the pile configurations is 
obtained and shown in Fig. 6.  

For the case of no piles (C0), the lateral 
movements at toe and crest are much greater than all 
the other cases with the piles (C1-C8). In the case of 
no stable layer and with the largest S/D ratio (C4), the 
horizontal displacements at toe and crest are smaller 
than C0. Such a reduction in the horizontal 
displacement is estimated at 17% of the crest to 29% 
of the toe of the slope. The existence of the piles 
reduces the lateral soil movement significantly, i.e., 
the effect of including piles in reducing the horizontal 
displacement of the slope has been demonstrated.  

Regarding the lateral movement at the toe of the 
slope, the value of the horizontal displacement is 
reduced significantly if the pile is embedded in the 
weathered rock layer. Such a reduction is estimated 
as 22% for the corresponding case when S/D ratio is 
equal to 10 (C4&C8), for another corresponding case 
when S/D ratio equals to 1.4 (C1&C5), such a 
reduction is estimated as 31%. The reduction in 
lateral soil movement is increasing with the decrease 
of the ratio of S/D from 10 to 1.4. The advantages of 
the embedding piles into weathered rock layer in 
reducing the horizontal displacement of the slope can 
also be demonstrated.  
 

 
 

Fig. 6 Horizontal displacement at toe and crest for 
different cases (Table 1)  

 
Factor of Safety  
 

To study the contribution of the existence of the 
piles in influencing the FoS of the slope, the value of 
FoS of all cases (C0-C8) is calculated and shown in 
Fig. 7.  

The FoS of the case without piles (C0) is 1.26, 
while the lowest value of the FoS for the case that has 
the piles is 1.43 (C4&C8). Such increment in the FoS 
is estimated as 13%. The soil arching effect with a 
large S/D ratio which equals to 10 (C4&C8) is 
relatively weak, but the FoS is still increasing 
compared with the case of without piles (C0), thus, 
the contribution from the piles in increasing the FoS 



GEOMATE – Melbourne, Australia, 11-13 November 2020 

76 
 

of the retaining structure can be demonstrated.  
For cases without the weathered rock layer (C1-

C4), the FoS increases from 1.43 to 1.48 with the 
decrease of the S/D ratio, whereas for the cases that 
have a weathered rock layer (C5-C8), the FoS 
increases significantly from 1.44 to 1.85 with the 
decrease of the S/D ratio. The increase in the FoS is 
approximately 28%.  

In addition, based on the pile configuration (Table 
1), each value of the S/D ratio corresponds to two 
different cases, and these two cases are defined as 
corresponding cases, the difference between two 
cases that have the same S/D ratio is whether or not 
the pile is embedded in a weathered rock layer. When 
the S/D ratio equals to 1.4 (C1&C5), the contribution 
of the weathered rock layer in the increment of FoS is 
estimated as 28%, it is 14% for the S/D ratio of 3.5 
(C2&C6), 8% for the S/D ratio equals to 4 (C3&C7), 
and no increment in the FoS for the S/D ratio equals 
to 10 (C4&C8) because of the relatively weak soil 
arching effect. It can also be found that the 
effectiveness of the weathered rock layer in 
increasing the FoS of the slope will be influenced 
significantly by the S/D ratio of the piles.  
 

 
 

Fig. 7 FoS for different cases (Table 1)  
 
CONCLUSIONS  
 

In South Gippsland, a specific reinforcement 
system has been applied by integrating soil 
reinforcement with geogrid, gabion facings and piling. 
The effectiveness of this reinforcement system has 
been demonstrated by investigating the lateral soil 
movement and the FoS of the slope using three-
dimensional finite element analysis. For the slope 
stabilised using only gabions and geogrid, the size of 
the slip surface is relatively large, and the slope 
failure mode is deep-seated. However, for the slope 
stabilised with the addition of piles, a smaller critical 
slip surface developed through the toe of the 
reinforced slope. This reduction in the size of the 
critical slip surface leads to an improvement in the 
stability of the slope.  

The reinforcement method including geogrid and 

gabion facings and piling at the retaining wall toe has 
been found to reduce the horizontal displacement at 
the retaining wall crest by 75% from 51 mm to 13 mm 
and increase the FoS of the slope by 31% from 1.26 
to 1.65.  Comparison with models of a range of pile 
diameters and spacings found the field configuration 
used (diameter 0.4 m and spacing 1.4 m) is efficient 
with respect to the volume of piles required. 

The focus of this study is the assessment of the 
contribution of the embedded pile. The rainfall is the 
major cause of the slope instability, therefore, the 
infiltration and the surface runoff of the rainfall 
deserve a deep investigation for the future study.  
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SIMULATING EARTHQUAKE-INDUCED SLOPE FAILURES USING A 
SOLID-FLUID COUPLING MODEL BASED ON THE SMOOTHED 

PARTICLE HYDRODYNAMICS FRAMEWORK 
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ABSTRACT 

 Various numerical analysis methods have been developed to simulate earthquake-induced slope 
failures. Simulations of earthquake-induced slope failures require capabilities to reproduce some factors, 
including the trigger level of an input ground motion and a travel distance of debris. For reproducing a trigger 
level of an input motion, the finite element method based on solid mechanics has been used. For reproducing 
a travel distance of debris, simulation methods based on the fluid dynamics have been applied. This study 
presents a new approach to simulate an earthquake-induced slope failure, coupling the solid mechanics and the 
fluid dynamics, based on the framework of the smoothed particle hydrodynamics (SPH). The presented 
approach allows us to simulate an earthquake-induced slope failure from its triggering stage to its 
accumulation stage. The presented approach demonstrated its capabilities to reproduce the trigger level of 
ground motion and a travel distance of debris through several simulation cases. The paper concluded that the 
presented approach could be a promising method to simulate earthquake-induced slope failures. 

Keywords: Earthquake-induced slope failure, Smoothed particle hydrodynamics, Earthquake response, Run-out 

INTRODUCTION 

Once a strong earthquake strikes a mountainous 
area, slope failures, landslides, and rockfalls are 
likely to occur [1]. The 1994 Northridge earthquake 
(Mw 6.7) triggered more than 11,000 slope failures 
that killed 61 people [2]. The 2004 Chuetsu 
earthquake (Mw 6.6) induced about 9200 slope 
failures, and 68 people lost their lives [3] More than 
200,000 slope failures were caused by the 2008 
Wenchuan earthquake (Mw 7.9) and resulted in 
87,633 casualties [4].  

Numerical simulation techniques have been 
developed to reproduce an earthquake-induced slope 
failure. The sliding block model is used to examine 
the occurrence possibility of slope failure for a certain 
level of earthquake excitation [5]. The finite element 
(FE) analysis can be used to investigate slope stability 
more precisely than the analysis using the sliding 
block model [6]. Typically, a slope is modeled by an 
elastic or an elastoplastic solid material in the FE 
analysis. However, the FE analysis has difficulties in 
simulating a flow-like slope failure. 

For simulating a flow-like slope failure, the 
smoothed particle hydrodynamics (SPH) method has 
been applied recently. The SPH method was initially 
invented in the field of astrophysics [7]. Afterward, 
the application of the SPH method has extended to 
fluid dynamics and solid dynamics. A slope failure 
occurred in the municipal solid waste was simulated 
by the SPH with a Bingham fluid model [8]. The SPH 

with a Bingham fluid model was also applied to 
earthquake-induced landslides [9]–[11]. These 
studies report that the SPH with a Bingham fluid 
model can reproduce surface profile of post-failure 
and run-out distance.  

The aim of this paper is to develop a coupling 
model of solid and fluid dynamics into the SPH 
framework for simulating an earthquake-induced 
slope failure or landslide. The developed model is 
expected to simulate an entire process of an 
earthquake-induced slope failure: response to an 
earthquake ground motion, occurrence of flow sliding, 
and accumulation of debris. 

SIMULATION MODEL 

First, the framework of the SPH method is 
introduced. Second, the SPH discretization of 
equations of motion is given for a solid body and a 
fluid, respectively. Third, a new coupling model of 
solid-fluid dynamics is proposed.  

SPH framework 

The SPH framework consists of two fundamental 
approximation techniques: kernel approximation, and 
particle approximation. The kernel approximation is 
based on the following identical equation: 
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f(𝒙𝒙) = � 𝑓𝑓 �𝒙𝒙′� δ �𝒙𝒙 − 𝒙𝒙′� 𝑑𝑑𝒙𝒙′
𝐷𝐷

 (1) 

where f(x) is a function of the position vector x; δ(𝑥𝑥) 
is the Dirac delta function; 𝐷𝐷 is the problem domain. 
The kernel approximation in the SPH is defined by 
replacing 𝛿𝛿(𝒙𝒙)  by a smoothing kernel function 
𝑊𝑊(𝒙𝒙): 

f(𝒙𝒙) ≈ � 𝑓𝑓 �𝒙𝒙′�𝑊𝑊 �𝒙𝒙 − 𝒙𝒙′,  ℎ� 𝑑𝑑𝒙𝒙′
𝐷𝐷

 (2) 

where ℎ is called the smoothing length that prescribes 
the width of the function. A smoothing kernel 
function 𝑊𝑊(𝒙𝒙) must be a differentiable even function 
and must satisfy with the following conditions: 

�𝑊𝑊(𝑥𝑥, ℎ)𝑑𝑑𝑥𝑥
𝐷𝐷

= 1 (3) 

𝑙𝑙𝑙𝑙𝑙𝑙
ℎ→∞

𝑊𝑊(𝑥𝑥, ℎ) = δ(𝑥𝑥) (4) 

The particle approximation is introduced by the 
discretized form of Eq. (2) as follows: 

f(𝑥𝑥𝑖𝑖) ≈�𝑙𝑙𝑗𝑗
𝑓𝑓�𝑥𝑥𝑗𝑗�
ρ𝑗𝑗

W�xi − xj, h�
𝑁𝑁

𝑗𝑗=1

 (5) 

where 𝑙𝑙𝑗𝑗 denotes the mass of particle 𝑗𝑗. 

Equation of motion 

The equation of motion of a solid body or a fluid 
is given by,  

𝑑𝑑𝑣𝑣α

𝑑𝑑𝑑𝑑
=

1
ρ
∂σαβ

∂𝑥𝑥β
+ 𝑏𝑏α (6) 

where α and β denote the coordinate directions; xα is 
the position vector; 𝑣𝑣α  is the velocity vector; 𝑑𝑑  is 
time; ρ is density; σαβ  is the stress tensor; 𝑏𝑏α is the 
body force. The SPH form of the equation of motion 
is given by, 

dviα

dt
= �𝑙𝑙𝑖𝑖 �

σ𝑖𝑖
αβ

ρ𝑖𝑖2
+
σ𝑗𝑗
αβ

ρ𝑗𝑗2
�
∂𝑊𝑊𝑖𝑖𝑗𝑗

∂𝑥𝑥𝑗𝑗
β

𝑁𝑁

𝑗𝑗=1

+ 𝑏𝑏𝑗𝑗 (7) 

Solid-fluid coupling model 

In the present study, we propose that the stress 
tensor for a particle is computed by coupling solid and 
fluid states as follows: 

σαβ = β(𝑑𝑑)�σαβ�s + {1 − β(𝑑𝑑)}�σαβ�f
 (8) 

where the superscript s and f denote solid and fluid 
state, respectively; 𝛽𝛽(𝑑𝑑)  is a weight function for 
coupling the stresses of solid and fluid states and is 
defined by 

β(t) = exp�−γ�𝑑𝑑𝑓𝑓 − 𝑑𝑑�� (9) 

where γ  is a coupling control parameter; 𝑑𝑑𝑓𝑓  is the 
time when the stress tensor reaches the failure surface 
first time. For solid-state of a particle, the stress tensor 
is calculated by the elastic constitutive model,  

�σαβ� = −pδαβ + 2Gϵαβ (10) 

where 𝑝𝑝  is the isotropic pressure; δαβ  is the 
Kronecker delta; 𝐺𝐺 is the shear modulus; ϵ{αβ} is the 
strain tensor. The isotropic pressure (𝑝𝑝) is calculated 
by 

p = Kϵαβ (11) 

where 𝐾𝐾 is the elastic bulk modulus. 
On the other hand, the Bingham fluid model is 

applied to calculate the stress tensor of fluid-state. 
The stress tensor of fluid-state �σαβ�𝑓𝑓 is written by 

�σαβ�𝑓𝑓 = −pδαβ + ταβ (12) 

where ταβ is the shear stress tensor and is given by, 

ταβ = ηϵαβ̇ + τ𝑦𝑦 (13) 

where η is the viscosity coefficient; ϵαβ̇  is the strain 
rate tensor; τ𝑦𝑦 is the yield shear stress. To compute 
the isotropic pressure 𝑝𝑝  of fluid, Eq. (11) is also 
applied. 

The Mohr-Coulomb failure criterion is applied for 
both solid and fluid states of a particle. Furthermore, 
the strength reduction factor (𝑆𝑆𝑅𝑅) is introduced. The 
relations between the internal friction angle of solid-
state (ϕs) and that of fluid state (ϕ𝑓𝑓) is defined by 

ϕ𝑓𝑓 = 𝑆𝑆𝑅𝑅ϕ𝑠𝑠 (14) 

The same (𝑆𝑆𝑅𝑅) is used for the cohesion: 

𝑐𝑐𝑓𝑓 = 𝑆𝑆𝑅𝑅𝑐𝑐𝑠𝑠 (15) 

where 𝑐𝑐𝑠𝑠 is the cohesion of solid-state of a particle; 𝑐𝑐𝑓𝑓 
is the cohesion of fluid-state.  
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Boundary condition 

The dynamic boundary condition is applied to 
model the rigid box in the simulation. The positions 
of the boundary particles are fixed, while the same 
procedure as for the other particles computes the 
stress tensors of the boundary particles.  

Rayleigh damping 

For stabilizing a simulation and absorbing the 
vibration of a model, Rayleigh damping is applied in 
this study. Rayleigh damping is commonly used in 
earthquake engineering. The application of Rayleigh 
damping to the SPH framework is appeared in the 
reference [13]. 

Time integration 

The Verlet time integration scheme is used to 
update the velocities and the positions of the particles, 
and the fixed time increment of 1.0 × 10−4  s is 
applied. 

NUMERICAL EXAMPLE 

A slope model is considered as an example to 
demonstrate the performance of the developed 
coupling model. The properties of the example slope 
model and other parameters required to execute the 
simulation is presented in this chapter. 

Slope model 

The geometry of the example slope model is 
shown in Fig. 1. The slope angle of the model is 60°. 
The material properties for solid and fluid states of 
the slope are listed in Tables 1 and 2. 

Fig. 1 The geometry of the slope model. 

Table 1 Material properties for solid-state 

Property Value (Unit) 
Density (ρ𝑠𝑠) 1.964×103 (kg/m3) 
Young’s modulus (𝐸𝐸) 1.675×106 (kPa) 
Poisson’s ratio (ν) 0.346 
Cohesion (𝑐𝑐𝑠𝑠) 150.0 (kPa) 

Internal friction angle (ϕ𝑠𝑠) 20.0 (°) 

Table 2 Material properties for fluid-state 

Property Value (Unit) 
Density (ρ𝑓𝑓) 1.964×103 (kg/m3) 
Viscosity coefficient (η) 2.00 (Pa·s) 
Cohesion (𝑐𝑐𝑓𝑓) 150.0𝑆𝑆𝑅𝑅 (kPa) 
Internal friction angle (ϕ𝑓𝑓) 20.0𝑆𝑆𝑅𝑅 (°) 

Note: 𝑆𝑆𝑅𝑅 denotes strength reduction factor 

Input ground motion 

The sinusoidal wave of the amplitude with 6.0 m/s/s 
is used as the horizontal ground motion (Fig. 2). For 
the vertical direction, the gravity load is applied. 
From t=0 to 3 (s), no horizontal excitation is applied 
to stabilize the slope model to the gravity. The 
horizontal excitation starts at t=3 (s), and its 
amplitude increases gradually. From t=9 (s), the 
amplitude decreases and becomes zero at t=10 (s). 

Fig. 2 The time history of the input acceleration. 

Fig. 3 The initial arrangement of particles. 

Results 

Figure 3 shows the initial configuration of the 
particles. The particles are placed homogeneously 
with 1.0 m intervals. The cubic spline type kernel 
function is used, and its smoothing length of the 
kernel function is 2.3 m. In total, 2,404 particles are 
used, including the boundary particles. The colors of 
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the particles show their vertical positions, except the 
boundary particles colored in white.  

Figure 4 compares the profiles of the slope model 
after the horizontal excitation at t =15 (s) for various 
strength reduction factors: (a)𝑆𝑆𝑅𝑅=0.10; (b) 𝑆𝑆𝑅𝑅=0.25; 
(c) 𝑆𝑆𝑅𝑅=0.50. The colors indicate the initial height of 
the particles, except the boundary particles that are 
colored in white. The same color-coding is commonly 
used in Fig. 6. The coupling parameter (γ) is 100.0. 
From these results, the effect of the strength reduction 
factor is revealed. The smaller value of 𝑆𝑆𝑅𝑅 facilitates 
the deformation of the slope. For the case of 𝑆𝑆𝑅𝑅=0.10, 
the slope model is fluidized and deforms significantly. 
For the case of 𝑆𝑆𝑅𝑅 =0.5, the slope model is not 
fluidized, although it deforms slightly. 

(a) 𝑆𝑆𝑅𝑅=0.10, γ=100.0 

(b) 𝑆𝑆𝑅𝑅=0.25, γ=100.0 

(c) 𝑆𝑆𝑅𝑅=0.50, γ=100.0 

Fig. 4 Slope profiles after the horizontal excitation 
for 𝑆𝑆𝑅𝑅=0.10, 0.25, and 0.50. 

On the other hand, Fig. 5 compares the results for 
(a) γ=100.0 and (b) γ=1.0. The strength reduction 
factor ( 𝑆𝑆𝑅𝑅 ). is the same and is 0.25. The result 
suggests that the larger value of the coupling 
parameter 𝛾𝛾  makes the slope model stable. For the 

larger value of the coupling parameter γ=100.0, the 
slope model collapses, while it deforms slightly for 
the smaller value of 𝛾𝛾 = 1.0.  

Figure 6 compares the vertical motion of particle 
A, which is indicated in Fig. 2, for 𝑆𝑆𝑅𝑅=0.10, 0.25, and 
0.50. The effective time range of the horizontal 
ground motion is indicated in the figure. The moment 
when particle A starts moving is the same for all cases. 
For 𝑆𝑆𝑅𝑅=0.10, the slope model fluidizes, and particle 
A starts moving earlier than for the other cases. For 
𝑆𝑆𝑅𝑅=0.50, the slope model fluidizes gradually, and the 
particle moves slowly. For 𝑆𝑆𝑅𝑅=0.50, the behavior of 
the slope model is intermediate of the other two cases. 

(a) 𝑆𝑆𝑅𝑅=0.25, γ=100.0 

(b) 𝑆𝑆𝑅𝑅=0.25, γ=1.0 

Fig. 5 Slope profiles after the horizontal excitation 
at t=15 (s) for γ=100.0 and 1.0. 

Fig. 6 The vertical motions of particle A 
for γ=100.0, 𝑆𝑆𝑅𝑅=0.10, 0.25, and 0.50. 

The vertical motions of particle A for 𝑆𝑆𝑅𝑅=0.25, 
γ=100.0 and 1.0 are compared in Fig.7. The coupling 
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parameter (γ) has the effect of delaying fluidization. 
For the case of γ =1.0, the slope model deforms 
gradually after the horizontal excitation ends. For 
γ=100.0, the deformation of the slope model begins 
and finishes during the horizontal excitation.  

Fig. 7 The vertical motions of particle A for 
𝑆𝑆𝑅𝑅=0.35, γ=100.0 and 1.0. 

DISCUSSION AND CONCLUSIONS 

In the application of the SPH method to 
earthquake-induced slope failures and landslides [8]–
[11], fluid models such as Bingham fluid are 
commonly used to reproduce the fluidization and 
deposition process. In these studies, the occurrence 
process of a slope failure has been ignored. On the 
other hand, previous studies [12]–[15] attempted to 
simulate all processes of a slope failure or a landslide: 
occurrence, fluidization, and deposition. However, 
their studies are based on solid mechanics and have 
not adequately reproduced fluidization and 
decomposition processes.  

In this study, we have developed a model coupling 
solid and fluid models. The developed model allows 
us to simulate the whole process of an earthquake-
induced slope failure or landslide: the occurrence of 
failure, fluidization, and sedimentation. As a further 
study, an appropriate method for setting the 
simulation parameters corresponding to the material 
properties must be developed. 

ACKNOWLEDGMENTS 
This work was supported by JSPS KAKENHI 

Grant Number 18H01523. 

REFERENCES 

[1] Keefer D. K., Landslides caused by earthquakes, 
Geological Society of America Bulletin, Vol. 95, 
pp.406–421, 1984. 

[2] Harp E.L. and Jibson R.W., Landslides triggered 
by the 1994 Northridge, California, earthquake, 
Bull. Seismol. Soc. Am., Vol. 86. pp. S319–S332, 

1996. 
[3] Sekiguchi H. and Sato H., Feature and distribution 

of landslides induced by the Mid Niigata 
Prefecture earthquake in 2004, Japan, Landslides, 
Vol. 43, pp.142–154, 2006. 

[4] Dai F. C., Xu C., Yao X., Xu L., Tu X. B., and 
Gong Q. M., Spatial distribution of landslides 
triggered by the 2008 Ms 8.0 Wenchuan 
earthquake, China, J. of Asian Earth Sci., Vol. 40, 
pp.883–895, 2011. 

[5] Jibson, R. W., Predicting earthquake-induced 
landslide displacements using Newmark’s sliding 
block analysis, Transportation Research Record, 
Vol. 1411, pp.9–17, 1993. 

[6] Toki K., Miura F., and Oguni, Y., Dynamic slope 
stability analysis with a non-linear finite element 
method, Earthquake Engineering & Structural 
Dynamics, Vol. 13, Issue 2, pp. 151–171, 1985. 

[7] Gingold R. A. and Mohaghan J.J., Smoothed 
particle hydrodynamics: Theory and application 
to non-spherical stars, Monthly Notices of the 
Royal Astronomical, Vol. 181, pp.375–389, 1977. 

[8] Huang Y., Dai Z. L, Zhang W. J., and Huang M.S., 
SPH-based numerical simulations of flow slides 
in municipal solid waste landfills, Waste 
Management and Research, Vol. 31, Issue 3, 
pp.256–264, 2013. 

[9] Huang Y., Dai Z., Zhang W., and Chen Z., Visual 
simulation of landslide fluidized movement based 
on smoothed particle hydrodynamics, Natural 
Hazards, Vol. 59, Issue 3, pp.1225–1238, 2011. 

[10] Dai Z., Huang H., Cheng H., and Xu Q., 3D 
numerical modeling using smoothed particle 
hydrodynamics of flow-like landslide propagation 
triggered by the 2008 Wenchuan earthquake, 
Engineering Geology, Vol. 180, pp. 21–33, 2014. 

[11] Dai Z., Wang F., Huang Y., Song K., and Iio A., 
SPH-based numerical modeling for the post-
failure behavior of the landslides triggered by the 
2016 Kumamoto earthquake, Geoenvironmental 
Disasters, Vol. 3, 2016. 

[12] Ono Y., Nishida S., and Kiyono J., SPH 
Simulation for Seismic Behavior of Earth 
Structures, Proc. of 14th World Conference on 
Earthquake Engineering, Paper No.14-0145, 
2008. 

[13] Ono Y., SPH Simulation of Earthquake-induced 
Slope Failure, Proc. of 15th World Conference on 
Earthquake Engineering, Paper No.22185, 2012. 

[14] Bui H.H. and Fukagawa R., An improved SPH 
method for saturated soils and its application to 
investigate the mechanisms of embankment 
failure: Case of hydrostatic pore-water pressure, 
International Journal for Numerical and 
Analytical Methods in Geomechanics, Vol.37, 
pp.31–50, 2013.. 

[15] Chen W. and Qiu T., Simulation of earthquake-
induced slope deformation using SPH method, 
International Journal for Numerical and 
Analytical Methods in Geomechanics, Vol.38, 
Issue 3, pp.297–330, 2014. 



82 

10th Int. Conf.  on Geotechnique, Construction Materials and Environment,  

Melbourne, Australia, 11-13 November 2020, ISBN: 978-4-909106049 C3051 

 EVALUATION ON THE PERFORMANCE OF MICP TREATED 

SLOPE SOIL UNDER ACID RAIN ENVIRONMENT 

Sivakumar Gowthaman1, Arash Mohsenzadeh2, Kazunori Nakashima1, Hiromi Nakamura3 and Satoru Kawasaki1 
1Faculty of Engineering, Hokkaido University, Japan; 2Department of Civil and Environmental Engineering, 

Amirkabir University of Technology, Iran; 3Hokkaido Office, East Nippon Expressway Company Limited, Japan 

ABSTRACT 

Microbial induced carbonate precipitation (MICP), through the field of bio-mediated geotechnical engineering, 

has gained significant momentum in research industry during recent past, which has promoted the strategy nearly 

to field application stage. The aim of this study is to evaluate the durability of MICP specimens under the exposure 

of acidic environment. The representative soils from an erosion prone slope were treated to different cementation 

levels on the basis of MICP. The acidic environment was enabled under different pH conditions (ranging 3.0-6.0) 

through two different mechanisms: (i) infiltration and (ii) immersion, both of which represent acid rainfall and 

water-logged environments, respectively. The influence of infiltration rate was studied under two potential rainfall 

intensities, and in each case, specimens were infiltrated by acid rain volume equals fifteen-year rainfall volume. 

The results indicate that decrease in environment pH increased the corrosion of CaCO3, resulting considerable loss 

in both mass and unconfined compressive strength (UCS). However, the increased cementation level showed high 

durability of specimens. The results also revealed that the contact time of acid rain significantly governed the rate 

of corrosion, i.e. specimens subjected to lower infiltration rate showed higher loss of mass and UCS compared to 

that of higher rate. Moreover, the immerged specimens showed relatively a similar response of those subjected to 

low infiltration. Overall, this study addressed one of the prime environmental hurdles which might possibly be 

experienced in the field, advancing the understanding on performance of slope near-surfaces conserved by MICP. 

Keywords: Microbial induced carbonate precipitation (MICP), slope near-surface stabilization, durability, acid 

rain, cementation level 

INTRODUCTION 

Microbial induced carbonate precipitation 

(MICP), is relatively a novel and environmental-

friendly soil stabilization technique and has gained 

significant momentum in recent years. The MICP 

treatment relies on urea hydrolysis; the urease 

produced by supplied or enriched bacteria catalyzes 

the urea hydrolysis, resulting the production of 

ammonium and carbonate ions (Eq. 1). The produced 

carbonate ions then react to precipitate calcium 

carbonate in the presence of calcium resources (Eq. 

2) [1], [2]. This precipitated calcium carbonate

functions as bio-cement, bonding the adjacent soil 

particles preferentially at particle-particle contacts 

and enhancing the aggregate stability and strength 

characteristics. 

CO(NH2)2＋ 2H2O → 2NH4
+ + CO3

2−         (1) 

CO3
2− +   Ca2+ → CaCO3 (s)         (2) 

Stabilization of slope near-surface against 

aggregate instability is one of the serious concerns in 

the field of Geotechnical Engineering. The widely 

used traditional methods are primarily cement-based 

and/or bitumen-based, and they would appear to be 

ill-advised from a sustainability perspective. In recent 

years, MICP is often one of the scientists’ and/or 

engineers’ proposal as a new sustainable alternative 

[3], [4]. The researches have already been initiated 

and demonstrated the viability of the technique in 

various standpoints, promoting the strategy nearly to 

field application stage. Accordingly, Salifu et al. [5] 

showed that the MICP could improve the stability of 

slope aggregates under repeated tidal currents, 

concluding that relatively a shallow treatment would 

be sufficient for coastal protection. The use of native 

bacteria was another appeal from the sustainable 

perspective, and that was proposed and demonstrated 

for stabilizing expressway slope soils [6], [7]. In 

another work, Gowthaman et al. [8] addressed the 

effect of particle size distribution on MICP responses, 

suggesting that presence of silt in small quantity tends 

to filter more bacteria at near-surface zone and results 

stable slope surfaces. 

Despite of the considerable works, the studies 

addressing the longevity of MICP treatment under 

climatic factors are limited. Regarding the rainfall-

induced impairments, treating the slope by 1 mol/L 

cementation resources was found to have better 

durability responses against erosion [9]. Considering 

the effects from seasonal frosts (subarctic regions), 

Gowthaman et al. [10] found that higher the 

precipitated content of calcium carbonate the stronger 

the inter-particle connections, leading to high 

aggregate stability and durability against freeze-thaw 
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actions. Provided alkaline conditions persist, the 

longevity of MICP treated soils can be expected to be 

stable for more than fifty years [11]. On the other 

hand, CaCO3 material is chemically susceptible to 

acidic environment; therefore, longevity and 

durability of MICP treatment under the exposure of 

acid rainfall is often a question to be explored, and 

that remains as a hurdle for applications to the fields 

experiencing acid rainfalls. Therefore, the objective 

of this paper is to evaluate the durability of MICP 

treated soils under the exposure of acid rainfall 

environment. 

MATERIALS AND METHODS 

Soil and preparation 

An erosion-prone expressway slope located in 

Onuma (Hokkaido, Japan) was selected for the 

current study. The slope soil can be classified as 

poorly graded (SP) fine sand according to the Unified 

Soil Classification System (USCS). Results from X-

Ray fluorescence (XRF) analysis revealed that the 

silica is the dominant soil mineral, and the organic 

content was found to be negligible. Table 1 

summarizes the fundamental geotechnical properties 

of slope soil. 

Table 1 Fundamental characteristics of slope soil 

Property pH D50 Cu Cc Gs 

Values 6.997 0.23 2.5 0.8 2.71 
Note: D50 is the mean particle diameter (i.e., grain diameter at 
50%); Cu is the coefficient of uniformity; Cc is the coefficient of 

curvature; Gs is the specific gravity. 

The soil columns (30 mm in diameter; 50 mm in 

height) were prepared by tamping in three layers to 

the average density of around 1.6  0.1 g/cm3, 

followed by the MICP treatment. 

Bacteria and MICP treatment 

Lysinibacillus xylanilyticus were the bacteria used 

herein to induce urea hydrolysis. The above ureolytic 

bacteria were isolated from the same slope soil; the 

detail on isolation process and characterization can be 

found in previous works [6], [8]. For the cultivation 

of bacteria, ammonium-yeast extract media (NH4-YE, 

ATCC 1376) was used, which consisted of 20 g/L of 

yeast extract, 15.7 g/L of tris buffer and 10 g/L of 

ammonium sulfate. The media was inoculated with 

the bacteria pre-culture and subjected to shaking 

incubation at 25C and 160 rpm. After 48-72 hours of 

growth, the bacteria culture was used for the MICP 

treatment (the optical density OD600 was around 4.0). 

During the MICP treatment, a two-phase surface 

percolation method [12] was incorporated: initial 

supply of bacteria culture, followed by multiple 

supplies of cementation solution. Between the two 

phases, a period of 2-3 hours was allowed for bacteria 

cells to be attached with the soil particles [13]. All the 

solutions were supplied at the top of the columns at 

relatively a constant flow rate of 4 mL/min. 

Concentration of cementation solution used for the 

treatment was 1 mol/L, and which was similar to 

many previous works [14], [15]. The cementation 

media consisted of 110.9 g/L calcium chloride, 60 g/L 

urea and 6 g/L of nutrient broth. 

In this study, three different levels of cementation 

(i.e., % of CaCO3) were considered (C-1, C-2 and C-

3). Different durations of MICP treatments were 

performed to achieve different levels of cementation. 

For C-1, around 7 number of cementation injections 

were performed. Around 10 number of injections 

were performed for C-2, and 14 injections for C-3. In 

another terms, the C-1, C-2 and C-3 levels can be 

demarcated as precipitated CaCO3 content ranging 

between 12-14%, 16-18% and 21-23%, respectively. 

Measurement of CaCO3 content was determined 

using the acid reaction method [8]. 

Acid rain (AR) simulation test 

Accelerated test was applied in acid rain (AR) 

simulation. In real situations, AR could potentially be 

in contact with MICP treated slope near-surface at 

two possible conditions: (i) during infiltration and/ or 

(ii) submerged, and both conditions were investigated 

in this study. In order to reproduce the process of AR 

interaction, an infiltration setup was arranged as 

shown in Fig. 1. Effects of various parameters such as 

level of cementation (C-1, C-2 and C-3), pH of AR 

solution (3.0, 4.5 and 6.0) and intensity of AR (20 and 

100 mm/h) were evaluated. The intensity of AR was 

controlled herein by the rate of delivery of the AR 

solution at specimen top as shown in Fig. 1. 

Fig. 1 Experimental set up of the AR infiltration 
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AR solution was prepared by dropping a certain 

volume of 1 mol/L nitric acid (HNO3) and sulfuric 

acid (H2SO4) to deionized distilled water, and the pH 

levels were adjusted to 3.0, 4.5 and 6.0. The 

infiltration quantity of AR (Qinf) was estimated based 

on the average annual precipitation in study location 

(Onuma, Hokkaido), as per the given equation (Eq. 3). 

Similar to the previous works, it was assumed that 

one-third of the total precipitation infiltrates in to the 

slope and two-third would be surface-runoff [16], 

[17]. 

𝑄𝑖𝑛𝑓 =  1
3⁄  𝑃𝑎𝑣𝑔  𝐴         (3) 

where, the 𝑃𝑎𝑣𝑔 stands for the annual average 

precipitation of study location (1210 mm), and 𝐴 is 

the cross-sectional area of the specimen (7.06 cm2). 

Accordingly, specimens were infiltrated by AR 

solution equivalent to the precipitation of 15 years. 

The AR solution was delivered to the specimens at 

two rates, and the rates were chosen on the basis of 

typical high and low rain fall intensities (around 20 

and 100 mm/h, respectively). 

For the submerged condition, specimens were 

soaked completely into corrosion-resisting 

cylindrical molds containing AR solution. As the pH 

values of the AR solutions were changing due to the 

consumption of protons (H+) by the reaction with 

CaCO3, the solution was replaced every 24 hours by 

newly prepared AR (to the total volume equivalent to 

the precipitation of 15 years). At the same time, the 

concentration of leached calcium ions was measured 

in the reacted solution. In addition, with the different 

immersion times, the weight loss was measured. 

Finally, all the treated specimens were oven-dried for 

48 hours, followed by the estimation of the UCS. The 

UCS of the treated specimens were estimated by 

needle penetration tests in accordance with JGS 3431-

2012 [18]. 

Fig. 2 The corrosion of calcium carbonate during the AR simulation test 
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Fig. 3 Mass loss of the specimens subjected to AR 

RESULTS 

Corrosion of CaCO3 

The chemical reaction between AR and calcium 

carbonate could result in the dissolution of CaCO3 

that precipitated in MICP specimens. During the test, 

leached calcium ions was continuously measured 

from the effluent of the specimens. From the Ca2+ 

concentrations, the corroded calcium carbonate was 

theoretically estimated in each case, and the results 

are plotted and compared in Fig. 2. From the plots, it 

can be clearly observed that regardless of specimen 

cementation level, the corrosion of CaCO3 was highly 

reliant on the pH condition of AR solution. Minor 

corrosion rates of calcium carbonate were observed to 

the specimens exposed to AR of pH 6.0, and the 

corrosion rate showed an increasing tendency with 

the decrease in pH condition. For instance, when the 

pH of AR decreased from 6.0 to 4.5, the corrosion rate 

increased by around 10 times, and that rate further 

increased at pH of 3.0. 

The corrosion rate of calcium carbonate was also 

considerably influenced by the intensity of AR (Fig. 

2). The low intensity of AR (20 mm/h) resulted higher 

corrosion rate compared to that under high intensity 

(100 mm/h). For example, by the end of the test (at 

pH 3.0), the specimens showed the corrosion of 

around 0.7 g CaCO3 under low intensity of AR, which 

was around 1.75 times higher than the corrosion 

experienced under high intensity of AR. This could 

be attributed to the contact time of AR within MICP 

specimens. During the high intensity of AR, certain 

hydraulic pressure was developed on the surface (due 

to ponding), which tended to infiltrate the AR at high 

rates. The less contact time of AR with soil MICP 

matrix resulted the less reaction with CaCO3. On the 

other hand, the low intensity facilitated relatively 

slow infiltration, allowing sufficient time to the 

reaction with CaCO3 during the percolation. 

Mass Loss 

Fig. 3 shows the mass loss of MICP samples as a 

function of delivered volume of acid rain at different 

pH conditions. As shown, the mass loss rate of MICP 

treated specimens increased with increasing delivered 

volume, and that increases with the increase in pH of 

the AR. The tendency of mass loss rate (Fig. 2) is in 

a good agreement with the corrosion rate of calcium 

carbonate (Fig. 3). However, the cementation level 

highly governed the rate of mass loss. For example, 

by the end of the test (at pH 3.0), all the specimens 

(C-1, C-2 and C-3, i.e. irrespective of the level of 

cementation) showed the same corrosion of calcium 

carbonate. The soil losses, on the other hand, were up 

to around 20%, 9% and 5% for C-1, C-2 and C-3 

specimens, respectively, suggesting that high 
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cementation level attributes to high durability of 

MICP treatment against AR induced erosion. 

From the physical observation, it could be seen 

that the specimens treated to high cementation level 

(C-3) showed lower physical impairments than those 

of low cementation levels (C-1). The specimens 

subjected to low intensity of AR delivery showed 

higher surficial damage compared to that of high 

intensity of AR. As the AR was delivered to the 

specimens from the top, the proton concentration of 

AR was high and effective at the supply point, 

resulted high dissolution of CaCO3 at surface. When 

the solution reached specimen depths, the certain 

quantity of protons has already been reacted and 

neutralized, which leads to the less reaction at bottom 

specimens. At the same time, the specimens tested 

under submerged conditions showed clear damage 

structure on cylindrical surfaces as well, as the entire 

surface of the specimens was directly exposed to AR 

solution when submerged. The specimens treated by 

AR of pH 3.0 showed higher observable damages 

compared to those subjected to AR of pH 4.0. It also 

should be noted that specimens subjected to AR of pH 

6.0 did not show any observable changes. 

Fig. 4 Relationships between corroded CaCO3 and 

mass loss at different cementation levels 

Fig. 5 Variation of UCS with corrosion of CaCO3 

content at different cementation levels 

DISCUSSION 

The corrosion of calcium carbonate bio-cement is 

the degradation mode of MICP under the exposure of 

AR environment. Under the high intensity AR 

delivery, the corrosion of calcium carbonate was low. 

In contrast, when the AR is delivered by low rate of 

infiltration or fully submerged conditions, the rate of 

corrosion was high, which is due to the sufficient 

reaction time given. Regardless of the conditions 

tested, the ultimate factor that determines the 

responses of the specimens exposed to AR, is the 

corroded quantity of calcium carbonate. Fig. 4 

presents the compilation of mass loss data versus 

corresponding corrosion of calcium carbonate. The 

results suggest that the mass loss, with the corrosion 

of CaCO3, can be fairly evaluated by linear 

relationships. 

Fig. 5 presents the compilation of test data, i.e., 

UCS plotted against the corrosion of calcium 

carbonate. The results indicate that the UCS of the 

specimens exponentially decrease with the increase in 

corrosion of CaCO3 for all the levels of cementation. 

The exponential tendency in decrease can be 

explained by the decay of matrix support. During the 

MICP treatment, the cementation begins at particle 

contact, increasing the strength gradually 

(progression of contact cementation); with the 

increasing treatment, the crystals starts to grow within 

the pore spaces, sometimes bridging the particles [2], 

[6], leading to rapid increase in strength at latter stage. 

The exponential progression of UCS in MICP soils 

was evidenced in many previous studies [6], [19]. The 

results presented herein (Fig. 5) demonstrate that the 

UCS follows relatively the similar path for the 

decrease during corrosion. 

The results (Figs. 4 and 5) prove that the treatment 

durability essentially depends on high cementation 

levels. At high cementation level (e.g. C-3), particle 

contact points are cemented stiffly by higher quantity 

of calcium carbonate compared that in lower levels 

(e.g. C-1). For the same supply of AR, the corrosion 

of calcium carbonate might be same, irrespective of 

the level of cementation; however, the connections 

points could more quickly be debonded/ weakened in 

low cementation levels, showing high susceptibility 

to AR. On the other hand, for debonding/ weakening 

the particle contacts in high cementation levels, more 

calcium carbonates are required to be corroded, 

suggesting high longevity in performance. 

CONCLUSIONS 

Hypothetically, it was believed that the MICP 

treated soils are susceptible to acid rain conditions. 

However, this study has demonstrated that the 

durability and longevity can be considerably 

y = 5.5641x + 3.8789
R² = 0.5778

y = 2.6991x + 2.1626
R² = 0.7668

y = 1.673x + 1.0501
R² = 0.7694

0

4

8

12

16

20

0 0.5 1 1.5 2 2.5

M
a

ss
 lo

ss
 (

%
)

Corrosion of CaCO3 (%)

C-1

C-2

C-3

y = -278.6ln(x) + 757.08
R² = 0.9761

y = -486.2ln(x) + 1952
R² = 0.9672

y = -1821ln(x) + 3006.2
R² = 0.946

0

2000

4000

6000

8000

10000

12000

0 0.5 1 1.5 2 2.5

U
C

S 
(k

P
a

)

Corrosion of CaCO3 (%)

C-1

C-2

C-3



GEOMATE – Melbourne, Australia, 11-13 November 2020 

87 

enhanced by the levels of cementation. The tests 

suggest that the corrosion rate of calcium carbonate 

depends on the pH of acid rain and intensity. 

However, the loss of soil particles and strength loss 

due to corrosion of CaCO3 is highly governed by the 

level of cementation. In another words, for the same 

quantity of corrosion, the higher the cementation 

level the lower the loss of mass and UCS, enhancing 

the longevity of the treatment. 
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ABSTRACT 
 
On October 21, 2016, an earthquake with MJMA 6.6 occurred in the central part of Tottori Prefecture, Japan. 

Observed JMA seismic intensity were 6 lower at Kurayoshi city, Yurihama and Hokuei towns. Housing damages 
due to the earthquake were concentrated in limited areas. In this study, we carried out microtremor observations 
around damaged areas, and estimated subsurface structures and ground motion characteristics with previously 
conducted studies. We consider that the relationship between ground motion characteristics and damage, and found 
that the damage occurred at the parts where the layer thicknesses change steeply. We suspect that the damages 
concern to two- or three- dimensional effects of subsurface structures. 

 
Keywords: Microtremor observation, Seismic observation, Subsurface structure, the 2016 central Tottori 
prefecture Earthquake 
 
 
INTRODUCTION 

 
An earthquake with MJMA 6.6 occurred in the 

central part of Tottori Prefecture, Japan on October 
21, 2016. Recorded JMA seismic intensity were 6 
lower at Kurayoshi city, Yurihama and Hokuei towns 
(Fig.1) [1]. Housing damages were concentrated in 
limited areas at the flatland in Hokuei town, and at the 
edge of mountain in Yurihama town [2], [3]. We 
consider the damages might be caused by site 
amplification due to subsurface structures. 

The mainshock and aftershocks had been 
observed at NIED’s K-NET and KiK-net, and 
observation sites of local governments in Tottori 
Prefecture and temporary sites of Tottori University. 
From the analysis of those strong motion records, 
variation of site amplifications due to differences in 
subsurface structure were suggested. Also, nonlinear 
soil response due to the strong ground motions were 
suspected at Ryuto (TGAR) and Hisadome (YRAR) 
observation sites in Yurihama town, and Hashita 
(HJA) site in Hokuei town [3]. 

In order to evaluate strong motions, nonlinear soil 
responses, and the relationship between ground 
motion and damage, it is necessary to understand 
detailed subsurface structure and ground motion 
characteristics. In this study, we carried out 
microtremor observations around the strong motion 
observation sites and damaged areas, and estimated 
subsurface structures and ground motion 
characteristics. Additionally, deeper ground 
structuture was estimated from aftershock records. 
 
 

 
OBSERVATION  

 
Housing damages and previous study of the target 
area 
 

Housing damages due to the mainshock of the 
2016 earthquake was concentrated in the limited areas 
at the flatland in Hokuei town, and at the 
mountainside in Yurihama town. In the damaged 
areas are shown in Fig. 1, roof tile damage was 
recognized based on blue sheet coverage from the 
satellite image [4], and confirmed by site visits and 
interviews. In this study, an area with 50m radius 
from the damaged houses was considered as the 
housing damage area. 

According to the previous study [3], [5], 
predominant period of microtremor in Yurihama 
town is about 0.5-2.0 seconds, and about 0.8-1.5 
seconds in Hokuei town. It is considered that the 
periods are correspond to thickness of soft layer with 
S-wave velocities less than 400 m/s. 
 
Summary of observation 
 

Single-point observations were carried out at 294 
sites in Yurihama town and 162 sites in Hokuei town, 
mainly in residential areas and strong motion 
observation sites. In areas where roof tile damages are 
concentrated, we made observations at 50 m intervals. 
The equipment used was JU410, a three-component 
accelerometer with 24bits recorder. The 
specifications with wave amplification factor 100, 
sampling frequency 100 Hz or 200 Hz, and recording 



GEOMATE – Melbourne, Australia, 11-13 November 2020 

89 
 

time about 10-15 minutes wave used.  
Array observations were conducted at 7 sites: 4 

strong motion observation sites (YRAR, TGAR, HJA, 
YURA) and 3 temporary aftershock observation sites 
(OSK, TZAR, ARNSZ) (Fig.2). Four JU410s 
synchronized by GPS clocks were used for the 
measurement. One seismometer was placed at the 
center of a circle and other three were placed around 
circumference to form an equilateral triangle. 
Sampling frequency was used 200 Hz, amplification 
factor was the same as for single-point observation, 
and recording time was about 15 minutes. The array 
radius was set within the range of 0.6 to 30 m, 
depending on the observation site, to evaluate S-wave 
velocity structures of Quaternary sediments. 

Aftershock observations were placed at 
Oshikadani and Takatsuji (OSK, TZAR) where roof 
tiles damages were dominant. Oshikadani site had 
been maintained from July 24, 2017 to July 2, 2018, 
and Takatsuji site has been working from October 20, 
2015 to present. The observation equipment used was 
a sensor integrated recorder CV-374A, and the 
sampling frequency was 100 Hz. The seismometers 
were installed indoors on a solid foundation, such as 
at the entrance of a building where external power can 
be secured. 
 
ANALYSIS  
 
Microtremor records 
 

From a single-point observation record, Fourier 
spectra were calculated, and smoothed using a Log 
window with a coefficient of 20 [6]. Average spectra 
were calculated from at least 10 stable 20.48 second 

sections. From the Fourier spectra, horizontal to 
vertical spectral ratios (H/V) were calculated, and 
predominant periods were visually estimated. Many 
H/Vs were unimodal with a single distinct peak. In 
some areas such as mountainside where multiple 
peaks were observed, the predominant period was 
estimated in consideration of continuity with adjacent 
unimodal sites. Fig. 2 shows the entire predominant 
period distribution in the central Tottori Prefecture. 

In analysis of array observation, reanalyses 
including the past research data [3], [5] were 
performed in order to unify the velocity structure of 
the lowermost surface. The analysis procedure was as 
follows. Using the open analysing tool [7], phase 
velocity dispersion curves of array observation record 
were estimated based on the CCA method [8]. At 
least five sections were selected by automatic 
extraction using RMS values of microtremor 
recordings with 10.24 seconds segments. Next, power 
spectra in those sections were smoothed with 0.3 Hz 
bandwidth Parzen window, and averaged. Finally 
phase velocity dispersion curves were determined. 
Phase velocity dispersion curves obtained at each 
radius were integrated each observation site 
considering their continuity. 

Using the phase velocity dispersion curves and 
microtremor H/Vs obtained from single-point 
microtremor recording at the center of the array, 
subsurface structure models were estimated from 
forward modeling based on the fundamental mode of 
Rayleigh waves. S-wave velocities were determined 
with reference to previous studies [3], [5] and 
borehole data around the site [9]. Then modeling was 
performed by changing the layer thickness. Densities 
were set referring previous researches, and P-wave 

Fig 1. Epicenter and fault line [1], damaged area and seismic observation sites 
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velocities were set from S-wave velocities [10]. Table 
1 shows the resulting subsurface structure model. 
Aftershock records 
 

In analysing aftershock records, the previous 
research data [3], [5] were involved with nearly 
employed data to make analyses by same standard. 
The analysis procedure of aftershock records was as 
follows. Time windows of 10.24 seconds with cosine 
tapers of 5% of both ends were applied from S-wave 
arrival. Analysis record length was prolonged to 
20.48 seconds with adding zero data. Fourier 
spectrum was calculated and smoothed with 0.2 Hz 
bandwidth Parzen window. From the Fourier 
spectrum of each component, the spectral ratio of 
horizontal to vertical (strong ground motion H/V) was 
evaluated. In this study, about 10 aftershocks were 
analysed and then averaged to obtain H/V at each site. 

Subsurface structure models, were at first 
estimated by forward modeling, with modifying the 
model by comparing the observed and theoretical 
H/V based on the diffuse wave field theory [11] of 
strong ground motion H/V. As an initial model, 
shallow structures were estimated based on the array 
observation models described above, and deep 
structures were assumed from previous research [5], 
[12]. Based on the model, final structure model was 
estimated from inversion analysis by a hybrid 
heuristic search method [13] with genetic algorithm 
(GA) and simulated annealing (SA). Damping 
constant h is assumed to be 0.03 for S-wave velocities 
of 100 m/s or less, 0.02 for 100-400 m/s, and 0.01 for 
400 m/s or more. The inversion code was created by 
Yasui et al. [14]. 

Other inversion parameters were as follows. For 
GA, number of trials was 10, number of samples was 

30, number of generations was 300, crossover 
probability was 0.7, mutation probability was 0.01, 
and dynamic mutation and elite selection were 
considered. For SA, temperature drop function was 
equation (1), with coefficients a=0.5, c=1.0, initial 
temperature T0=100, and number of temperature 
updates was 10.   

 
𝑇𝑇 = 𝑇𝑇0exp (−𝑐𝑐𝑐𝑐𝑎𝑎)                       (1) 

 
S-wave velocity and layer thickness of the first layer 
and the bottom layer were fixed, and value of the 
other layers were searched within a range of ± 25% 
from the initial value. The search targets were S-wave 
and P-wave velocities and layer thicknesses. 
Densities were set from an empirical formula [15] 
from S-wave velocity. Fig. 3 shows the resulting S-
wave velocity column diagrams from shallow to deep 
layers. 
 
DISCUSSIONS  
 
Predominant period of microtremor H/V 
 
Predominant periods in Fig.2 are 0.8-1.6 seconds 
around YRAR and 0.4-0.8 seconds around TGAR, 
OSKAR and TZAR. Predominant periods around 
ARNSZ and YURA are 1.0-1.6 seconds, and HJA at 
northern Kurayoshi Plain are 0.4-1.0 seconds. Many 
microtremor H/Vs with a single peak were observed 
at northern Kurayoshi Plain and around Togo Pond, 
and many H/Vs with multiple peaks were observed at 
Nishizono and Yurashuku regions (Fig.4). It probably 

Fig 2. Predominant period distribution map in the central Tottori Prefecture 
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reflects the difference of velocity structures in surface 
layers. 
 
Estimation of subsurface structure 
 

From the borehole data around observation sites 
[9], S-wave velocities of 100 m/s or less in Table 1 
are considered to be clay or silt layers, and S-wave 
velocity of 200 m/s is considered to be sand layer. 
Table 1 shows that the thickness of soft layer with S-
wave velocity of 80-200 m/s is 6-33m at each site and 
it tends to be thicker to coastal plain and thinner to 
inland. It was found that there were silt layers with S-
wave velocities of 80-140 m/s in the surface layer at 
Hisadome (YRAR), Ryuto (TGAR) and Hashita 

(HJA). It is suggested that the silt dominant layers 
caused nonlinear response reported in the areas.  

Deeper subsurface structures were estimated from 
aftershock observation records. The numbers in Fig. 
3 indicate the depth from surface layer to engineering 
seismic base layer. From the subsurface structure 
model, the basement depth tends to be deeper to the 
coastal plain. This is consistent with the tendency for 
the predominant periods become longer to the plain. 
It is found that the thicknesses to deeper subsurface 
structure with S-wave velocity more than 700 m/s 
were different between Yurihama town and Hokuei 
town.  

 

Table 1. Subsurface structures based on array observation 

Yurihama Town Hokuei Town

Site
Thickness

(m) ρ(t/m3) Vp(m/s) Vs(m/s) Site
Thickness

(m) ρ(t/m3) Vp(m/s) Vs(m/s)

33 1.6 1430 140 9 1.6 1380 80

75 1.8 1730 400 5 1.7 1460 150

100 2.1 2070 700 10 1.8 1510 200

∞ 2.2 2620 1200 12 1.9 1730 400

9 1.6 1390 90 ∞ 2.2 2620 1200

8 1.7 1510 200 10 1.7 1430 130

50 1.8 1730 400 10 1.7 1510 200

100 2.1 2070 700 70 1.8 1730 400

∞ 2.2 2620 1200 60 2.1 2070 700

8 1.6 1400 100 ∞ 2.2 2620 1200

3 1.7 1510 200 11 1.7 1490 180

30 1.8 1730 400 65 1.8 1730 400

100 2.1 2070 700 80 2.1 2070 700

∞ 2.2 2620 1200 ∞ 2.2 2620 1200

4 1.6 1390 100

4 1.7 1510 200

100 2.1 2070 700

∞ 2.2 2620 1200

OSKAR
(Oshika

dani)

TZAR
(Taka
tsuji)

YURA
(Yura
shuku)

ARNSZ
(Nishizo

no)

YRAR
(Hisado

me)
HJA

(Hashita)

TGAR
(Ryuto)

Fig 3. S-wave velocity structure column diagrams 

Hokuei Yurihama 
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Fig 4. Microtremor H/V at center of array observation 
sites 
 
Consideration on housing damage 
 

Amplification at each site was evaluated using 
AVS30 and ARV that are simple indicators of ground 
amplification [16]. ARV was calculated by Equation 
(2). AVS30 is the average S-wave velocity down to 
30m underground. Table 2 shows AVS30 and ARV 
at each site. ARV at YRAR and HJA where housing 
damages were not dominant are around 2.5, and 
OSKAR and ARNSZ where damages are widespread 
are around 2.0. Unfortunately, clear relationship is 
not found between housing damage and ARV. 
 

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 1.83− 0.66𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙30         (2) 
 

Table 2. AVS30 and ARV at array sites 
 

 
 

In areas where housing damage is concentrated at 
Nishizono and Yurashuku regions, surface layer 
thicknesses were estimated and their special changes 
were examined. S-wave velocities and predominant 
periods (Tp) were used to estimate the layer 
thicknesses (H) from equation (3). In both areas, short 
predominant period Tp1 and long predominant period 
Tp2 are estimated, and the layer thicknesses were 
estimated by the peaks from the equation (3).  

 
𝐻𝐻𝑖𝑖 =

𝑉𝑉𝑠𝑠∙𝑇𝑇𝑝𝑝𝑝𝑝
4

                               (3) 
 

Fig. 5 shows that the layer thicknesses from Tp1 
are deeper from south to northwest and the layer 

thicknesses from Tp2 are deep in limited area. 
Comparing damaged area and the layer thicknesses, 
they overlap along the boundary where the layer 
thickness of Tp2 change. This suggests effects of 2-D 
or 3-D shapes of engineering seismic base on housing 
damage. 
 

 

 
 
Fig 5. Layer thickness at Nishizono and Yurashuku 
regions (upper map: Tp1, lower map: Tp2) 
 
CONCLUSIONS 
 

In this study, we carried out microtremor and 
earthquake observations around damaged area due to 
the 2016 Central Tottori Prefecture earthquake. We 
estimated subsurface structure and evaluated ground 
motion characteristics to consider the relationship 
between those and damages. As a result, the 
followings were found. 

H/Vs obtained from the single-point observation 
of microtremor tend to have a longer predominant 
period in coastal plain than inland area. 

Phase velocity dispersion curves were obtained 
from microtremor array observation data, and the S-
wave velocity structure was estimated from them. In 
Hisadome, Ryuto and Hashita where nonlinear 
responses were observed, low velocity silt layers 
were found in surface layer, and it is highly suspected 
that the layers were related to the nonlinear responses 
in the area. 

Deeper subsurface structures were estimated 
from aftershock observation records. As a result, it 
was found that the thicknesses to deeper subsurface 
structure with S-wave velocity more than 700 m/s 
were different between Yurihama town and Hokuei 
town. 

Yurihama YRAR TGAR OSKAR TZAR

AVS30 140 174 220 328

ARV 2.59 2.25 1.98 1.48

Hokuei HJA ARNSZ YURA

AVS30 142 197 276

ARV 2.56 2.07 1.65
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Comparing ground amplification indexes 
estimated from our models with housing damage, the 
relevance was found to be weak. From layer 
thicknesses estimated from predominant periods and 
surface S-wave velocities, it was found that the 
damage occurred at the part where the layer thickness 
changed steeply. Therefore, it is suspected that the 
damage caused by irregular subsurface structures 
with 2-D or 3-D effects. We need to continue our 
study about the effects. 
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ABSTRACT 
 

This paper contributes to a set of prescriptive principles for planners and others to use in planning and 
regulating the design and management of green landscape formation. The research background is that it 
originates in the mineralization of the city by optimizing the efficiency of the city based on the national land 
creation plan of the Ministry of Land, Infrastructure, Transport and Tourism. The research method was a 
quantitative analysis based on the results of the questionnaire surveys. As a result, the quantitative standard 
based on the healing point in the green landscape formation became clear. This suggests that the harmony of 
the landscape ratio between natural and artificial landscape formation may reduce the stress inherent in 
humans. 
 
Keywords: Landscape, Healing, Migratory Behavior, Urban Design 
 
INTRODUCTION 

 
The Ministry of Land, Infrastructure, Transport 

and Tourism is promoting compact cities and location 
optimization plans as upstream policies for land 
creation in response to the current urban structure 
where population decline is occurring. 

Amid the trend of shrinking cities, a variety of 
structures and people will be concentrated in the 
central city area in the future. Let’s not forget that it 
is beneficial to cities to be centralized, streamlined 
and optimized. Optimization and efficiency are 
important for the development and conservation of 
the city, but they are always detrimental to the 
material properties and functions of the city. It is 
necessary to create an attractive city, not just city 
planning. In addition, in the revision of the Urban 
Green Space Law (2018), it is feared that the 
attractiveness of park stocks will decline as a 
qualitative issue toward the creation of green towns. I 
think this suggests that the park, which is a public 
space, is a place for people to relax and to be a tool to 
solve the weakening of communication with families 
and society. 

The “attractive” city in this study is meant to be a 
city that provides healing. Healing has various effects 
such as psychological relief, euphoria, and 
productivity improvement. Healing is said to come 
from landscape experiences. From the “Worker 
Health Condition Survey” conducted by the Ministry 
of Health, Labor and Welfare every five years, the 
impact of stress is increasing year by year, and it is 
consistent with both men and women by age group. 
In city planning consideration, it is necessary to 
approach it from the perspective of solving or 
mitigating social problems. 

In order to promote optimization and efficiency 

for a city and to build an attractive city (in terms of 
healing), we must pay attention to the migratory 
behavior in urban green spaces. Focusing on 
migratory behavior based on the idea that elucidating 
the factors that cause behavior, and exploring the law 
of behavior contributes to the development of this 
research, in other words, focusing on basic human 
behavior in behavior analysis. This leads us to the 
goals of grasping the change in psychological 
potential associated with the transition of the visual 
landscape during the migratory behavior of a green 
space, clarifying quantitatively and qualitatively the 
extraction of the healing factors and the structure, and 
demonstrating how to evaluate healing in terms of a 
place. 
Most of the past studies on healing attempt to 

systematically grasp the psychological and verbal 
healing of the subject's landscape from the scenic 
landscape (no distinction between real space and 
virtual space). [1] [2] [3] Comparison of the 
conventional method landscape evaluation method 
and the proposed new method here to further improve 
the accuracy of identifying the aspect of the landscape 
such as the unique structures and colors, the 
impression, and factors affecting the impression etc. 
[4] [5] [6] In general, with landscapes such as scenic 
landscapes and sequence landscapes, we identify the 
incentives and values, and the occurrence of 
experience that can be obtained from them. These 
studies capture landscapes with an emphasis on 
versatility, not just healing. [7] [8] This study 
attempts to clarify the relationship between the target 
public space that does not depend on the landscape 
and the surrounding environment from a 
psychological aspect through a questionnaire survey. 
[9] Unlike the previous research, the emphasis here is 
on recognizing landscape recognition as a place, that 
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landscape analysis is being attempted as a viewpoint 
field, and that discussions on semantic recognition 
seem to have a limit. [10] 
Although research on healing and impressions of 

streetscapes has been performed from numerous past 
studies, it is hard to say that there are much sufficient 
discussions on “healing”. Although there are past 
studies that analyze healing from one angle of the 
landscape, no previous studies have grasped healing 
as a place. This study attempts to quantitatively 
analyze healing as a place by grasping the routes in 
the target landscape from different migratory 
behaviors. 
 
RESEARCH METHODS 
 
The analysis method used a descriptive and 

quantitative analysis based on a questionnaire survey 
using materials obtained by field observation. The 
location of this research from Nakanoshima Park in 
Chuo Ward, Osaka City, Osaka Prefecture - Japan. 
 
Outline of Target Area 

 
It was the first designated scenic park in Osaka, 

established in 1884. The surrounding area is lined 
with historic buildings such as the Central Public Hall 
and Nakanoshima Library, and is easily accessible by 
public transportation from the Keihan and Midosuji 
Lines, and in recent years has attracted attention as a 
tourist destination. The main pedestrian flow routes 
are limited due to the structure of the park, and there 
are many park users who walk around according to 
these routes. The landscape of healing is captured by 
focusing on the limited flow routes. 
 

 
Fig. 1 Geographical location of Nakanoshima Park 
 
Analysis Techniques 
 
The analysis techniques used in this study include: 
 a. Questionnaire survey  
 b. Landscape analysis 

c. Correlation analysis 
 

First, we will cover the details of the questionnaire 
survey. The starting point is the starting point of the 
target park route. Shooting points are set at 10m 
intervals from each starting point, and shooting is 

performed from the viewpoint height of 1.6m along 
the route. Patterns were shot in two ways, clockwise 
and counterclockwise. A questionnaire survey on the 
two patterns of sequence landscape will be conducted 
based on the photographs taken. 
 

 
 
Fig. 2 How to collect local materials 
 
Second, the details of the landscape analysis are 

described.  The landscape analysis will be conducted 
on 8 points that feel healing and 3 points that do not 
feel healing, for a total of 11 points. The landscape 
constituent elements of each landscape image are 
extracted mainly using Photoshop. The landscape 
components are roughly divided into “natural 
resources”, “artificial resources”, and others. In 
addition, natural resources will be subdivided into 5 
items such as trees, sky, rivers, roses, and others; and 
artificial resources will be subdivided into 4 items 
such as roads, humans, structures inside and outside 
the premises, and others. In selecting these items, 
Hayashi et al. (3) referred to the selection of the 
elements that make up the urban streetscape. 

 
Fig. 3 Example of simple extraction of landscape  
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elements 
 
 Finally, we'll discuss the details of correlation 

analysis. Correlation analysis is performed using the 
healing assessment value and the ratio of landscape 
components, which were analyzed using Microsoft 
Excel. 
 

RESULTS AND DISCCUSION  
 

Results and discussion of the questionnaire survey  
 
The questionnaire survey was conducted on a total 

of 20 students, mainly belonging to the same 
university. Since it is between clockwise and 
counterclockwise, the points are labeled as clockwise 
and counterclockwise. Eight points (points 24, 25, 26, 
27, 28, 63, 64, 65) are considered the points of view 
that are particularly easy to see the landscape and 
healing effects. Point 28 has the highest score of 45 
points. A total of 54 points were evaluated as positive. 
On the other hand, there are 3 spots (20,34,49) where 
no healing was felt.  Overall, point 34 is significantly 
lower than other points, at -47 points. A total of 14 
points were evaluated as negative. For Nakanoshima 
Park (which was surveyed this time) it is considered 
from the results that there are a mixture of local 
healing points and non-healing points. Moreover, the 
results suggest that the landscape distribution of 
natural resources and artificial resources has a greater 
relationship than the observed data. 
 

 
Fig. 4 Changes in questionnaire results at each 

observation position 
 

Results and discussion of the landscape analysis  
   

As mentioned before, the ratio of the landscape from 
each observation point was calculated for each 
landscape element. Figures 5 and 6 show the 
landscape-only components that are expected to be 
affected by the unique landscape from the survey 
results. An example of a place where you can easily 
feel healing is a landscape that contains many natural 
resources such as trees, sky, low-rise trees and lawns. 
In addition, the scenery with a good view is divided 
into two patterns at the observation points. These are, 
1) a landscape that is rich in greenery (natural 
resource) and 2) a landscape where natural resources 
and artificial resources exist at the same ratio. On the 
other hand, the place where it is hard to feel healing 
is a landscape with a very high proportion of roads 
and structures inside and outside the site. Regarding 
the relationship between healing and landscape, the 
above-mentioned questionnaire survey hypothesized 
the importance of natural resources and artificial 
resources, but landscape analysis suggested the 
existence of landscape components that can be judged 
to be effective. 

 
 
Fig. 5 Percentage of landscape components at points 

where healing is felt  
 

 
 
Fig. 6 Percentage of landscape components at points 

where healing is not really felt 
 
Result discussion of the correlation analysis 
 
The correlation with the healing evaluation from the 

correlation coefficient is shown in Tab. 1 and Fig.8-
15. Following multicollinearity, the level with a 
significance probability of 0.01% or less will be 
adopted. From the results, differences were observed 
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from the analysis for natural resources-trees and other 
structures, artificial resources-roads, and structures 
inside and outside the site. A statistically significant 
difference was observed for all items except for 
“natural resources-trees” which had a slight positive 
correlation. For “natural resources-others”, positive 
correlations were found, and highly accurate analysis 
results were obtained. “Man-made resources-Roads” 
showed a negative correlation, and a certain degree of 
accuracy was also found. It can be seen that the 
“artificial resources-structures inside and outside the 
site” also had a negative correlation as with roads, and 
the accuracy of results also holds a certain high level. 
  Considering the correlation analysis, from the 
results, it can be seen that there is a positive effect on 
healing when trees exceed 40% of the landscape 
composition. At points 20, 34, 49 where the 
proportion of trees is low, the healing score is very 
low regardless of whether the rotation is clockwise or 
counterclockwise. However, although the percentage 
of trees was low at points 63 to 65, the average 
healing score was higher than that at points 24 to 28 
in the counterclockwise direction. From this, the 
arrangement of trees in the landscape is considered. 
The composition of the landscape differs depending 
on whether the trees are in the near view or distant 
view from the viewpoint. In other words, although the 
tree itself has a positive function in healing, it is 
speculated that its arrangement is important.    

Next, we will look at “natural resources-other items”. 
Similar effects can be seen in the effects of other 
items in the clockwise and counterclockwise 
directions. Natural resources-Other items mainly 
include lawns and bushes in the landscape. From the 
results, if the composition ratio is 25% or more, it has 
a positive effect on healing. Focusing on points 20, 65 
in the clockwise direction and point 63 in the 
counterclockwise direction, the outliers are those with 
a large error from the regression line. Clockwise point 
20 makes up 20% of natural resources-others, and 
there is a good possibility that a positive evaluation 
will be obtained. However, healing results is very low. 
It is considered that this is related to the public toilet, 
which is a man-made structure in the near view of 
point 20. Public toilets belong to the category of 
“structures inside and outside the premises”, and it is 
considered that the higher the proportion of structures, 
the more negatively impacted the healing is. 
Therefore, it is considered that the reason why point 
20 is calculated as an outlier with a large error is the 
public toilet in the landscape. Clockwise point 65 has 
a similar natural resource-other landscape ratio to 
location 20, but receives a positive healing rating. We 
think that this is related to the roses and children in 
the foreground. The proportion of roses at point 65 is 
0.68%, which is higher than other points. The 
percentage of people are high, at 1.61%. From the 
results, the higher the percentage of people, the lower 
the healing evaluation, but it is considered that adult 

males at point 20 and female girls at point 65 are 
affected by gender and age group. It is assumed that 
these factors are the cause of error. Counterclockwise 
63 has a high positive healing rating despite a low 
ratio of natural resources-other. This indicates that the 
landscape before point 63 is relevant. Since the bridge 
and the east side of the park can be seen from the 
landscape, and the details can be clearly seen at point 
63, the visibility of the landscape affects the healing 
evaluation regardless of the increase / decrease in 
other ratios of natural resources.  
Next, we will look at “population resources-roads”. 

From the results, it is considered that the higher the 
proportion of road area in the landscape, the more 
negative the effect on healing. At the points 20,34,49 
where healing is not felt, the ratio exceeds about 30%. 
On the other hand, all healing points are less than 30%. 
I think this will be an index in the composition of the 
landscape that is considered healing.  

Finally, we will consider the “population resources-
structures inside and outside the site”. Mainly these 
on-site and off-site structures include streetlights, 
benches, signs, etc. inside the park, and buildings 
outside the park. Healing is divided into positive and 
negative, with the ratio of structures inside and 
outside the site comprising about 30%. In the 
clockwise direction, points 24 to 28 form the highest 
scoring group; and in the counterclockwise direction, 
points 63 to 65 form the highest scoring group. From 
this, it is not necessary that the proportion of the 
structures inside and outside the site in the landscape 
is low, and it can be inferred that there are conditions 
such as the traits and the number of things that make 
up the structure themselves. From the above, we were 
able to understand the landscape components related 
to healing evaluation and their criteria. 
 
Table.1 Correlation coefficient of each landscape 

component 
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Fig.8 Correlation of Clockwise-Natural resources-

Tree 

 
Fig.9 Correlation of Counterclockwise-Natural 

resources-Tree 

 
Fig.10 Correlation of Clockwise-Artificial resources-

Others 
 

  
Fig.11 Correlation of Counterclockwise-Artificial 

resources-Others 
 

  

Fig.12 Correlation of Clockwise-Artificial resources-
Road 

 
CONCLUSIONS 
  
In this study, we conducted a survey analysis over 
three phases regarding healing evaluation considering 
the difference in migratory behavior, and clarified the 
criteria of landscape constituent elements that provide 
healing as a place. The results are summarized below. 
 

 
Fig.13 Correlation of Counterclockwise-Artificial 

resources-Road 

  
Fig.14 Correlation of Clockwise-Artificial resources-

On-site and off-site structures 
 

 
Fig.15 Correlation of Clockwise-Artificial 

resources-On-site and off-site structures 
 

Tab.2 Impact criteria for components 
Landscape 

components 
 Positive 

influences 
Negative 

influences 
Natural resources-

Trees 
X≧40% 40%≧X 

Natural resources-
Others 

X≧25% 25%≧X 
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Artificial resources-
Road 

30%≧X X≧30% 

Artificial resources- On-
site and off-site structures 

30%≧X X≧30% 
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ABSTRACT 
 

Soil compaction tests are carried out to improve embankment construction engineering characteristics, such as 
stability and deformation. For construction, enclosed embankment structures perform total strengthening and a 
measure of drainage functions. This provides stability, improves deformation properties, and prevents the 
degradation or rot of objects placed in the embankment fill. Nevertheless, chances are that inadequate compaction 
will cause material, such as rocks or stones, to fall from the slope surface, as well as erosion. Therefore, the 
standards for embankment slope steepness set forth the use of a 1:1.8 ratio, permissible on an as-needed basis to 
allow for mechanical rolling for compaction. When constructing steep embankment slopes, it is necessary to 
conduct embankment stability checks and fully consider the provision of slope protection to prevent erosion.  
However, differences in stress conditions attributable to varying slope steepness have not been elucidated. In this 
study analyzes embankment construction in terms of different construction seasons and slope change, using the 
unsaturated soil-water-air coupled FEM analysis program. In this way, more accurate qualitative evaluation could 
be achieved. 

 
Keywords: Embankment Geometries, Unsaturated soil, Compaction, Finite element analysis 
 
 
INTRODUCTION 

 
In recent years, torrential rain and other extreme 

weather events have caused frequent disasters across 
the world. It is urgently necessary to establish an 
analysis technique to continuously evaluate and 
examine the quality of embankment structures during 
construction and in-service phases. In this regard, it is 
important to determine the initial stress.  Normally, 
embankment structures are made up of compacted 
earth in order to improve stability and deformation 
properties. However, existing reports present many 
cases of collapsed embankment structures that fail 
due to torrential rains.  

Currently, to evaluate embankment stability 
against heavy rains, Embankment relies heavily on 
four factors: treatment of foundation ground, quality 
of embankment materials, degree of compaction, and 
handling of water. Specifically, the guidelines place 
importance on drainage. In addition, engineers rely on 
rules of thumb in carrying out embankment work, 
maintenance, and management. Considering these 
conditions, it is highly probable that, in the future, 
importance will be placed on embankment 
maintenance and management against torrential rains.  

Another set of important factors includes 
embankment drainage measures and when the 
embankment is subjected to the effects of rainfall. 
Drainage measures taken against rainfall during 
embankment construction differ from those taken 
during the in-service phase. Rainfall affects the 

embankment intermittently after the commencement 
of construction and during the in-service phase. 
Accordingly, rainfall during construction may change 
stress conditions inside the embankment. However, 
embankments are constructed in no specific season 
and are subject to various levels of rainfall during 
construction. Generally, embankments are not 
constructed in the rainy season; although, 
occasionally, this happens for unavoidable reasons. In 
such cases, attention is paid to weather, and drainage 
measures are implemented. Moreover, embankments 
are subject to climate conditions, such as repeated 
drying and wetting cycles. Therefore, the effects of 
stress behavior occurring during transitions between 
unsaturated and saturated conditions are not 
negligible. Hence, to estimate the initial stress 
conditions taking place after embankment 
construction, it is important to consider the effects of 
dry and wet climate conditions. This leads to the need 
for analysis techniques that consider climatic 
conditions, such as rainfall and evaporation. 

Moreover, differences in the steepness of 
embankment slopes are an important factor. 
Standards are in place that specify embankment slope 
steepness for different embankment materials and 
heights. In general, low embankments are regarded as 
not at risk for a major collapse if their slope steepness 
is 1:1.5 and their construction is sound. This does not 
apply to those embankment materials that are 
problematic, specifically in terms of quality. 
However, at the slope steepness of 1:1.5, the slope 
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face is unlikely to receive adequate compaction. 
Chances are that inadequate compaction will cause 
material, such as rocks or stones, to fall from the slope 
surface, as well as erosion. Therefore, the standards 
for embankment slope steepness set forth the use of a 
1:1.8 ratio, permissible on an as-needed basis to allow 
for mechanical rolling for compaction. When 
constructing steep embankment slopes, it is necessary 
to conduct embankment stability checks and fully 
consider the provision of slope protection to prevent 
erosion.  However, differences in stress conditions 
attributable to varying slope steepness have not been 
elucidated. 

 To meet this challenge, this study analyzes 
embankment construction in terms of different 
construction seasons and slope change, using the 
unsaturated soil-water-air coupled FEM analysis 
program (DACSAR-MP)[1]. 
 
RESEARCH METHOD  
 
Soil/Water/Air Coupled Finite Analysis Code 
 

The finite element analysis code used in this study 
formulates the unsaturated soil constitutive model 
proposed by Ohno et al [2] . This model is framed as 
the soil/water/air coupled problem using the three-
phase mixture theory. Equation (1) shows the 
effective stress. Equation (2) shows the base stress 
tensor and suction stress. Equation (3) shows suction.  
       

                                                      (1) 
 

                                          (2) 
 

                                      (3) 

 
Here, is the effective stress tensor; is the 

base stress tensor; is the second order unit tensor; 
is the total stress tensor; is the suction; is the 

suction stress; is the pore air pressure; is the 

pore water pressure; is the degree of saturation; 

is the effective degree of saturation; and is the 
degree of saturation at s→∞. Equations (4), (5), (6) 
and (7) provide the yield function.  
 

         (4) 

 
                        (5)  

 

                                           (6) 

                     (7) 

 
Here, is the shape parameter; is the plastic 

volume strain; is the q/p’ in the limit state; is 
the dilatancy coefficient; is the yield stress at 

saturation;  and are the parameters representing 

the increase in yield stress due to unsaturation; is 
the compression index; and is the expansion index. 
Equation (8) shows pore water velocity. Equation (9) 
shows air velocity. Pore water and air flow follow 
Darcy’s law.  
 

                                               (8) 

                (9) 

 
 Here, is the pore water velocity; is the air 

velocity; is the hydraulic conductivity; is the 

coefficient of air permeability; is the total head; 
is the unit weight of water; and is the 

pneumatic head. Equations (10)-(11) show hydraulic 
conductivity and the coefficient of air permeability by 
way of Mualem's [3] formula and the Van Genuchten 
[4] formula.  
 

            (10) 

            (11) 

 
Here, is the ratio of hydraulic conductivity; 

is the ratio of coefficient of air permeability;  

is the Mualem constant; is the hydraulic 

conductivity at saturation; is the coefficient of 
air permeability in dry conditions. Equations (12)-
(13) show the continuous formula of pore water and 
air using three-phase mixture theory.  

 
                                    (12) 

 
 (13) 

 
 Here, is porosity; is volumetric strain; and 
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is atmospheric pressure. The elasto-plastic 
constitutive model obtained from Equation (4) and 
the equilibrium equation [Equations (12) - (13)] are 
formulated as the soil/water/air coupled problem.  
 
ANALYSIS CONDITIONS 
 
Analysis Conditions 

 
 Table 1 and Fig. 1 show analysis material 

parameters used for both foundation ground and 
embankment and moisture characteristic curves. The 
value was obtained by experiment. Figure 3 shows the 
embankment used for analysis and its analysis regions. 
Regarding the size of the analysis region, the 
foundation ground was set to 15 m long and 45 m 
wide and the embankment was set to 3 m and 15 m 
long at the top and bottom, respectively, and 6 m high. 
The foundation ground was set as saturated between 
the ground level and 3 m above ground level. Slopes 
were set to three levels: 1:1, 1:1.5, and 1:2. The 
construction period was set to one month. After being 
laid down, each individual 30 cm layer was subjected 
to loading and unloading pressures of 500 kPa to 
represent compaction. For displacement boundaries, 
the lower end of the foundation ground was fixed in 
the vertical and horizontal directions. These 
conditions were used to conduct a plane strain 
analysis(Ignore depth). The water level boundaries of 
the foundation ground were set to be drained at the 
top and bottom boundaries and undrained at the right 
and left boundaries. Regarding drainage measures, a 
drainage layer (3 m long and 0.6 m high) was 
provided at the toe of the slope, and the entire slope 
face was covered with vegetation mats as a root 
element (to consider only evaporation effects). The 
water permeability coefficient of the drainage layer 
was set to 500 times that of the embankment, with the 
air permeability coefficient being 100 times the water 
permeability coefficient. Other conditions specified 
in the Embankment Earthwork Guidelines [5] were 
also fulfilled. Figure 2 shows rainfall conditions [6] 
used for the analysis. Amounts of rainfall observed in 
2016 in Utsunomiya, Tochigi Prefecture were used as 
rainfall conditions to simulate the average amount of 
rainfall in Japan (approx. 1,750 mm). The analysis 
selected spring, summer, fall, and winter seasons, as 
shown in the figure. For the analysis, the embankment 
construction process was assigned a seasonally 
averaged daily amount of rainfall. Evaporation rates 
were also matched with rainfall seasons. 

Subsequent to an analysis of initial stresses inside 
embankment, observations of differences with 

embankment construction season1, and an analysis of 
stresses in embankments in service for 10 years, this 

study evaluated embankment failure, assigning 
embankment treatments of 10 mm to 50 mm per hour 
rainfall. These were applied as torrential rainfall for 1 
h  and continuous rainfall for 5 h.  

 
3.2 Stress Change inside Embankments in Service for  
10 Years, Noting Contributions of Differences in 
Slope Face Angle 

 
Figure 4 summarizes analysis results for 

embankments in service for 10 years in terms of mean 
effective principal stress, void ratio, deviatoric stress, 
suction, shear strain, and critical state determination 
ratio. 

First, the foundation ground will be examined. 
The values of mean effective principal stress are high 
with respect to all angles (I). The values represented 
in the void ratio distributions are small for all seasons 
(II). These results are interpreted as fully 
demonstrating compaction effects according to the 
relationships between void ratio and effective stress. 

Next, the mean effective principal stress values 

0p Table.1 Material Parameter 

 
 

   
Fig.1 Moisture characteristic   Fig.2  Rainfall condition 

curve 
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inside embankment will be compared, noting 
seasonal differences. According to I, values are high 
in winter when the amount of rainfall is small. In 
contrast, values are low in summer when the amount 
of rainfall is large.  Meanwhile, according to II, the 
void ratio values are lower in winter than in summer. 
In summer, values are high in the slope area. Probable 
causes of these results are volumetric expansion due 
to rainfall and the loss of suction in summer, as 
represented by the suction distribution (IV). 
Moreover, strength and deformation properties 
improve with increasing suction (decreasing degree 
of saturation). Consequently, the internal strength of 
the embankment is likely to be high in the low rainfall 
seasons.  Shear strain values are low in winter as 
revealed by shear strain distributions (V), while in 
summer, a slight sign of rotational slip is present. The 
maximum shear strain value is approximately 1.8%, 
at which a failure can occur if torrential rain or other 
extreme weather conditions occur. 

 A comparison considering angle differences 
reveals that according to I, mean effective principal 
stress values at the toe of the slope are larger for cases 

of embankment having a 9 m long top than with 
embankment having a 3 m long top. Additionally, 
according to II, void ratio values at the toe of the slope 
are small.  This is interpreted to mean that at higher 
slope angles, compressive forces are applied more 
intensively to the toe of the slope.  Meanwhile, shear 
strain values (V) at the toe of the slope are higher for 
embankment with a 9 m long top than for 
embankment with a 3 m long top.  The critical state 
determination ratios (VI) indicate no risk of failure 
under the current conditions. However, at steeper 
slope angles, the risk of failure is likely high, notably 
at the toe of the slope. 

Figure 5 presents matrices showing results that 
represent the relationship between the amount and 
duration of rainfall(in Summer).  The analysis 
assumed that risk of failure was present at levels of 
3% or higher shear strain and 1.00 or higher critical 
state determination ratios. Cases with no concern 
about failure are indicated with a circle (Blue) and 
those with a concern about failure are indicated with 
a cross (Yellow).  Generally, concern about failure 
was present with increasing amount and duration of 
rainfall. The matrices reveal no difference between 
varying slope steepness. 

To understand rainwater infiltration conditions at 

    
(I) Mean effective principal stress                                                  (II)Void ratio 

    
(Ⅲ) Deviator stress                                                                   (Ⅳ) Suction 

    
 (V) Shear strain                         (VI) Critical state determination ratios 

Fig. 4 Summarizes analysis results 
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average rainfall intensity, Fig. 6 shows stress 
distributions rendered thorough an analysis of 
continued rainfall at 30 mm/h. Top contour diagrams 
represent stress conditions inside the embankment 
immediately following 5 h of 30 mm/h rainfall. 
Bottom graphs show the relationships between the a 
nalysis period and individual stresses, revealing 
changes ove r time in each stress. The colors of the 
curves correspond to the colors of embankment 
elements shown in the middle. 

The mean effective principal stress values (I) are 
low at the top and slope face, which were areas with 
assigned rainfall. The values at the toe of the slope 
increase with increasing slope steepness. The graphs 
also reveal that the mean effective principal stress 
values at the toe of the slope are higher with 
increasing steepness of embankment, and that as 
rainfall continues, values inside the embankment 
increase while values at the slope face decrease.  

The degree of saturation values (II) at the toe of 
the slope are low. Therefore, the drainage layer is 
satisfactorily functional. The values are high at the 
top and slo pe face, which were assigned rainfall, with 
no sign of rainwater infiltration into the embankment 
interior. This ascertains that moisture infiltrates the 
embankment along the surface layer. This is 
interpreted to mean that because of the rapid rate of 
rainfall assigned, the moisture had little time to enter 
the inner part of the embankment and thus flowed 
through the surface layer. Specifically, the analysis 

techniques used in this study accounted for ground 
infiltration capacity. The computation took ground 
infiltration capacity into account so as not to allow 
rainfall to cause a positive pore pressure at the ground 
level. Therefore, the surface layer water flow was 

 
 

 
 

 
Fig. 5 Matrices showing results 
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rendered, and this simulation suggested, as a result, 
the formation of a surface layer slip. Moreover, the 
degree-of-saturation values inside the embankment 
and at the toe of the slope are virtually constant 
against the passage of time, as shown by the graphs. 
The values at the toe of slope are high due to rainfall 
after embankment construction. 

Void ratio values (III) at the toe of the slope are 
low, with smaller values occurring more intensively 
at the toe of the slope with increasing slope steepness. 
The graphs also reveal that the void ratio values are 
higher, although slightly, at the center of the slope 
face, while the values are of lower intensity at the toe 
of the slope with increasing slope steepness. The 
values decrease substantially along the slope face due 
to rainfall. 

Suction values (IV) are low at the top and slope 
face of the embankment, which are areas assigned 
rainfall. Because strength and deformation properties 
increase with increasing suction, it is highly probable 
that the strength of the slope is low. Moreover, the 
graphs reveal virtually constant suction values inside 
the embankment and at the toe of the slope where the 
drainage layer is present. Suction values at the slope 
face are largely affected by the amount of rainfall and 
substantially decrease due to rainfall. 

Shear strain values (V) are high at the top and 
slope face of the embankment, which are areas 
assigned rainfall. The values at the toe of the slope are 
higher with increasing slope steepness. The graphs 
also show that shear strain values at the slope face 
increase due to rainfall and that the values at the toe 
of slope are higher with increasing slope steepness. 
This suggests the presence of vulnerable regions at 
the top and along the slope face, the emergence of 
vulnerable regions at the toe of the slope with 
increasing slope steepness, and resultant higher risks 
of embankment failure. 

The critical state determination ratios (VI) prove 
no risk of failure under the current conditions. 
Nonetheless, at higher slope steepness, failure risks 
are thought to be high at the toe of the slope. 

These findings indicate the occurrence of 
vulnerable regions at the top and along the slope, the 
emergence of vulnerable regions at the toe of the 
slope with increasing slope steepness, and higher 
risks of embankment failure as a result of torrential 
rains on an embankment in service for 10 years. 
Meanwhile, neither shear strain nor critical state 
determination ratios exceeded the set limits. 
Therefore, under the current conditions, there is no 
concern about failure. 

 
 

CONCLUSION 
 

Using the unsaturated soil-water-air coupled FEM 
analysis program (DACSAR-MP, dissolved-air 
model), this study provided an analytical 
representation of stress changes in embankment 
caused by rainfall during construction and internal 
mechanical behaviors of embankment assigned 
torrential rains during the in-service phase. 

Although matrices and contour diagrams showed 
little differences in stress conditions between varying 
slope steepness, graphs drawn to describe changes in 
individual stress conditions against the passage of 
time made differences in stress conditions visually 
clear between varying levels of slope steepness. 

Future challenges include simulating the 
embankment construction phase using the properties 
of soil materials from actual ground. In this way, 
more accurate qualitative evaluation could be 
achieved. The conclusions in this study were reached 
using limited conditions, with the analysis results 
obtained under ideal conditions. It is necessary to 
conduct analyses simulating actual torrential rains in 
the future, using analysis conditions better 
representing the natural environment. 
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ABSTRACT 
 

Severe liquefaction damage has frequently occurred due to earthquakes in the soft grounds in Japan. At 
present, although various liquefaction countermeasure methods have been proposed and applied, it has been 
required to develop a new countermeasure method applicable for narrow spaces such as residential areas at an 
inexpensive cost. In this study, we focused on a fine particles grouting method and adopted fine geo-polymer 
as a grouting material. The fine particles grouting method is a kind of soil stabilization technique in which fine 
particles are injected into sand layers to fill the voids of sand so that the soil is solidified and reinforced. Geo-
polymer (GP) is well known as a construction material used for ancient Roman buildings and Egyptian 
pyramids, and its high strength has been maintained even after more than 2000 years have passed. In order to 
make this method more effective, we consider the following three factors are necessary; firstly to choose an 
optimum "combination" of materials containing GP, secondly to develop "micronization" to pulverize the 
materials to be very fine enough to be injected into ground, and finally to establish a "permeation" method to 
deliver the fine particles into the voids of sand in ground. In this report, the first factor, the "combination" was 
focused on and several patterns of combinations of fine particles were selected and their solidification and 
compressive strength were investigated. 
 
Keywords: Liquefaction, The fine particles grouting method, Geo-polymer, combination 
 
INTRODUCTION 
 

Severe liquefaction damage has frequently 
occurred due to earthquakes in soft grounds in Japan. 
Figure 1 shows the relationship between 
construction area and the expense for liquefaction 
measures [1]. At present, although various 
liquefaction countermeasure methods have been 
proposed and applied, there is hardly any suitable 
countermeasure methods applicable for small 
spaces such as residential areas at an affordable cost, 
as shown in the red frame in Fig. 1. 
Fig.1 Relations of construction areas and expense 
for liquefaction measures 

 
In this study, we focused on a fine particles grouting 
method and adopted fine geo-polymer as a grouting 
material. This method uses a soil stabilization 
technique in which fine particles are injected into 
sand layers to fill the voids of sand so that the soil 

is solidified and reinforced. Geo-polymer (GP) is 
well known as a construction material used for 
ancient Roman buildings and the Egyptian 
pyramids, and its high durability has been 
maintained even after more than 2000 years have 
passed. In order to make  this method using GP 
more effective, a research process was made as 
shown in Fig. 2. It indicates the following three 
factors are necessary; firstly to choose an optimum 
"combination" of materials containing GP, 
secondly to develop "micronization" to pulverize 
the materials to be very fine enough to be injected 
into ground, and finally to establish a "permeation" 
method to deliver the fine particles into the voids of 
sand in ground. In this report, the first factor, the 
"combination" was focused on and several patterns 
of combinations of fine particles were selected and 
their solidification and compressive strength were 
investigated. 

Fig. 2 Research process 
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SOLIDIFICATION PRINCIPLE OF 
GROUTING MATERIALS 
 

At first, an understanding of a solidification 
principle of GP is important to use the material 
properly. GP [2] is made by mixing water with 
alkaline silica solution (active material in a 
solidification process), and an active filler 
(amorphous substance particles containing a 
component active in an alkaline region) instead of 
cement. Alkaline silica solution is substituted with 
sodium silicate, and an active filler is substituted 
with industrial by-products such as fly ash (FA) or 
blast furnace slag fine particles (BS). Fig. 3 shows 
the solidification images of cement and GP. As for 
cement, the water added to cement is absorbed and 
reacted with a alkaline component to become 
hydrate crystal, as cement particles solidify to 
become an aggregate, in which a large number of 
thorns on the surface of cement particles are 
connected with each other as shown in Fig. 3 (a). As 
for GP, on the other hand, when metal ions eluted 
from an active filler are contacted with alkaline 
silica solution (silicate), crosslinked polymer is 
generated during crosslinking a silicic acid 
compound, so that the particles of active filler are 
compacted with mineral indeterminate form gel as 
shown in Fig. 3(b). 

Fig. 3 Solidification images of cement and GP 
 
Fig. 4 shows a solidification principle of GP. 
According to Ikeda [3], the alkaline silica solution 
forming GP consists of active silica and alkaline 
sources, and the fillers are classified in two kinds of 
an activity filler and the inert filler. The active silica 
contains silica such as water glass, and the alkaline 
source, such as sodium and calcium hydroxide, 
contains a component which react with the active 
silica. By mixing these materials, silicate is 
generated while alkaline silica solution is generated. 
It is said that the fillers are selected in terms of 
mineral characteristics and activity, and, in 
particular, FA and BS have high activity and affect 
silicate crosslinking, whereas the inert filler such as 
quartz sand does not react to silicate by itself but 
plays a role in aggregating and reinforcing the 
strength of GP. Since GP does not use cement, there 
are advantages that the expense can be reduced, a 
quantity of carbon dioxide emission can be 

suppressed in a process of manufacturing and its 
durability can be maintained longer than 
conventional concrete. In addition, as a result of 
having examined fine particles grouting materials 
of a non-cement system, Uemura et al. [4] 
confirmed that they are effective enough for 
liquefaction countermeasures. From these 
perspectives, GP is expected as a new promising 
grouting material. 

Fig. 4 Solidification principle of GP 
 
 
COMBINATION EXAMINATION USING 
PLURAL FINE PARTICLES 

 
Experiment summary 
 

In this study, the followings were performed by 
using fine particles mixtures: confirmation of 
solidification of chemical solutions, pH 
measurement, and unconfined compression tests. 
The fine particles were put in a beaker in a room 
where the temperature was set at 25±3 ℃ and the 
states of solidification and the pH were measured in 
1, 3, and 7 days after the mixing. The solidification 
was measured by observing the states and 
confirming the resistance when penetrating a 3mm-
diameter metal bar. In addition, four cases among 
all the combinations in Table 1, which showed 
enough solidification, were selected for unconfined 
compression tests. The test specimens were formed 
at a relative density Dr=60% with the mixture of 
grouting materials and the quartz sand No. 6, and 
then wet-cured at a normal temperature. Then 
unconfined compression tests were carried out on 
the improved test specimens after 3, 7, and 28 days 
of curing. The method of preparing the test 
specimen is shown in Fig. 5. In order to facilitate 
unmolding of the specimen, grease was applied on 
the plastic mold inside and OHP sheet was spread 
in the bottom of the test specimen beforehand. In a 
process of preparing the specimen, the sand and the 
grout materials were injected in the mold to keep 
having flooding parts and the density was adjusted 
by tapping the side of the mold with a wooden 
hammer. After injection was completed, a porous 
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plate was installed in the upper end of the test 
specimen to level the upper part, and the relative 
density was confirmed at Dr=60±3%. 
The combination conditions for this experiment 
(Table 1) were arranged, in which a weight ratio of 
water to particles was 0.1, and the grout materials 
used for the experiment were as follows: second 
crushed SiO2 as main material, active silica, 
magnesium hydroxide (Mg(OH)2), calcium 
hydroxide (Ca(OH)2), aluminium hydroxide 
(Al(OH)3) and magnesium oxide (MgO) as alkaline 
sources to activate, and FA and BS which contain 
amorphous silica as active filler. Fig. 6 shows the 
grain size accumulation curves of the grout 
materials used in the experiment. All the materials 
were absolutely dried and powdered.  

Fig. 5 Method of preparing test specimen 
 
Table 1. Combination conditions 

Fig. 6 Grain size accumulation curve of grout 
materials 
 
Laboratory findings and consideration 
 

The solidification and the pH obtained from the 
tests are shown in Table 1 and the changes in pH of 
each case in Fig. 7. In Table 1, the marks represent 
as follows. ○: solidified, ×: unsolidified, and △: 
the state between ○  and × (satisfying the 
conditions that the surface of chemical solution 
inclined when a beaker inclined, and a hole made by 
inserting a metal bar to a mixed specimen did not 
close). Due to the demolding failures at D5 and D6, 
their pHs were unmeasurable. Comparisons were 
made from Table 1 and Fig. 7, focusing on active 
materials. First, in the cases with Mg (OH)2, the pHs 
were approximately 9 and the changes over time 
were likely to be small, and less solidifications were 
confirmed. Next, in Ca (OH) 2, the initial pHs were 
approximately 12 and decreased with solidification. 
In Al (OH)3, the pHs were approximately 8 and 
there were two patterns that the pHs decreased in 
the early days of curing (C3, C4) and remained 
unchanged over time (C1, C2). Finally, in MgO, the 
initial pHs, approximately 10, remained unchanged 
in the early days of curing with FA, however, the 
pHs increased to approximately 12 with BS, and 
then decreased with solidification in both cases. 

Fig. 7 Changes in pH of each case  

0 1 3 7 0 1 3 7
SiO₂ Mg(OH)₂
8.999 1.010
SiO₂ Mg(OH)₂ FA
4.490 1.010 4.490
SiO₂ Mg(OH)₂ BS
4.490 1.010 4.490
SiO₂ Mg(OH)₂ FA BS
2.990 1.010 2.990 2.990
SiO₂ Ca(OH)₂
8.999 1.010
SiO₂ Ca(OH)₂ FA
4.490 1.010 4.490
SiO₂ Ca(OH)₂ BS
4.490 1.010 4.490
SiO₂ Ca(OH)₂ FA BS
2.990 1.010 2.990 2.990
SiO₂ Al(OH)₃
8.999 1.010
SiO₂ Al(OH)₃ FA
4.490 1.010 4.490
SiO₂ Al(OH)₃ BS
4.490 1.010 4.490
SiO₂ Al(OH)₃ FA BS
2.990 1.010 2.990 2.990

MgO FA
8.999 1.010
MgO BS
8.999 1.010
MgO FA BS
8.999 0.505 0.505
MgO FA
1.010 8.999
MgO BS
1.010 8.999
MgO FA BS
1.010 4.500 4.500

Case
pH(Day)  Solidification(Day)

Combination(g) P/W

A1 9.0 9.1 8.7 8.6 × × × ○ 0.1

0.1

A3 9.2 9.3 9.1 8.8 × × × × 0.1

A2 9.2 9.1 9.0 8.8 × × × △

0.1

B1 12.2 10.3 10.0 9.9 △ 〇 〇 〇 0.1

A4 9.2 9.3 9.1 8.8 × × × △

0.1

B3 12.3 11.7 11.3 10.8 × 〇 〇 〇 0.1

B2 12.5 10.1 9.8 9.4 × 〇 〇 〇

0.1

C1 8.3 6.3 6.9 7.9 × 〇 〇 〇 0.1

B4 12.5 12.3 11.1 10.9 × 〇 〇 〇

0.1

C3 7.7 7.2 6.9 7.2 × × 〇 〇 0.1

C2 7.7 7.2 6.9 7.9 × 〇 〇 〇

0.1

D1 10.5 12.4 10.1 9.9 × △ 〇 〇 0.1

C4 8.3 8.2 8.2 8.1 × × 〇 〇

0.1

D3 10.4 12.2 11.9 11.2 × △ 〇 〇 0.1

D2 10.5 12.4 12.2 11.5 × △ 〇 〇

0.1

D5 10.5 12.2 11.7 - × 〇 〇 〇 0.1

D4 10.5 12.2 11.9 9.8 × 〇 〇 〇

0.1D6 10.5 11.9 10.9 - × 〇 〇 〇
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Among all the cases, Fig. 8 shows the fully 
solidified four cases, B2, B3, C2, and D5. There was 
a tendency that the alkaline component neutralized 
during solidification so that the pH significantly 
decreased.  

Fig. 8 Cases of full solidification 
 
Unconfined compression tests were carried out on 
the above cases. The states of the test specimens 
after the tests are shown in Fig. 9 and the results of 
applying maximum compressive stresses on the 
specimens in 3, 7 and 28 days of curing are shown 
in Fig. 10. 

Fig. 9 States of test specimens after unconfined 
compression tests 
 
In Fig. 9, all the improved test specimens became 
independent in 3-day curing, which indicates all the 
combinations of chemical solutions were solidified 
because only quartz sand No. 6 is not capable to be 
independent. Among them, split failure was 
confirmed in B2 and D5, while shear failure was 
confirmed in B3. In 7-day curing, although C2 and 
D5 were temporarily independent, but unable to 
maintain enough durability for unconfined 
compression tests so that the maximum 
compressive stresses were set at 0 kN/m2 as seen in 
Fig. 10. On the other hand, the changes in color of 
specimens were confirmed in some cases where 
unconfined compression tests were carried out. For 
example, compared 7-day to 1-day curing in B3 in 
Fig 9, the color changed to be blue. From this, there 
is a possibility that color changes by a reaction of 
chemical solution. 

Fig. 10 Maximum compressive stress 
 

Comparison was made focusing on amorphous 
silicas in the cases where SiO2 was used as a main 
material. In the combination of Al (OH)3, C2, since 
the pH was neutral and the change with the elapse 
of time was smaller than those of Ca (OH)2 and 
MgO, the durability tended to easily deteriorate. 
Next, in the cases where Ca (OH)2 was used as 
active material, the pH had a tendency to decrease 
close to be neutral in the early days and the strength 
was reinforced more with BS (B3) than FA (B2). As 
known from Table 2, FA contains much SiO2 
whereas BS contains much CaO. It is thought that 
the durability changed depending on the difference 
in characteristics and activity of mineral. On the 
other hand, when MgO was used as active material 
and BS was added, the pH changed not to be neutral 
but to be alkaline in the early days, so that the 
chemical solution was temporarily solidified but did 
not lead to strength increase. 

 
Table 2. Chemical components (FA, BS) 

 
The strength of all the test specimens decreased 
from 3-day to 7-day curing, however, the strength 
of B3 in 28-day curing exceeded that of 3-day. We 
consider the reason of the decrease after 3-day 
curing was caused by errors resulting from the 
mixing method to manufacture specimens. 
 
COMBINATION EXAMINATION USING 
TWO KINDS OF BLAST FURNACE SLAG 
 
Experiment summary 

 
From the findings from Chapter 3 that the 

SiO₂ Al₂O₃ CaO MgO T-Fe Fe₂O₃

FA 40.1%-74.4% 15.7%-35.2% 0.3%-10.1% 0.2%-7.4% - 1.4%-17.5%
BS 33.8% 13.4% 41.7% 7.4% 0.4% -
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strength was reinforced in the cases of Ca (OH) 
2+BS and MgO+BS combinations, the following 
materials were used in this chapter. SiO2: as main 
material, BS with gypsum and without gypsum: 
active fillers, and Ca (OH)2 and MgO: active 
materials. The examination items were 
solidification of chemical solution, pH 
measurement, and unconfined compression test. 
Table 3 shows solidification and the pHs. The 

specimens were made using the selected 4 kinds of 
combinations which showed sufficient 
solidification in Chapter 3 and then cured under the 
same conditions. Unconfined compression tests 
were carried out on these specimens. Grain size 
accumulation curves of grout materials are shown 
in Fig. 11. SiO2 and MgO used in this experiment 
were same as those in Chapter 3 and BS with 
gypsum and without gypsum were absolutely dried 
and powered conditions.  
 
Table 3. Solidification and pH 

Fig. 11 Grain size accumulation curves of grout 
materials 

 
Laboratory findings and consideration 
 

The changes in pH in these cases are shown in 
Fig.12. There was no significant difference in the 
pHs between the cases of BS with gypsum and that 
without gypsum, and a similar tendency was seen in 
Fig. 7. In addition, due to failures at demolding, the 
pHs were unmeasurable in Case 1, 2, 5, and 6 in 7-
day curing. 
 
Fig. 12 Changes in pH of each case 
 
Since solidification was confirmed in all 
combinations except for Case 5 and 6, where the 
states were △  in 1-day curing, unconfined 
compression tests were carried out only on Case 1, 
2, 3, and 4. Fig. 13 and Fig. 15 show the stress-strain 
curves of 28-day cured specimens and the results of 
unconfined compressive strength  of 3, 7, and 28- 
day cured specimens in each case, respectively. 
Regarding the behavior before failure for 28-day 
cured specimens, the compressive stresses gently 
increased with strain in Case1 and 2, whereas 
sharply increased in Case 3. In contrast, the post-
peak compressive stresses gently decreased in Case 
1 and 2, whereas suddenly decreased in Case 3. 
From these, it was confirmed that Case3 was high 
in initial rigidity, but low in ductility. 

Fig. 13 Stress-strain relations of 28-day curing 
 
The state of each test specimen is shown in Fig. 14. 
The color changed into light blue in Case 1 and 2 in 
1-day curing, but no color variation was observed in 
Case 3 and 4. In 7-day of curing, the color changed 
into light blue in Case1, 2 and 3, but dark blue in 
Case 4. Thus, it is thought that the color changed 
according as the chemical solutions reacted with 
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each other and solidified. In Case 4, however, 
although the color changed, the test specimen 
collapsed. As a result, similar to D5 (MgO+BS 
combination) in Chapter 3, the change of color was 
related to solidification of the chemical solutions 
but it did not necessarily lead to strength increase. 

Fig. 14 State of each test specimen 
 
Since the maximum compressive stress of Case 3 
(with gypsum) was bigger than that of Case 2 
(without gypsum) in 28-day of curing as seen from 
Fig. 15, it was revealed that the effect of gypsum 
was low in the case of SiO2+Ca(OH)2+BS, but the 
strength increased in the case of MgO+BS. Gypsum 
(CaSO4, 2H2O) [7], which is composed of sulfate 
and calcium, solidifies when mixed with water. It 
appears that solidification was promoted in the 
process that the contained calcium was consumed 
and the pH changed from alkaline to neutral. 

Fig. 15 Maximum compressive stress 
 
CONCLUSION 
 

Based on Chapter 3, according as pH changed, 
the solidification strength was reinforced more in 
the case of BS than that of FA in the early days of 
curing. In addition, when compared the cases of BS 
with and without gypsum, there was a possibility 
that gypsum could promote solidifying from the 
findings in Chapter 4. As seen from B3 of Chapter 
3 and Case 1 of Chapter 4, the combinations that 
showed great decrease in pH in the early period of 
curing, had a tendency of high strength due to active 
alkali consumption. With the goal of obtaining high 
strength and long-term durability of the fine 
particles grouting materials, the effects on a 
solidification mechanism will be examined in 
relation to combinations of fine particles, changes 
in pH, and crystal structures. 
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ABSTRACT 

Landslides or slope failures are often caused by an earthquake. The 2018 Hokkaido Eastern Iburi Earthquake 
and the 2016 Kumamoto Earthquake in Japan caused many slope failures widely and densely. This study 
suggested an earthquake-induced slope failure hazard mapping method using the analytic hierarchy process 
(AHP) and a geographic information system (GIS) for to specific districts: Atsuma district in Hokkaido and 
Minamiaso district in Kumamoto. The earthquake-induced slope failure hazard assessment system used here is 
based on the landslide distribution (NIED catalog, Japan) including tens of thousands of places in Atuma and 
Minamiaso districts. We considered relationships between landslide distribution and factors of landslide hazard 
(elevation, slope angle, slope type, catchment degree, geology and vegetation). These relations were introduced 
to pairwise comparisons of factors in the AHP method. The AHP method was applied to evaluate slope failure 
hazard rank. An earthquake-induced slope failure hazard map was created based on the slope failure hazard rank 
of I-V. Two earthquake-induced slope failure distributions are almost consistent with the slope failure hazard 
rank. These results provide a practical method useful for evaluating earthquake-induced slope failure hazards. 

Keywords: Earthquake-induced slope failure, AHP method, GIS, Landslide distribution 

INTRODUCTION 

Alteration by volcanic hydrothermal systems and 
the formation of crushing and weathering zones over 
geologic time have occurred widely throughout the 
Pacific region. As a result of these geologic 
processes, fragile geological features and steep 
topography can be found on the surface of the Earth. 
Landslides or slope failures are often caused by an 
earthquake. The 2018 Hokkaido Eastern Iburi 
Earthquake and the 2016 Kumamoto Earthquake in 
Japan caused many slope failures widely and 
densely (Fig. 1, Plots of slope failure distributions 
are based on GSI [1] and NIED [2]). The prediction 
of the risk of slope failure and establishment of 
appropriate measures is extremely important. 
However, the implementation of preventive 
measures in all locations that are at risk of slope 
failure is financially challenging. This necessitates 
the identification of slopes with a high risk of 
collapse and the implementation of investigative 
countermeasures based on the level of priority. 
Previous studies have tried the slope failure hazard 
mapping based on various techniques. More recently, 
many researchers and engineers studied the landslide 
hazard assessment using geographic information 
system (GIS) [3]–[9]. Furthermore, some researchers 
reported that method of evaluation of slope failure 
hazard using the analytic hierarchy process (AHP) 
method [6], [9]–[18]. This method can be eliminated 
subjective/empirical judgment of researchers/ 
engineers. However, as the methods that use the 
AHP model are limited to evaluation within the 

landslide topography, the method used in this study 
mainly considers re-active type landslides. This 
method was developed by several skilled engineers, 
who have conducted landslide surveys over many 
years. However, it largely depends on the subjective 
and empirical judgments of the evaluators, and it 
requires time and a high level of skill because the 
evaluation factors are subdivided. 

This study suggested an earthquake-induced 
slope failure hazard mapping method using the AHP 
method and a GIS for to specific areas: Atsuma 
district in Hokkaido and Minamiaso district in 
Kumamoto. The Atsuma and Minamiaso districts are 
within the inner Kamuikotan metamorphic belt and 
Ryoke belt [19], respectively. Hence, the AHP and 
GIS analytical range in this study are these 
geological belt districts (Fig. 1). 

METHODOLOGY 

The AHP is a decision-making method 
developed by Saaty [20] and is also an analytical 
method that determines the importance weight of 
evaluation factors based on paired comparison. First, 
the relationship between the landslide topography 
area and the evaluation factors/elements area (i.e., 
the area ratio of the two) was statistically clarified 
based on the landslide distribution map [21] (Fig. 1) 
of Kamuikotan metamorphic belt and Ryoke belt. As 
shown in Fig. 2, this study is used raster data of 
landslide body. In this study, there are six evaluation 
factors related to the level of risk of landslide based 
on the AHP as follows: elevation, slope angle, slope  
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Fig. 2 Conversion of landslides topography to 
raster data (20 m × 20 m cell). 

type, catchment degree, geology, and vegetation. 
The topographic, geological and vegetation data 
used in this study are Digital Elevation Model 
(DEM10B) by GSI [22], Seamless Digital 
Geological Map of Japan (1:200,000) by Geological 
Survey of Japan [23] and The Natural 
Environmental Information GIS by Biodiversity 
Center of Japan [24]. The slope type can be divided 
into 9 specific types (Fig. 3), based on Suzuki [25]. 
In the calculation of catchment degree, Terrain 
Analysis Using Digital Elevation Models [26] is 
incorporated into GIS. 

A hierarchical system for landslide risk 
assessment was constructed based on these set of 
evaluation factors. From this hierarchical structure, 
the importance weight of each element is first calcu- 

 
 

Fig. 3 Basic classification of slope type (Based on 
Suzuki [25]). 

lated, and then the importance weight between the 
higher evaluation factors is calculated. Saaty [20] 
gave a nine points scale. Equal importance is 1; 
moderate importance is 3; strong importance is 5; 

Fig. 1 Location of the study area (Kamuikotan metamorphic belt and Ryoke belt districts), and distribution 
map of the landslides in Atsuma and Minamiaso districts.  
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very strong importance is 7; and absolute importance 
is 9. 2, 4, 6 and 8 are assigned for compromises 
between the above. That is the subjective and 
empirical judgment of the engineer is indispensable 
when using the AHP standard nine points scale. 
Therefore, in this study, the importance weights 
were calculated by introducing the statistical survey 
results of the relationship between the landslide 
topography distribution and the factors in the paired 
comparison. Landslide hazard mapping is conducted 
by ranking the landslide risk for each evaluation 
factor based on the estimated importance weight of 
each hierarchy and totaling the landslide risk scores 
applicable to each evaluation factor on each slope 
using GIS. Finally, evaluation factors with 
maximum impact are identified and their suitability 
is examined by comparing the composed landslide 
hazard map with the slope failure distribution due to 
earthquake.  

EARTHQUAKE-INDUCED SLOPE FAILURE 
HAZARD MAPPING 

Pairwise comparisons of factors in the hierarchy 
level 1 and 2 

As an example, relationship between landslide 
distribution and factor (slope type), and the pairwise 
comparisons of factor (slope type) in the hierarchy 
level 2 are shown in Figs. 4 and 5. Slope failures are 
densely distributed in convex-ridge, concave-ridge, 
convex-valley and concave-valley slope type area. 
According to these results, it is thought that slope 
failure linked to earthquake is closely related to 
slope type. The weight of hierarchy level 1 (Fig. 6) 
is calculated based on Kohno et al [18]. The 
landslide hazard score p is calculated using the AHP 
hierarchy weight, and is given by Eq. (1) [18]: 

(1) 

where W1 is the weight of hierarchy level 1, W2 is 
The weight of hierarchy level 2, W2MAX is the 
highest weight of hierarchy level 2. Landslide 
hazard mapping is performed on the basis of the 
hazard rank classified from I to V, with the totaled 
landslide risk score corresponding to each evaluation 
factor (overlaid using GIS; Fig. 7) for a certain slope 
(raster data: 20 m × 20 m cell), set as the total 
landslide risk score P. If the total score P is large, 
the risk of landslide is high, and if the score is small, 
the risk is low. 

Landslide hazard mapping based on 6 factors 

One example of landslide hazard map in 
Kamuikotan metamorphic belt and Ryoke belt distri- 

 
 
 
 
 

 
 
 

Fig. 4 One example of relationship between 
landslide distribution and evaluation factors 
(e.g. slope type). Abbreviations in this 
figure correspond to Fig. 3. 

Fig. 5 One example of pairwise comparisons of 
evaluation factors (e.g. slope type) in the 
hierarchy level 2. Abbreviations in this 
figure correspond to Fig. 3. 

Fig. 6 One example of pairwise comparisons of 
evaluation factors in the hierarchy level 1. 

 

 

Fig. 7 GIS model’s raster data overlaying. 

4 4 3 3 2 2 2 2 2 3
4 4 3 2 2 1 1 1 2 2
4 4 3 2 2 1 1 1 1 2
4 4 3 2 2 2 1 1 1 2
4 4 3 2 2 2 2 1 1 2
4 4 3 3 3 3 2 2 2 2
3 4 4 4 4 3 2 2 2 2
3 3 4 4 4 3 2 2 2 3
3 3 3 4 4 3 3 2 3 4

2 2 3 3 4 4 4 3 3 4 4

1

23
4

3

ベクターデータ ラスターデータ

ベクターデータの属性 ラスターデータの属性

A

斜面型

集水度

地質

植生

B 標高

斜面傾

ハザード

マップ

20mVector data Raster data
Elevation

Slope angle

Slope type

Catchment 
degree

Geology

Vegetation

Slope failure 
hazard map

This study’ s data

Vv

Rv

Xv

Vs

Rs

Xs

Vr

Rr

Xr

Landslide topography area [%]

20 40 60 80 1000

Kamuikotan 
metamorphic 
belt district

Ryoke belt 
district

A B C D E F weight

A Elevation 1 0.67 0.60 1.80 0.71 0.83 13.64

B Slope angle 1.50 1 0.89 2.70 1.07 1.25 20.43

C Slope type 1.68 1.12 1 3.02 1.20 1.39 22.87

D Catchment degree 0.55 0.37 0.33 1 0.40 0.46 7.57

E Geology 1.40 0.93 0.83 2.52 1 1.16 19.09

F Vegetation 1.20 0.80 0.72 2.17 0.86 1 16.40

Hierarchy level 1

Level 2 Xr Rr Vr Xs Rs Vs Xv Rv Vv weight

Xr 1 17.00 1.02 23.91 22.14 16.59 1.09 20.36 1.04 24.29

Rr 0.06 1 0.06 1.41 1.30 0.98 0.06 1.20 0.06 1.43

Vr 0.98 16.69 1 23.47 21.74 16.28 1.07 19.98 1.02 23.85

Xs 0.04 0.71 0.04 1 0.93 0.69 0.05 0.85 0.04 1.02

Rs 0.05 0.77 0.05 1.08 1 0.75 0.05 0.92 0.05 1.10

Vs 0.06 1.02 0.06 1.44 1.34 1 0.07 1.23 0.06 1.46

Xv 0.92 15.59 0.93 21.94 20.32 15.22 1 18.68 0.95 22.29

Rv 0.05 0.83 0.05 1.17 1.09 0.81 0.05 1 0.05 1.19

Vv 0.96 16.35 0.98 23.00 21.30 15.95 1.05 19.58 1 23.37

1 2

2MAX

100 
W W

p
W



GEOMATE – Melbourne, Australia, 11-13 November 2020 

115 

Fig. 8 One example of landslide hazard map in 
Kamuikotan metamorphic belt and Ryoke 
belt districts. 

Fig. 9 Relationship between landslide hazard rank 
and slope failure distributions in the 
landslide hazard map of Fig. 8. 

cts, and relationship between landslide hazard rank 
and slope failure area based on these maps are 
shown in Figs. 8 and 9.  

The composed landslide hazard map clearly 
shows that landslides did not necessarily occur in 
areas with high landslide risk. Therefore, the 
landslide hazard map created using this method does  

Fig. 10 Relationship between landslide hazard rank 
and cumulative relative frequency. Each 
weight of the hierarchy level is 99.9%. A: 
Kamuikotan metamorphic belt district, B: 
Ryoke belt district. 

not necessarily represent the slope failure 
distribution caused by earthquakes. 

Landslide hazard mapping based on 
topographical factors 

Thus, we investigated the factors among the 
evaluation factors that had maximum effect on slope 
failure. This method calculates the landslide risk 
score by positioning the importance of evaluation 
factors in hierarchy level 1 as 99.9 and the 
importance of other evaluation factors as 0.2 and 
performs landslide hazard mapping accordingly. As 
a result, relationship between landslide hazard rank 
and cumulative relative frequency is shown in Fig. 
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0.5 1.5 2.5 3.5 4.5 5.5

0.0000

0.1000

0.2000

0.3000

0.4000

0.5000

0.5 1.5 2.5 3.5 4.5 5.5I

Landslide hazard rank

S
lo

p
e

 fa
ilu

re
 a

re
a 

[%
]

0.5

0.4

0.3

0.2

0.1

0.0

Kamuikotan
metamorphic
belt district

Ryoke belt
district

II III IV V

0.5 1.5 2.5 3.5 4.5 5.5

0

20

40

60

80

100

0.5 1.5 2.5 3.5 4.5 5.5

0

20

40

60

80

100

0.5 1.5 2.5 3.5 4.5 5.5

C
um

ul
at

iv
e

 r
e

la
tiv

e
 f

re
q

ue
nc

y 
o

f s
lo

p
e

 fa
ilu

re
 a

re
a 

[%
]

100

80

60

40

20

0
I

Landslide hazard rank
II III IV V

I

Landslide hazard rank
II III IV V

C
um

ul
at

iv
e

 r
e

la
tiv

e
 f

re
q

ue
nc

y 
o

f s
lo

p
e

 fa
ilu

re
 a

re
a 

[%
]

100

80

60

40

20

0

Elevation Slopeangle
Slope type Catchment degree
Geology Vegetation

A

B



GEOMATE – Melbourne, Australia, 11-13 November 2020 

116 

were found to exert maximum effect on slope failure 
distribution due to earthquake in both districts. 
Therefore, we performed landslide hazard mapping 
by employing only slope angle, slope type, and 
catchment degree as evaluation factors and 
investigated the relationship between the composed 
hazard map and slope failure distribution. 
Relationship between landslide hazard rank and 
slope failure distributions in the landslide hazard 
map based on slope angle, slope type and catchment 
degree is shown in Fig. 11. With the increasing 
landslide hazard rank, the slope failure area shows 
the trend of increase. There was significant 
correspondence between all case hazard ranks and 
slope failure distribution. 

CONCLUSION 

This study suggested an earthquake-induced 
slope failure hazard mapping method using the AHP 
and a GIS for to specific districts: Kamuikotan 
metamorphic belt and Ryoke belt district. 

In this study, the importance weights were 
calculated by introducing the statistical survey 
results of the relationship between the landslide 
topography distribution and the factors in the paired 
comparison in AHP. The AHP method was applied 
to evaluate slope failure hazard rank. An earthquake-
induced slope failure hazard map was created based 
on the slope failure hazard rank of I-V. As a result, 
slope angle, slope type, and catchment degree were 
found to exert maximum effect on slope failure 
distribution due to earthquake in both districts: 
Atsuma district in Hokkaido and Minamiaso district 
in Kumamoto. There was significant correspondence 
between all case hazard ranks and two earthquake-
induced slope failure distributions. 

This study is used to identify the factors that are 
related to landslides, establish a relation between the 
factors and landslides, to predict the landslide hazard 
in the future based on such a relationship. Our 
methods provide a practical method useful for 
evaluating earthquake-induced slope failure hazards. 
Aiming at further development of evaluation of 
landslide hazard in the future, we will apply our 
method to various districts. 
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and slope failure distributions in the 
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Kamuikotan metamorphic belt and Ryoke 
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ABSTRACT 

 
To investigate a cause of serious damages of the 2018 Hokkaido Eastern Iburi Earthquake, we observed 

microtremors and aftershocks at a landslide area and around strong ground motion observation stations. Subsurface 
velocity structures were determined by using a heuristic approach based on forward calculation by using phase 
velocities and H/V spectra. As a result, S-wave velocity structures were estimated, and predominant frequency of 
H/V spectra were obtained. The predominant frequencies of H/V spectra of the microtremor and seismic are 0.8Hz 
to 5Hz. The S-wave velocity of the uppermost layer is 75 to 130 m/s, and its thickness is around 10 m. Especially, 
it is suggested that the uppermost layer of volcanic ash had caused a landslide in the Atsuma Town sites. The 
predominant frequency corresponds to the thickness of alluvial layers with S-wave velocities of 75 to 300 m/s. It 
was also found that the predominant direction of the horizontal earthquake ground motion of the landslide was 
affected by the topography of the mountain. 
 
Keywords: microtremor, S-wave velocity, the 2018 Hokkaido Eastern Iburi Earthquake, landslide 
 
 
INTRODUCTION 

 
The 2018 Hokkaido Eastern Iburi Earthquake 

occurred in the eastern Hokkaido Iburi district, and 
seismic intensity 6+ was recorded at several locations 
such as Atsuma, Abira, and Mukawa Town [1]. 
According to the seismic intensity distribution map 
estimated by the Japan Meteorological Agency, a 
seismic intensity area of 6+ or 7 was estimated over a 
wide area in the eastern region of Hokkaido Iburi [2]. 
This earthquake caused widespread landslides around 
Atsuma Town near the epicenter. In addition, 
buildings were locally damaged in Mukawa Town 
and Abira Town [3]. To study the causes of these 
damages, it is necessary to investigate the subsurface 
structure and strong ground motion characteristics. 
Therefore, in this study, we conducted microtremor 
observations at the site of landslide, the site of 
building damage, and the site where seismic intensity 
of 6+ or more was observed. In addition, temporary 
aftershock observations were also conducted at the 
site of landslide. 

 
OBSERVATION  

 
Microtremor observation 

 
In this study, the following 5 points were targeted. 

These are the landslide site in Atsuma Town(ATM), 
the building damage site in Mukawa Town (MKW1) , 
JMA observation point ’Shikanuma’ where seismic 
intensity 7 was recorded (SKN), and K-NET 
observation point site HKD126 (MKW2) , HKD127 

(OIW) where seismic intensity 6+ was recorded. The 
location of the observation sites is shown in Fig. 1.  

Microtremor array observation was conducted at 
all sites. A three-component acceleration type 
seismometer (JU410) was used for the observation. 
JU410 is a device that can record microtremors with 
a period of 0.05 to 10 seconds. In the array 
observation, four seismometers were used, one on the 
center of the circle and three on the circumference at 
equal intervals. Each device was synchronized with 
the GPS clock. The sampling frequency for 
measurement was 200 Hz, and the observation time 
was 15 minutes. The array radii were 1 m for ATM, 
MKW1, MKW2 and OIW, and 1 and 4 m for SKN. 
At the landslide site, one seismometer was installed 

Fig.1   Location of the observation sites (Red line 
area is display area of Fig.5) 
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at the mountainside (ATMT) and one at the foot 
(ATMB)of the mountain. At this place, the sampling 
frequency for measurement was 100 Hz, and the 
observation time was 10 minutes. The ATMB was 
installed at almost the same position as the array 
observation point (ATM), and the ATMT was 
installed near the seismograph used in the seismic 
observation described later.  

 

Temporary seismic observation 
 
Temporary seismic observation was carried out 

from November 7th to November 8th, 2018 at the 
landslide site of Atsuma Town. For the seismic 
observation, we used a system in which a three-
component velocity seismometer (KVS300) was 
connected to the data recorder (HKS9700) by a cable. 

Fig.2   H/V spectra of microtremors (NS: North-South, EW: East-West, Comp: Composition, red 
dashed lines are the theoretical value of the Rayleigh wave by subsurface structure model) 

Date and time Latitude Longitude Depth Magnitude

11/08/2018  0:54:32.2 42°33.7′N 141°56.2′E 24km Mj 3.2

11/08/2018  11:15:13.4 42°13.7′N 141°23.5′E 104km Mj 3.7

11/08/2018  11:34:24.8 42°47.1′N 142°0.5′E 37km Mj 2.7

Table 1    Specifications of observed earthquake  

Fig.3   Dispersion curves of phase velocity (Solid lines are curves obtained for each radius. Red dashed lines 
are the theoretical value of the Rayleigh wave by subsurface structure model) 
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The seismograph was buried near the ATMT where 
the mountainside and no landslide occurred. The 
observation specifications are continuous recording 
at a sampling frequency of 200 Hz, time calibration 
with GPS clock, and battery drive. Three earthquakes 
could be recorded during the temporary observation 
during the observation period. The specifications of 
the observed earthquakes are shown in Table 1. The 
observation points are shown in described later Fig.5. 

 
ANALYSIS 

 
Microtremor observation data 

 
For the analysis of the 3-componet single-site 

observation data, portions of 20.48s without artificial 
noise were selected from the array observation 
records. A horizontal-to-vertical spectral ratio (H/V 
spectrum) was calculated by using the averaged each 
component Fourier spectra of the selected data. 
Horizontal components were composed. Spectra were 
smoothed by a log-window [4] with coefficient of 20. 
H/V spectra of each sites are shown in Fig.2. 

For array observation data, the phase velocity 

dispersion curves were estimated based on the CCA 
method [5]. The setting conditions for the analysis are 
as follows. At least 5 sections were selected by 
automatic extraction using the RMS value of the 
microtremor record of each seismograph with a 
segment length of 10.24 seconds. The power 
spectrum of these sections was smoothed by a Parzen 
window with a bandwidth of 0.3 Hz and then 
averaged. Using the power spectrum of each 
seismograph, the phase velocity dispersion curve was 
obtained based on the CCA method [5]. Dispersion 
curves of phase velocity are shown in Fig.3. 

The velocity structures were determined on 
forward calculation based on borehole data of PS-
logging and geological situation. We determined the 
subsurface structures to satisfy the H/V spectra and 
the dispersion curves of phase velocity by using 
fundamental mode of Rayleigh wave in the frequency 
range of 2 - 40Hz. The parameters of the subsurface 
structure models are number of layers, density, P-
wave velocity; Vp, S-wave velocity; Vs and layers 
thickness. The physical property values of the 
subsurface structure models are shown in Table 2. 
The S-wave velocity structures are shown in Fig.4. 

Fig.4   S-wave velocity structures (Black numbers are S-wave velocity value. Red numbers are 
depth to layer of Vs=550ms) 

Thickness
(m) ρ(t/m3) Vp(m/s) Vs(m/s)

3 1.5 1380 80
4 1.6 1460 150
6 1.7 1620 300
30 1.9 1900 550
200 2.1 2070 700
∞ 2.2 2620 1200

SKN

Thickness
(m) ρ(t/m3) Vp(m/s) Vs(m/s)

4 1.5 1370 75
3 1.6 1460 150
3 1.7 1620 300
60 1.9 1900 550
250 2.1 2070 700
∞ 2.2 2620 1200

ATM

Thickness
(m) ρ(t/m3) Vp(m/s) Vs(m/s)

2 1.5 1430 130
5 1.6 1470 160
30 1.9 1900 550
60 2.1 2070 700
∞ 2.2 2620 1200

OIW

Thickness
(m) ρ(t/m3) Vp(m/s) Vs(m/s)

9 1.2 1380 80
35 1.7 1570 250
80 1.9 1900 550
∞ 2.2 2620 1200

MKW1
Thickness

(m) ρ(t/m3) Vp(m/s) Vs(m/s)

6 1.2 1380 80
15 1.5 1460 150
40 1.7 1570 250
40 1.9 1900 550
∞ 2.2 2620 1200

MKW2

Table 2   Subsurface structure models 
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Fig.5 Location of observation and topographic map 
at landslide site (Orange area is landslide area) 

Fig.6   H/V spectra of microtremor in ATM site 

Fig.7   Horizontal spectral ratio HT/HB in ATM site 

Fig.8   Velocity waveforms 

Fig.9  Particle motions of horizontal components 
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 Seismic observation data 
 

 The data processing is as follows. 10.24 seconds 
of the S wave part of each component was cut out 
from the seismic record, and after applying a cosine 
taper with a half cycle of 0.5 seconds to both ends, 
zero data was added to 20.48 seconds. The Fourier 
spectrum of each component was calculated by 
smoothing with a Parzen window with a bandwidth 
of 0.2 Hz. The H/V spectrum was calculated from the 
Fourier spectra of these three components.  

 
RESULTS 

 
Microtremor H/V spectra 

 
As a feature of the H/V spectra, there is clear peak 

at all points (Fig.2). The predominant frequencies of 
the H/V spectra are ATM: 3.96Hz, MKW1: 0.78Hz, 
MKW2: 0.93Hz, SKN: 3.86Hz, and OIW: 4.79Hz. 
The detailed situation of the H/V shape is as follows. 
There is a small peak at 1.14 Hz in SKN, and a small 
peak near 1.5Hz in MKW1, and there is a 
phenomenon that the shape near the peak is different 
in OIW. 

 
S-wave velocity structures 

 
The S wave velocity structure at each point is as 

follows (Table 2, Fig.4). The layer thickness of the 
soft soil layer (Vs=80 to 300m/s) is described. The 
layer thickness of the low-velocity layer is Vs=80m/s, 
3-9m (OIW is none). The thickness of Vs=150m/s, 
300m/s under the first layer is max 60m in Mukawa-
town (MKW1, MKW2), and the thickness of the 
other sites is 7-10m. The geological condition of this 
area is that the ash layers of Tarumae volcanoes are 
widely distributed [6]. Therefore, it is considered that 
the first layer of the landslide site (ATM) corresponds 
to the volcanic ash layer of Tarumae Volcano, and 
that the first layer of the ground model corresponds to 
the collapsed layer. Layers with S-wave velocities 
less than 300m/s at other points correspond to 
alluvium or volcanic ash layers. As for the soil type 
of the alluvium, the layers of clay, gravel, and silt are 
alternated in Mukawa town, according to the PS 
logging information of K-NET (HKD126). In 
addition, it was reported that a non-linear ground 
response occurred at the earthquake observation point 
(HKD126) in Mukawa Town [7], which may be 
related to building damage. In the future, it is 
necessary to study the non-linear ground response 
based on the ground structure model obtained in this 
study and to clear the factors causing the damage. 

The deep structure is as follows. The maximum 
layer thickness of the Vs=550m/s and Vs=700m/s 
layers is 80m and 250m, respectively. The 
Vs=550m/s layer is considered to correspond to 
diluvial or volcanic sediments, and the Vs=700m/s 

and 1200m/s layers to tuff or Neogene sedimentary 
rocks. The estimation accuracy is lower than that of 
the shallow structure model because the dispersion 
curves of phase velocity were not obtained 
sufficiently in the frequency range required for 
analysis. However, the Vs=550 m/s and 700 m/s layer 
thicknesses are reasonable results because they are 
almost consistent with the previous estimation results 
[7] of microtremor observation at HKD126. 
 
Microtremors at landslide site 
 

Location of observation and topographic map at 
landslide site is shown in Fig.5.  Fig.5 is a map in 
which the area where the landslide occurred (orange 
area) is overlaid on the topographic map, and also 
shows the tremor observation points in this study. 
H/V spectra of the mountainside (ATMT) and foot 
(ATMB) of mountain are shown in Fig.6. The NS 
component of the horizontal motion is the blue line, 
the EW component is the orange line, and the 
composited value is the black line in Fig. 6. A clear 
peak can be confirmed around 5Hz at both points. 
There is a peak near 10Hz, which is higher than 
ATMB in the high frequency band of 4Hz or more at 
ATMT. Also, although the EW component is larger 
than the NS component in ATMT, there is no 
difference in each component in ATMB (Fig.6). The 
result of calculating the spectral ratio of the horizontal 
component HT/HB (combined values in NS and EW 
directions) to the spectrum between both points is 
shown in Fig.7. The HT/HB gradually increases in the 
frequency band from 4Hz to 30Hz (Fig.7).  

 
Seismic ground motions at landslide site 

Fig.10   H/V spectra of earthquakes at ATM 
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The velocity waveforms of the three seismic 

records observed are shown in Fig.8. The particle 
motions of the velocity record of the horizontal 
component with the NS direction as the vertical axis 
and the EW direction as the horizontal axis are shown 
in Fig.9. The H/V spectra are shown in Fig.10 (The 
black line shows the average of the three earthquake 
values). The amplitude of the EW component is larger 
than that of the NS component for all earthquakes 
(Fig.8). From the particle motions of horizontal 
component, the EW direction is predominant, and the 
axis of the predominant direction is slightly rotated 
clockwise (Fig.9). Furthermore, from the topographic 
map (Fig.5) near the observation point, the direction 
of the slope is almost the same as the predominant 
direction of the particle motion. The characteristic of 
H/V is that the EW component is larger than the NS 
component near the peak of 5Hz (Fig.10). It is 
possible that such seismic motion characteristics 
contributed to the landslide. In the future, it is 
necessary to study the factors that cause these 
phenomena in more detail and clear the mechanism 
of landslide caused by this earthquake. 
 
CONCLUSIONS 

 
1) In Mukawa Town, the predominant frequency of 

microtremor H/V was 0.8 - 0.9Hz, and it was 
found that the soft soil layers with Vs=80 - 300m/s 
was thickly deposited in the ground structure. It is 
considered that this layer amplified the ground 
motion, and the possibility of nonlinear response 
was also suggested. 

2) The predominant frequency of microtremor H/V 
at other seismic stations was 4 Hz at Shikanuma, 
the JMA site of Atsuma Town, and 5 Hz at K-NET 
site HKD127, Abira Town. From the ground 
structure model, it was found that there were soft 
soil layers at those points and the layer thickness 
was thinner than that of K-NET site HKD126 in 
Mukawa Town. 

3) At the landslide site in Atsuma Town, the 
predominant frequency of microtremor H/V is 
5Hz, and the subsurface structure has a volcanic 
ash layer with Vs=75 - 80m/s. It is possible that 
this layer collapsed on the slope near this point. 

4) As for the characteristics of microtremors and 
seismic motions at the landslide site, it was found 
that the amplitude of the EW component seismic 
motion is larger at the mountainside than at the 
foot of mountain. In addition, it was found that the 
characteristics of the H/V spectra were that the 
spectral ratio was larger in the frequency band 
higher than 4Hz and that the EW component was 
larger near the peak of 5Hz in the seismic ground 
motion. 
In the future, we plan to evaluate the earthquake 

motion based on the information obtained from the 
observation. Furthermore, based on the results, we 
plan to examine the factors causing the strong ground 
motion and the factors causing the landslide caused 
by the earthquake. 
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ABSTRACT 

In recent years, extreme weather events related to global climate change have caused enormous damage in 

Japan. Catastrophically, riverbanks have been repeatedly destroyed by heavy rain in various parts of Japan. 

Among them, the damage caused by Typhoon No. 19 in 2019 was the most serious. Fundamentally, a river 

embankment is a very important disaster prevention structure to protect riverside residents from damage, such as 

that caused by flooding. For this reason, we must ensure sufficient safety. However, design methods based on the 

current guidelines are not based in well-established technical knowledge. In order to prevent collapse, it is 

urgently necessary to elucidate the collapse mechanism of riverbanks. Therefore, in this study, we investigated 

the collapse mechanism of the river embankment through model experiments, and we analyzed the factors 

contributing to collapse. We aimed to understand the difference in permeation surface formation due to the 

difference in the speed of water level rise and layer thickness. In addition, a soil moisture meter was used to 

check the change in saturation inside the model. The experiments were performed with a total of 4 treatments at 

layer thicknesses of 20 mm and 40 mm and rates of water level rise of 3.5 cm / min and 7.0 cm / min. 

Keyword: River Embankment , External water level fluctuation , Model experiment , Unsaturated soil 

RESEARCH BACKGROUND AND PURPOSE 

In recent years, global climate change has caused 

enormous damage in Japan. As one of the worst 

outcomes, riverbanks have been repeatedly 

destroyed by heavy rains in various parts of Japan. 

The Kinugawa embankment collapse during 

heavy rain in the Kanto and Tohoku regions in 

September 2015 and Typhoon No. 19, which 

caused damage to all parts of Japan, in October 

2019 describe just some examples. In recent 

years, severe damage has also been caused by 

local heavy rainfall. Fourteen people died in 

heavy rains in the Kanto and Tohoku regions and 

many houses floated away due to river dike 

collapse（ totally destroyed: 81 buildings, half 

destroyed: 7045 buildings, floor flooding: 2495 

buildings, underfloor flooding: 13159 buildings. 

[1] In typhoon 19, 66 died, 13 went missing and 

398 were seriously injured. In addition, the 

embankment collapsed into 71 rivers, including 

first-class rivers such as the Chikuma River and 

Abukuma River. Housing and welfare facilities 

were also severely damaged,（totally destroyed: 

85 buildings, half destroyed: 324 buildings, floor 

flooding: 24266 buildings, underfloor flooding: 

21474 buildings）, resulting in a major disaster. 

[2] In Japan, such disastrous events have 

occurred one after another in recent years.  A river 

embankment is an extremely important disaster 

prevention structure to protect the lives of 

riverside residents from floods and other disasters.  

Therefore, it is necessary to secure sufficient 

safety. External factors related to inundation of 

riverbanks include overflow, scouring, and 

seepage. These three factors are caused by 

rainfall. To date, when we glimpse the current 

situation, where regulations on design and 

maintenance of river levees have not been 

clarified, the role of these structures as disaster 

prevention for floods caused by recent local 

heavy rainfall have become extremely important.  

However, design methods based on the current 

guidelines are not based on well-established 

technical knowledge. Moreover, because collapse 

mechanisms are not fully understood, it is 

urgently necessary to clarify the collapse 

mechanisms of river embankment. 

Therefore, in this study, we conducted an 

experiment that focus on the piping phenomenon, 

for which  the cause is more complicated.  This 

was attempted because we thought it necessary to 

review the system of embankment design, which 

required knowing the structure and content of 

river embankment. Therefore, we prepared 

various treatments to confirm what kind of 

influences are exerted in each collapse mode. To 

achieve this purpose, we conducted an infiltration 

experiment using a model embankment. A soil 

moisture meter (EC-5) was installed inside the 

model to measure saturation. A model 

embankment was prepared by setting the rate of 

water level rise at 1.4 cm / min and 7.0 cm / min 

and the layer thickness at 20 mm and 40 mm. 
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From this, the difference in the collapse form and 

the transition of saturation were examined. A 

video of the formation of the infiltration surface 

was also recorded.  

Fig.1  Chikuma River at Typhoon No. 19 

THE PROCESS OF RIVER EMBANKMENT 

COLLAPSE 

 According to the current guidelines, dikes made 

of soil can easily cause floods and overtopped levees. 

This occurs even if the flood level is below the 

planned water level, as the levee may be damaged 

due to infiltration and erosion, may lead to bank 

damage. 

The process of bank breakage due to each cause is 

shown below. 

Fig. 2  Levee overtopping process 

Fig. 3  Osmotic collapse process 

Fig.4  Washbori process 

Levee damage due to erosion and overflow is 

caused by the movement of soil particles that make 

up the dam body. This occurs by eroding the dam 

surface or the dam skirt by the scavenging force of 

running water or overflow water during flooding. It 

is speculated that weakening of the surface of the 

bank due to the infiltration of rainfall is closely 

related. On the other hand, levee damage due to 

infiltration increases pore water pressure due to the 

infiltration of river water or rainfall at the time of 

flood into the levee body and the foundation ground.  

This reduces the apparent strength of the levee body. 

Rainfall not only weakens the surface layer of the 

dam or levee, but it also increases the saturation 

within the soil of the embankment. This internal 

water flow can move soil particles leading to 

internal erosion or piping, a major cause of 

embankment weakening. 

In addition, when a large earthquake occurs, 

the levee is largely submerged and deformed due 

to the liquefaction of the foundation ground. In 

such cases, river water constantly flows into the 

inside of the levee in the zero meter area. It is 

also assumed that a disaster will occur in these 

instances. [3]

PHYSICAL PROPERTIES OF SOIL 

 Prior to the model experiment, the properties of 

silica sand Nos. 6, 7, and 8 mixed sand (mixing ratio 

5: 2: 5) used for the embankment were set to the 

following physical properties, according to the 

guidelines of the Geotechnical Society. A description 

of each test procedure to obtain the physical 

properties is omitted, and the test results are 

described below.  

① Compaction test

Optimum water content：8.2%

Optimum dry density：1.570g/cm3

② Soil particle test

ρs=2.61g/cm3

③ Relative density test

Relative density ： 15.03%(Therefore loose

sand)

④ Particle size test

Effective particle size：2.10

Uniformity coefficient：10.36

Curvature coefficient：2.05

Fine grain content rate：12.7%

 From the results of these tests, it was found that 

the model sample was classified as "sand containing 

SF fine particles" using triangular coordinates. 

It was found that this sample had a poor 

composition and was prone to penetration and 

disintegration. In this experiment, the infiltration 

phenomenon and the collapse form of the river 

embankment are examined. As the samples 

exhibiting the above-described measured physical 

properties can remarkably demonstrate test results, 

they are therefore considered suitable for this test. 

EXPERIMENT OUTLINE 

 As shown in Fig. 5, a 0.1m foundation ground and 

embankment were prepared in a 1.4m × 0.7m × 

0.3m acrylic soil layer. Silica sand Nos. 3 and 5 

were used at the foundation ground of 0.08 m and 
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0.02 m, respectively. In addition, silica sand Nos. 6, 

7, and 8 were mixed at 5: 2: 5 for the embankment.  

The dimensions of the embankment were 200 mm 

in height, 1: 2 slope and 100 mm width at the top.  

When preparing the embankment, a soil moisture 

meter (EC-5) was inserted at each point 1 to 8, as 

shown in Fig. 5, to measure the degree of saturation. 

In this case, each number from 1 to 8 is each CH 

number. In the experimental procedure, the flow rate 

is set from the right side of the soil layer to raise the 

water level. Regarding the water level rise, the rate 

of rise in water level was increased by 1.4 cm / min 

or by 7.0 cm / min by referencing the rainfall data of 

the Chikuma River during Typhoon No. 19 in 

October 2019. If the water level rises directly into 

the foundation ground, it may be eroded by water 

pressure, so a space was provided between the 

foundation ground and the water inlet. It can be said 

that the provision of this space improved the 

reproducibility of the experiment by approaching the 

phenomenon of an actual river embankment. 

Moreover, two treatments were used for the layer 

thickness of the embankment, 20 mm and 40 mm.  

Combining each rate of water level rise with each 

layer thickness, the experiment was conducted with 

a total of four treatments, or cases. Each case was set 

as shown in Table 1 below. The vertical is the layer 

thickness, and the horizontal is the speed of water 

level rise. In addition, the change in saturation at 

each measurement point until the embankment 

collapse was recorded with data collection software, 

and the appearance of the infiltration surface was 

recorded by video. 
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Fig. 5 Manufacturing embankment map 

Table 1  Case settings 

Water level 

rising speed 

1.4cm/min 

Water level 

rising speed 

7.0cm/min 

Layer 

thickness 

20㎜ 

Case1 Case2 

Layer 

thickness 

40㎜ 

Case3 Case4 

Rate Of Water Level Rise 

The speed of water level rise was calculated by 

referring to the rainfall data of the Chikuma River 

during Typhoon No. 19, which occurred in October 

2019, with reference to the fast and slow rates of rise. 

We set 7.0 cm / min for the fast case and 1.4 cm / 

min for the slow case, converted them to L / min, 

and set the flow rate to achieve these fast and slow 

water level rises. In order to maintain a constant rate 

of water level rise from the start of water level rise 

to overflow, the space for increasing the transition 

on the side of the embankment was divided into 

three equal parts, and the flow rate in each section 

was calculated using the volume. The experiment 

was conducted by adjusting the flow rate for each. 

Saturation Measurement Method 

A soil moisture meter "EC-5", a data logger 

and data collection software were used to 

measure the degree of saturation inside the 

embankment. EC-5 outputs soil moisture as a 

voltage from the permittivity of soil.  A 

calibration formula for converting the output 

voltage value into soil moisture was prepared in 

advance, but the embankment material used in the 

experiment was recalibrated to improve the 

accuracy. Since each EC-5 had individual 

differences, we calibrated each of the eight EC-5 

used. 

EXPERIMENTAL PROCEDURE 

 If the layer thickness was 20 mm, it was divided 

10 times, and if the layer thickness was 40 mm, it 

was divided 5 times. Using this process, the 

embankment was prepared. 

 The moisture content was set to 6.2% in order to 

focus on the formation of the infiltrated surface and 

the morphology of fracture. This is because ± 2% of 

the optimum water content is allowed according to 

actual construction guidelines. In addition, the 

reason why -2% was used is that 6.2% was 

considered to be capable of producing an 

embankment with a smaller dry density and a 

weaker state than the compaction test. 

The experimental procedure was as follows. 

① Fabrication of foundation ground

The required amount of silica sand No. 3 was 

placed in the soil layer and tamped to a height of 

80 mm. The necessary amount of silica sand No. 

5 was added and tamped to a height of 20 mm. 

② Making the model embankment

The soil amount calculated for each layer to a 

specified density (dry density: 1.545) was mixed 

with water to a water content ratio of 6.2% and 

compacted until it reached a height of 20 mm or 40 

mm (after tamping). After completion of compaction, 
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the model was cured for 1 day and excess soil was 

removed. 

The slope surface was made smooth． 

③ Recording

A video camera was used to take a picture of 

the formation of the infiltrated surface and the 

state of the bank breakage inside the dam. The 

EC-5 were used to record the saturation 

monitoring inside the dam． 

④ Water level rise

The water level was provided at the set discharge, 

with reference to the rainfall data of the Chikuma 

River. 

EXPERIMENTAL RESULT 

 Results shown in Fig. 5 confirm that in case 1 the 

infiltration surface was formed up to the inner side 

of the embankment as the water level increased, and 

over time the infiltration surface was formed from 

the slope on the inner side of the embankment to the 

upper part of the embankment. Results also 

confirmed that the degree of saturation increased at 

each point, corresponding to the timing of the 

infiltrated surface formation. It is highly probable 

that a landslide created at the bottom of the sediment 

was caused by lateral infiltration pressure and 

buoyancy from below due to the inundation from the 

ground and the lower part of the dam body. The dike 

weakened and collapsed. Next, results shown in Fig. 

6 confirm that in case 2, the infiltrated surface was 

formed in the shape of an arc from the outside of the 

embankment, and the inundation was caused by 

overflow before the infiltration reached the inside of 

the embankment. However, the water content 

increased at the point where no infiltrated surface 

was formed (CH1, 6). From this, it can be inferred 

that water channels were formed. In case 2, unlike 

case 1, the saturation value remained low as a whole. 

Therefore, the infiltration phenomenon likely has 

little effect on the collapse form because the 

permeated flow rate is small. Next, the experimental 

results for a layer thickness of 40 mm are discussed.  

As shown in Fig.7 for case 3, when the layer 

thickness is 20 mm, water permeates the entire 

embankment area and enters from the foundation 

ground and the lower part of the dam body. Due to 

the buoyancy from below, the toe of the 

embankment became weak and the embankment 

broke at this point. In case 4, as shown by Fig. 8, the 

levee was breached by overflow before water 

penetrated the entire embankment. The saturation 

change and the process of infiltrated surface 

formation are shown below. As described above, 

since there was no difference in the morphology due 

to a change in layer thickness, we consider the 

difference in morphology to be caused by the rate of 

water level rise. Figures 6 and 8 show the saturation 

transitions for cases 1 and 3. After the water level 

rose, saturation reached 100% in the order of the 

area outside the embankment (2, 8) → the lower part 

of the embankment (5, 7) → the central part of the 

embankment (4) and the area near the embankment 

(1, 6) → the upper part of the embankment (3).  

About 18 minutes after the water level started 

rising, the saturation level of the entire levee reached 

100%. 

In addition, the transitions of saturation in case 2 

are shown in Figs. 7 and 9. After the water level rose, 

the saturation level increased from the outer levee to 

the outer basin (2,8) to the lower part of the levee 

body (5,7), and about 8 minutes after the water level 

rose, the levee broke due to overflow. At this point, 

the saturation level of the levee (1 and 6) and the 

upper part of the levee (4 and 3) increased. From this, 

it was confirmed that when the water level rises 

quickly, the levee breaks due to overflow before the 

water penetrates the entire levee body. It was also 

confirmed that when the water level rises slowly, it 

penetrates into the entire levee body and the bottom 

of the dike inside the levee becomes weak and 

breaks. These results demonstrate that water 

penetration rate in cases 2 and 4 was faster than in 

cases 1 and 3.  

Fig.6-9 shows the saturated boundary formed in 

the in the infiltration. Also, Fig.14-17 shows the 

final collapse morphology in each case. 

Fig.6 case1 (Layer thickness 20 mm: 1.4 cm / min) 

Fig.7 case2 (Layer thickness 20 mm: 7.0 cm / min) 

Fig.8 case3 (Layer thickness 40 mm: 1.4 cm / min) 
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Fig.9 case4 (Layer thickness 40 mm: 7.0 cm / min) 
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Fig.10 Transition of saturation (case1) 
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Fig.11 Transition of saturation (case2) 
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Fig.12 Transition of saturation (case3) 
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Fig.13 Transition of saturation (case4) 

Fig.14 case1  Collapse form 

Fig.15 case2  Collapse form 

Fig.16 case3  Collapse form 

Fig.17 case4  Collapse form 
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CONCLUSION 

 The experimental results confirmed that layer 

thickness did not influence the collapse form, which 

largely depended on the degree of water level rise in 

the tank. In case 1 and case 3, the infiltrated surface 

was formed from the area outside the embankment 

to the area near the embankment, but in CH1, 3, 6 

the saturation level started to rise at almost the same 

time. Figures 6 and 8 confirm that CH1 and CH6 

reached the saturation level of 100% a little faster. 
The reason for this is likely that the infiltrated 

surface was formed earlier from the foundation 

ground / lower part of the levee body, and buoyancy 

was generated inside the levee, causing saturation. 
This suggests that collapse was caused by osmotic 

pressure from the lateral direction and the buoyancy 

force from the downward direction on the bottom of 

the dike in the embankment, which is likely a weak 

area. The structure inside the levee should be 

reviewed with a slow water level rise. Also, case 2 

and case 4 confirm that the infiltrated surface was 

formed vertically from the outer side of the 

embankment and about half of the embankment was 

infiltrated and destroyed by overflow. In this case, 

the structure inside the levee body was not very 

relevant, and there was no evidence of collapse on 

the outside of the levee surface. Therefore, the 

height of the levee body itself or reinforcement of 

the inside levee can prevent disasters.  

Since the change due to the layer thickness was 

small, the results of the rate of water level rise are 

summarized as follows. 

(1) Case1 and case3 

The infiltrated surface was found to form up to the 

inside of the embankment and then infiltrated into 

the crown as the water level rose. 

It was found that the infiltrated surface penetrated 

into the entire levee body and gradually collapsed in 

the vicinity of the underground levee. 

(2) Case2 and case4 

The infiltrated surface was found to form 

vertically and then penetrated into the embankment 

side in this way. 

It was found that before the water penetrated the 

entire bank, the levee collapsed due to overflow. 

Mr. Tsuneoka and Mr. Furumoto, Ms. Obata, Mr, 

Wakasa [4] stated that the entire embankment will 

reach a nearly fully saturated state when the 

infiltration surface rises without any measures. 

This also confirms the validity of this experiment. 

In addition, Mr. Sekine and Mr. Sato, Mr. Kan [5] 

stated that the movement of debris leads to the 

destruction of the formation of the terrain on the step, 

resulting in the promotion of collapse. 

It is necessary to confirm not only the layer 

thickness and the rate of water level rise, but also the 

soil mix, the type of silica sand used, and the 

compaction strength to confirm changes in the 

collapse mode of the embankment in various states.   

It is also important to note that there is no 

fundamental difference in the degree of basic 

bonding between soil particles and the effect of 

adhesive force within the bank. Understanding these 

needs, this experiment provides useful information 

and knowledge for considering the failure 

mechanism of actual embankment. 

In addition, Mr. Fukuhara and Mr. Mori, Mr. 

Hattori [6] have conducted experiments using plants 

collected from actual embankments, and the erosion 

resistance of the high-stem herbaceous plants that 

grow on the river embankment is mainly due to the 

resistance of leaves and stems in the upper part of 

the vegetation. This resistance is exhibited when the 

flow velocity is reduced. In the future, it may be 

possible to obtain more useful experimental results 

by adding not only silica sand but also plants. 
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ABSTRACT 
 
In recent years, local downpours frequently occur in various parts of Japan, and embankments are destroyed 

by these downpours. Many embankments are historical products of flood control that have been reinforced as they 
age by raising their height. However, the structure of the river embankment was developed based on information 
from disasters that actually occurred, and analysis of the destruction of the structure was not considered in design. 
Furthermore, until now, mechanisms of levee collapse have been discussed, but they have not been fully elucidated. 
Therefore, in this study, embankment analysis considering difference of layer thickness was performed by using 
the unsaturated soil / water / air coupled element finite method analysis program (DACSAR-MP). Stress behavior 
in the embankment during the rise of the river water level due to rainfall was analytically expressed, and the effect 
of the stress was considered to analytically investigate the collapse mechanism of the river embankment. From 
this work, it was analytically confirmed that embankment failure mode differed depending on differences in the 
speed of water level rise. 
 
Keywords: River embankment, Unsaturated soil, Penetration, Collapse 
 
 
INTRODUCTION 
 

Due to global climate change, there have been 
frequent reports of local torrential rains in various 
parts of Japan in recent years, with associated river 
dike collapse. Among these, the breach of the 
embankment of the Chikuma River caused by 
Typhoon No.19 in October 2019 stands out. An 
embankment is an extremely important disaster 
prevention structure that protects the lives of riverside 
residents from floods, and it is necessary to ensure the 
safety of these structures.  

Regarding water infiltration resistance, erosion 
resistance and seismic resistance ratings required for 
river levees, the existing rules for satisfying the earth 
levee principle and cross-sectional shape have been 
revised, and the magnitude of the external force 
applied to the levees before the earth structure is 
constructed has been stipulated. As a general rule, the 
design of levees for each river should be optimized 
considering topography, weather, and river shape. 
However, the mechanism of destabilization and 
deformation of levees due to floods or earthquakes 
has not yet been fully elucidated [1], and the current 
guidelines do not necessarily represent well-
established technical knowledge.  

On the other hand, the difficulty of elucidating the 
mechanisms of river levee infiltration and stability 
problems is because these problems deal with 
unsaturated soil, intermediate soil, compacted soil 
and unsteady phenomena. Overflow, erosion, seepage, 

and earthquakes are the causes of riverbank breakage 
due to changes in the outside water level. Of these, all 
except for earthquakes are caused by rainfall, and the 
risk of riverbank breakage is increasing due to the 
recent local heavy rainfall. Currently, as an evaluation 
method for embankment structures, arc slip analysis 
is performed using the infiltration analysis results, 
such as rainfall, in the embankment design method 
Nonetheless, deformation analysis is not performed, 
and infiltration analysis and stability analysis are 
performed individually. However, the infiltration 
problem and the deformation problem are coupled, 
and it is hard to say that the current embankment 
evaluation method is sufficient. 

It is thought that local torrential rain will increase 
in the future, and it can be said that the risk of bank 
breakage will increases alongside this. Since the 
damage caused by river embankment is enormous, it 
is urgent to take measures against embankment 
failure, and for that purpose, it is important to 
elucidate the destruction mechanism of the river 
embankment. 

In this study, using the unsaturated soil / water / air 
coupled element finite method analysis program 
(DACSAR-MP) [2], we focused on embankment 
reinforcement and conducted the embankment 
analysis considering differences in layer thickness. 
The purpose of this study is to analytically elucidate 
river levee collapse mechanisms by analytically 
expressing the stress behavior in the levee body 
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during river water level rise due to and considering 
the effect of rainfall. 
 
RESEARCH METHOD  
 
Soil/Water/Air Coupled Finite Analysis Code 
 

The finite element analysis code (DACSAR-MP) 
[2] used in this study formulates the unsaturated soil 
constitutive model proposed by Ohno et al [3]. This 
model is framed as the soil/water/air coupled problem 
using the three-phase mixture theory. Equation (1) 
shows the effective stress. Equation (2) shows the 
base stress tensor and suction stress. Equation (3) 
shows suction.  
       

                                                      (1) 
 

                                          (2) 
 

                                      (3) 

 
Here, is the effective stress tensor; is the 

base stress tensor; is the second order unit tensor; 
is the total stress tensor; is the suction; is the 

suction stress; is the pore air pressure; is the 

pore water pressure; is the degree of saturation; 

is the effective degree of saturation; and is the 
degree of saturation at s→∞. Equations (4), (5), (6) 
and (7) provide the yield function.  
 

         (4) 

 
                        (5)  

 

                                           (6) 

                     (7) 

 
Here, is the shape parameter; is the plastic 

volume strain; is the q/p’ in the limit state; is 
the dilatancy coefficient; is the yield stress at 

saturation;  and are the parameters representing 

the increase in yield stress due to unsaturation; is 
the compression index; and is the expansion index. 
Equation (8) shows pore water velocity. Equation (9) 
shows air velocity. Pore water and air flow follow 

Darcy’s law.  
 

                                               (8) 

                 (9) 

 
Here, is the pore water velocity; is the air 

velocity; is the hydraulic conductivity; is the 

coefficient of air permeability; is the total head; 
is the unit weight of water; and is the 

pneumatic head. Equations (10)-(11) show hydraulic 
conductivity and the coefficient of air permeability by 
way of Mualem's [4] formula and the Van Genuchten 
[5] formula.  
 

            (10) 

            (11) 

 
Here, is the ratio of hydraulic conductivity; 

is the ratio of coefficient of air permeability;  

is the Mualem constant; is the hydraulic 

conductivity at saturation; is the coefficient of 
air permeability in dry conditions. Equations (12)-
(13) show the continuous formula of pore water and 
air using three-phase mixture theory.  

 
                                    (12) 

 
 (13) 

 
 Here, is porosity; is volumetric strain; and 

is atmospheric pressure. The elasto-plastic 
constitutive model obtained from Equation (4) and 
the equilibrium equation [Equations (12) - (13)] are 
formulated as the soil/water/air coupled problem.  
 
Moisture Characteristic Curve Used In The  
Analysis  
 

For a soil-water characteristic curve model, a 
model capable of hysteresis expression, as proposed 
by Kawai et al. [6], is used. In addition, to determine 
the logistic curve in the case of DRY and WET, 
derived from arbitrary suction and the degree of 
saturation, the logistic curve equation of Sugii and 
Uno [7] was used. This makes it possible to grasp the 
moisture conditions of sloped ground where complex 
water balance occurs. Figure 1 exhibits the soil-water 
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characteristic curve used in this study.  
 

 
 
INTERIOR CHANGES IN THE DIKE WITH 
EMBANKMENT COMPLETION 

 
Analysis Conditions 
 

Figure 2 shows the analytical model. The 
foundation ground was 3m long and 45m long, and 
the dam body was 5m long, 5m at the top, and 25m at 
the bottom, with a slope of 1: 2 [8]. The mesh of the 
model is 1m each for the foundation ground, 10 cm 
for the levee body, and it was divided into 25 parts  
horizontally. The right side of the analytical model 
was assumed to be the river side, and the drainage 
layer was 0.6m in length and 6m in width from the 
left end of the embankment. 

The material used in the analysis was silt mixed 
with sand for the foundation ground and sand mixed 
with silt for the dam body. Table 1 shows the material 
constants, and Fig. 3 shows the moisture 
characteristic curve. Table 1.1 is the material constant 
used for the foundation ground, and Table 1.2 is the 
material constant used for the dam body. Figure 3.1 
shows the moisture characteristic curve used for the 
foundation ground, and Fig. 3.2 shows the moisture 
characteristic curve used for the dam body. The 
material constants shown in Table 1 are λ:swelling 
index, k: compression index, M: critical stress ratio, 
m:shape parameter of unsaturated hydraulic 
conductivity, n: magnification parameter of 

consolidation yield stress in unsaturated state, nE: 
Fitting parameter of EC model, e0: Initial void ratio, 
ν: Poisson's ratio, kx: Horizontal hydraulic 
conductivity, ky:vertical hydraulic conductivity, Sr0: 
critical saturation, and Gs: soil particle specific 
gravity. The initial saturation of the material used for 
embankment was set to 60%, and the initial suction 
was determined from Fig.3.2. The drainage layer has 
a permeability coefficient and an air permeability 
coefficient set to 500 times that of the embankment. 
The material constants other than the permeability 
coefficient and the permeability coefficient of the 
drainage layer are the same as those of the bank body. 
The displacement boundary was fixed vertically at the 
bottom of the foundation ground and horizontally at 
the top of the foundation ground. For the hydraulic 
boundary, the lower and upper ends of the foundation 
ground and the upper part of the dam body were 
drained. As for the air boundary, the upper end of the 
foundation ground and the upper end of the dam were 
exhausted. 

 
 
Fig. 2 Finite element mesh diagram 
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Fig. 3.1 Soil-water characteristic curve 
(Foundation ground) 

 

 
 

Fig. 3.2 Soil-water characteristic curve (Levee) 
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Table 1.1 Foundation ground material parameters 
 

 
 

Table 1.2 Levee material parameters 
 

 

λ k M m n nE
0.18 0.037 1.33 0.8 1 1.3
e0 v kx(m/day) ky(m/day) Sr0 Gs
1.2 0.33 0.1 0.1 0.15 2.7

λ k M m n nE
0.18 0.013 1.33 0.8 1 1.3
e0 v kx(m/day) ky(m/day) Sr0 Gs
1 0.33 8.7 8.7 0.15 2.7

 
 

Fig. 1 Soil water characteristic curve 
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3.2.1 Analysis method 
 
In the embankment analysis, layers were spread 

one-by-one. An evenly distributed load was  applied, 
and compaction was repeated until the height of the 
embankment reached 5m. Layers of 0.3m and 0.6m 
were prepared. The rolling strength was 300kPa. In 
the analysis, elements were generated to create a heap, 
and loading and unloading was repeated with an 
evenly distributed load to simulate compaction. This 
schematic diagram is shown in Fig. 4. 

 
3.2.2 Analysis result  

 
Fig. 5 shows a visualization of each stress at the 

completion of the embankment (layer thickness: left 
0.3 m, right 0.6m). From the top, the effective mean 
stress p’, void ratio e,  deviatoric stress q, shear strain 
εs, suction s, and degree of saturation Sr are shown. 
First, the effective mean stress p’ exhibits a higher 
value in the foundation ground than in the 
embankment due to the effect of compaction during 
embankment construction. In addition, the gap ratio e 
is higher toward the upper part of the levee body, and 
the layer thickness of 0.6m is particularly remarkable 
in this respect. Next, the shear strain εs shows a higher 
value near the boundary between the foundation and 
the levee than in the levee.   Therefore, it is possible 
that there was already weakening when the 
embankment was completed, although not enough to 
cause failure. In addition, as the position where the 
drainage layer is located contains more water than the 
surrounding area, the void ratio e is low. Comparing 
layer thickness, the value of 0.6m shows smaller 
mean effective principal stress, and the gap ratio e is 
larger in the upper part of the dam body. At 0.6m, 
layer boundaries occur at the mean effective stress p’, 
the void ratio e, and the deviatoric stress q. Therefore, 
it is considered that the levee body compacted with a 
layer thickness of 0.6m has a discontinuity at the layer 
boundary, in contrast to the lack of this discontinuity 
with 0.3m layer thickness, resulting from insufficient 
compaction. 
 

CHANGES IN THE LEVEE DUE TO RISING 
WATER LEVELS 
 

Water level fluctuation analysis was carried out 
using the analytical model used for embankment 
analysis. The right side of the embankment was used 
to raise the water level. This is expressed by applying 
water pressure to the levee body and the foundation 
ground after raising the head of water on the right 
slope of the embankment where water infiltrates, 
along with the foundation ground. The water head and 
water pressure applications were repeated until the 
crown reached 3m. In addition, the rate of water level 
rise was set to 1.4cm /min and 14cm/min [9]. (Rise 
rate: (A)1.4cm /min, (B)14cm/min) 

Next, we paid attention to the difference in the 
speed of water level rise. Figure 6 shows the analysis 
results for each stress. Each figure shows the average 
effective principal stress p’, axial differential stress q, 

 
 

Fig.4 Embankment analysis schematic 
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(ⅵ) Degree of saturation Sr 

 
Fig. 5 Summarizes analysis results 
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shear strain εs , void ratio e, suction s, an d degree of 
saturation Sr from the top. From the left of the figure, 
the water level of each stress is extracted at 1.5m and 
3m. 

First, from results of the effective mean stress p’, 
strength is considered to decrease as the water level 
rises, and the value inside the levee decreases from 
the infiltration surface. In addition, the void ratio e 
also decreases inside the levee from the infiltration 
surface as the water level rises, and volume 
compression is considered to occur. Second, from the 
degree of saturation Sr, it can be seen that values for 
the foundation ground and the lower part of the levee 
become lower as the water level rises. At a slower 
velocity of (A)1.4cm/min this value is higher than at 
a faster velocity of (B)14cm/min. Finally, the shear 
strain εs indicates that the value at the tail end of the 
embankment is higher, suggesting that the tail end 
becomes a weak part of the embankment as the water 
level rises. For each stress, the change in velocity in 
(A) was more remarkable than that in (B). This is 
probably because at the slower the rising speed, the 
infiltration time of the river water was longer. In 
particular, the degree of saturation Sr was 
significantly different with different rising speeds, 
and a large difference in the formation of the 
infiltration surface was confirmed. The velocity (A) 
formed a smooth infiltration surface, and the velocity 
(B) formed a vertical infiltration surface. It is 
considered that (A) first infiltrated from the 
foundation ground and then infiltrated upward from 
the ground to the bank body.  

At this time, the levee body can be considered as 
subject to buoyancy due to leftward infiltration from 
the levee exterior and upward infiltration from the 
foundation ground, suggesting the possibility of 
piping. In contrast to (A), (B) is considered to have 
caused infiltration only from the lower left side of the 
embankment to form a vertical infiltration surface, 
suggesting that water overflow may occur. 

 

Furthermore, in order to study the detailed 
behavior of saturation Sr in the levee, changes in the 
water level rise of the elements in the levee are 
visualized graphically. The position of each element 
is shown in Fig. 7, and the behavior in the ascending 
process is shown in Fig. 8 (Fig. 8.1: 1.4cm/min, Fig. 
8.2: 14cm/min). The graph shows the time (unit:day) 
horizontally and the saturation Sr vertically. From Fig. 
8.1, it can be confirmed that not only the elements 126, 
160, 885 and 1385, but also the element 113 and the 
elements 101 and 187, are changing from the 
unsaturated state to the saturated state. From this, 
water is considered to have penetrated to the inner 
side of the bank, forming water channels, and this 
result also suggests that piping may occur. Because 
all the elements located on the foundation ground are 
saturated and element 101 is saturated earlier than 
element 187 on the ground side of the embankment, 
it can be confirmed that water permeates from the 
foundation ground earlier than from the embankment 
exterior. Figure 8.2, shows that the time required for 
saturation of each element remains almost unchanged, 
and that the levee body is saturated at a stretch in a 
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short time compared to the speed of 1.4cm/min. From 
this, it is possible to confirm the vertical infiltration 
in the levee body, and it is unlikely that water 
channels form. Therefore, it is considered that the 
slower the rising speed is, the higher the possibility of  
water channel formation. 

CONCLUSION 
  

Based on the results obtained from the 
embankment analysis and the water level rise analysis, 
the following conclusions are developed. 
(1) When the layer thickness is large, the average 

effective principal stress p’ and the void ratio e 
are small at the completion of the embankment, 
resulting in a discontinuity at the layer boundary. 

(2) When the water level rises, the osmotic pressure 
of the outer water level is dominant, and 
therefore, the dominance of collapse due to the 
change in layer thickness was not observed. 
Therefore, it was confirmed that the difference in 
height of padding did not significantly affect the 
infiltration, and destruction was caused mainly 
by infiltration due to the rise of the water level. 

(3) As the water level rises, the strength inside the 
levee decreases, the volume is compressed, and 
the inside of the levee is saturated, thus collapse 

is considered to occur within the levee. In 
addition, collapse progresses into the levee body 
as the water level rises. 

(4) When the rate of water level rise is slow there is 
a high possibility of collapse due to the long 
infiltration time of river water. If the ascending 
speed is high, it is likely that the river will 
overtop the levee before collapse occurs. 

(5) A gentle infiltration surface formed when the 
speed of water level rise was slow, and a vertical 
infiltration surface was formed when the water 
velocity was high. In particular, when the speed 
is slow, the dam body may be subjected to 
upward penetration from the foundation ground 
in addition to leftward penetration from the 
outside of the embankment. This results in 
buoyancy and the formation of water channels in 
the foundation ground to cause piping.  
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Fig.8.1 Transition of saturation of each element 

 

 
 

Fig.8.2 Transition of saturation of each element 
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Fig.7  Position of each element 
 
 
 
 
 



 

136 
 

10th Int. Conf.  on Geotechnique, Construction Materials and Environment,  
Melbourne, Australia, 11-13 November 2020, ISBN: 978-4-909106049 C3051 

 
 

ANALYTICAL STUDY ON QUALITY EVALUATION OF 
EMBANKMENT STRUCTURE WITH A VIEW TO LONGER LIFE 

Emika Nakamura1, Shin-ichi Kanazawa2 

 
1 Social Environmental Systems Engineering Course，National Institute of Technology, Fukushima 

College, Advanced Course Program, Japan 
2Civil and Environmental Engineering, National Institute of Technology, Fukushima College, Japan 

 
ABSTRACT 

 
In recent years, the demand for quality evaluation of earth structures has been increasing, coupled with a strong 

demand for cost reduction in construction projects. In order to respond to such social trends, it is urgently necessary 
to carefully examine the design conditions and construction processes for earth structures. At present, mechanical 
construction capability and the number of experienced site technicians are improving, and it is necessary to study 
the construction conditions that will lead to the quality of the embankment from a long-term perspective. 
Additionally, in the future, simplification of work such as high-speed construction using AI or unmanned operation 
will be required. Therefore, in this study, we evaluate the change in stress during long-term service by performing 
the analysis after changing the rolling strength and the spreading thickness construction conditions of the 
embankment. Understanding the effects of these techniques will contribute to shortening the construction period 
with a view to extending the life of the embankment. 

 
Keywords: Embankment, Longer life, Cost reduction, Finite element method 
 
 
INTRODUCTION 
  

Soil structures are compacted to improve stability 
and deformation characteristics. However, many 
cases of dikes collapse due to local torrential rains and 
typhoon torrential rains have been reported, and the 
collapse mechanism has not been completely clarified. 

The stability of the embankment against heavy 
rainfall is considered to depend strongly on four 
factors: the treatment of the foundation ground, the 
quality of the embankment material, the degree of 
compaction, and the treatment of water. Among these, 
the cause of embankment collapse in many cases is 
the treatment of water.  

Although embankment structures are initially 
properly drained according to land and environmental 
conditions, embankments frequently collapse. One 
causal factor is that the construction and maintenance 
of the embankment depends on engineer experience. 
Soil consists of three phases: a solid phase, liquid 
phase and gas phase, and the embankment and 
underlying ground below the water table are often in 
an unsaturated state containing air or dissolved air. It 
is considered that gas is dissolved and released into 
the liquid phase as the pore air pressure changes due 
to rainfall infiltration, resulting in volume 
compression. As a result, it is possible that current 
construction guidelines do not have sufficient 
drainage measures and embankment maintenance 
requirements to withstand recent heavy rainfall. In 
addition, drainage measures for the embankment and 
the time at which it is affected by rainfall are 
important factors. It is thought that the influence of 

rainfall during construction weakens the inside of the 
embankment, but timing of construction cannot be 
fixed, and the amount of rainfall received during 
construction varies. In addition, construction is 
generally not carried out in the rainy season, but in 
some cases this is unavoidable. To counter these 
adverse weather conditions, drainage measures are 
taken while paying attention to the weather, but the 
effects of rainfall during construction and the effect 
of the initial stress state at the completion of 
embankment have not been clarified. At normal sites, 
the embankment is exposed to climatic conditions, 
such as repeated dry and wet conditions, and the 
effects of the behavior of unsaturated soil cannot be 
ignored. Therefore, in order to obtain a precise initial 
stress state, it is necessary to consider the influence of 
the dry and wet mechanical conditions. It is also 
necessary to propose a method for estimating the 
initial stress state in consideration of the dry and wet 
mechanical conditions, such as rainfall and 
evaporation. 

In addition, mechanical construction capability on 
site and the experience of engineers are improving, 
and it is necessary to study the construction 
conditions that will lead to high quality embankment 
from a long-term perspective. Additionally, in the 
future, simplification of work, such as high-speed 
construction using AI and unmanned operation will 
be required. 

In this study, embankment analysis considering 
compaction and rainfall / evaporation history is 
performed using soil / water / air coupled finite 
analysis code. Differences in compaction strength of 
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the embankment, layer thickness of construction, and 
the amount of rainfall  are analyzed, and stress change 
during the long-term service process are evaluated. 
This analysis contributes to shortening the 
construction period with a view to extending the life 
of the embankment. In addition, by grasping the 
mechanical behavior inside the embankment through 
this analysis, this study also aims to enable 
understanding the design needed for required 
performance of the embankment in the future.  
 

RESEARCH METHOD  
 
Soil/Water/Air Coupled Finite Analysis Code 
 

The finite element analysis code (DACSAR-MP) 
[1] used in this study formulates the unsaturated soil 
constitutive model proposed by Ohno et al [2]. This 
model is framed as the soil/water/air coupled problem 
using the three-phase mixture theory. Equation (1) 
shows the effective stress. Equation (2) shows the 
base stress tensor and suction stress. Equation (3) 
shows suction.  
       

                                                      (1) 
 

                                          (2) 
 

                                      (3) 

 
Here, is the effective stress tensor; is the 

base stress tensor; is the second order unit tensor; 
is the total stress tensor; is the suction; is the 

suction stress; is the pore air pressure; is the 

pore water pressure; is the degree of saturation; 

is the effective degree of saturation; and is the 
degree of saturation at s→∞. Equations (4), (5), (6) 
and (7) provide the yield function.  
 

         (4) 

 
                        (5)  

 

                                           (6) 

                     (7) 

 
Here, is the shape parameter; is the plastic 

volume strain; is the q/p’ in the limit state; is 

the dilatancy coefficient; is the yield stress at 

saturation;  and are the parameters representing 

the increase in yield stress due to unsaturation; is 
the compression index; and is the expansion index. 
Equation (8) shows pore water velocity. Equation (9) 
shows air velocity. Pore water and air flow follow 
Darcy’s law.  
 

                                                 (8) 

                  (9) 

 
 Here, is the pore water velocity; is the air 

velocity; is the hydraulic conductivity; is the 

coefficient of air permeability; is the total head; 
is the unit weight of water; and is the 

pneumatic head. Equations (10)-(11) show hydraulic 
conductivity and the coefficient of air permeability by 
way of Mualem's [3] formula and the Van Genuchten 
[4] formula.  
 

            (10) 

            (11) 

 
Here, is the ratio of hydraulic conductivity; 

is the ratio of coefficient of air permeability;  

is the Mualem constant; is the hydraulic 

conductivity at saturation; is the coefficient of 
air permeability in dry conditions. Equations (12)-
(13) show the continuous formula of pore water and 
air using three-phase mixture theory.  

 
                                    (12) 

 
 (13) 

 
 Here, is porosity; is volumetric strain; and 

is atmospheric pressure. The elasto-plastic 
constitutive model obtained from Equation (4) and 
the equilibrium equation [Equations (12) - (13)] are 
formulated as the soil/water/air coupled problem.  
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STRESS ANALYSIS DURING THE SERVICE 
PROCESS 

 
Analysis Condition 

 

In this study, embankment analysis of 
embankment structure considering rainfall and 
evaporation was performed using unsaturated soil / 
water / air coupled finite element method analysis 
program (DACSAR-MP). Table 1 shows the material 
parameters used in the analysis, and Fig. 1 shows the 
moisture characteristic curve, where λ :the swelling 
index, κ :the compression index, M = (p'/q) :the stress 
ratio, nE : the fitting parameter of the EC model,  
a :parameter for determining the magnification of 
consolidation yield stress due to desaturation, m: 
unsaturated hydraulic conductivity parameters, Sr0: 
saturation of adsorbed water,  :  air permeability 
coefficient, ν: Poisson's ratio, Gs: soil particle 
specific gravity, and : saturated hydraulic 
conductivity. 
The analysis area is assumed to be foundation 

ground measuring 15 m in length x 45 m in width, 
with embankment 3 m wide at the top, 15 m wide at 
the bottom and 6 m high. The foundation ground has 
a saturation level of 50% up to 3 m from the ground 
surface, and a 90% saturation level deeper than 3 m 
from the ground surface. The displacement boundary 
was fixed vertically and horizontally at the lower end 
of the foundation ground, and the hydraulic boundary 
was drained at the top and bottom and undrained at 
the left and right. 
 

Table 1  material parameters  

  
 
 

 
Fig.1  Soil water characteristic curve  

  
 
 

Stress analysis conditions in the service process due 
to differences in construction conditions 

 
In this study, layer thickness and compaction 

strength are considered as construction conditions. 
Compaction was expressed by loading and 

unloading each layer under the load conditions of 300, 
600, and 900 kPa, after construction at 0.3 and 0.6 m 
layer thicknesses during a construction period of one 
month. Figure 2 shows the analysis area at a layer 
thickness of 0.3 m, and Figure 3 shows the analysis 
area at 0.6 m.  

 
Fig.2  Analysis area with a thickness of 0.3m 

 
Fig.3 Analysis area with a thickness of 0.6m 
 
Stress analysis conditions in the service process due 
to differences in climatic condition 

In this study, rainfall during  construction is 
considered a climatic condition. 
Because the amount of precipitation changes from 
month to month, the amount of precipitation the 
embankment receives during the civil engineering 
work will differ depending on the month in which  the 
construction is implemented. Therefore, by changing 
the construction time, the stress change due to 
differences in rainfall during construction will be 
investigated and compared. The rainfall history used 
in this study is shown in Fig. 4. For the rainfall 
applied during construction, the annual rainfall 
history of Fukuoka City in Fukuoka Prefecture in 
2010 was used to simulate average rainfall in Japan. 
For stress analysis during embankment service due to 

ak

wk

λ κ M m Sr0 ka(m/day)
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the differences in construction conditions, total 
rainfall of 1729 mm was corrected to one month, and 
rainfall of 144.1 mm was applied. For stress analysis 
in service due to different climatic conditions, we 
prepared 3 cases with characteristic rainfall, as shown 
in Fig. 4. 
These three cases provide the lowest rainfall in 

January, the highest rainfall July, and an average 
rainfall in April; i.e. 50.5mm in January, 199.5mm in 
April, and 453.5mm in July. These rainfall conditions 
were applied throughout construction, and then the 
embankment analysis was performed. 
 

 
Fig.4 Fukuoka Prefecture monthly rainfall and 
evaporation history (2010)[5] 

 
Analysis Result 

 
Stress analysis results in the  service process due to 
differences in construction conditions 
Figures 5 to 10 show the initial stress distributions 

under load conditions of 300, 600, and 900 kPa, 
divided into layer thicknesses of 0.3 and 0.6 m, 
respectively. 
From the average effective principal stress 

distribution in Fig. 5, no significant difference due to 
the difference in rolling compaction strength (300, 
600, 900 kPa) can be confirmed. The same is true 
when looking at the comparison based on layer 
thickness (0.3m, 0.6m). One notable difference is that 
the layer boundary at the layer thickness of 0.6 m is 
clearer than the distribution of layer boundaries at the 
layer thickness of 0.3 m. 

In all stress distributions, the average effective 
principal stress in the foundation ground is large, and 
the void ratio distribution is small, as shown in Fig. 7. 
This suggests that the embankment fully reflects the 
compaction effect from the e-logP' relationship. In the 
degree of saturation distribution shown in Fig.6, a 
discontinuity at the layer boundary of the 
embankment is apparent. From these visualizations, 
embankment with a layer thickness of 0.6 m has a 
larger discontinuous surface than with a layer 
thickness of 0.3 m, which tends to affect the 
compaction performance. Thus, although a change in 
the stress distribution due to the difference in layer 
thickness could be confirmed, there was no 
significant difference due to the compressive strength. 
Next, from the void ratio distribution in Fig. 7, it can 

be seen that there is a tendency for expansion due to 
the large void ratio value in the surface layer of the 
embankment, which indicates loose compaction of 
this region. It also seems that there is a change in the 
surface layer of the embankment at layer thicknesses 
of 0.3m and 0.6m. However, as the difference in value 
is about 0.001, it can be said that there is no 
significant difference due to layer thickness. Also, no 
significant difference due to compressive strength can 
be confirmed.  
Finally, from the shear strain distribution shown in 

Fig. 8, it can be confirmed that the morphology of 
surface slip has already appeared; although, the 
fracture risk is low because of the low shear 
distribution value. This is because this value at the 
surface layer is small, even when looking at the axial 
stress distribution in Fig. 9, suggesting that the 
embankment surface layer is likely to become weak 
during embankment. Therefore, caution is advised in 
theses cases, as the surface layer may be damaged if 
it is affected by heavy rain after construction. 
From the above, it can be said that there was almost 

no change in the initial stress due to the difference in 
rolling strength (300, 600, 900 kPa), and there was no 
significant change due to the layer thickness (each 
initial stress value) (0.3, 0.6 m). However, at a layer 
thickness of 0.6 m, large discontinuities occur at the 
layer boundaries, suggesting that different layer 
thicknesses affect compaction performance. In 
summarizing the results of the initial stress analysis 
due to the difference in the construction conditions, it 
can be said that the differences in the layer thickness 
and load conditions, which are the construction 
conditions, have little effect on each initial stress. 
 

 
Fig.5 Effective mean stress p’   

 

 
Fig.6 Degree of saturation Sr  
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Fig.7  Void ratio e 
 

 
Fig.8  Shear Strain εs 
 

 
Fig.9  Deviatoric stress q  
 

 
Fig.10  Suction s  

 
Stress analysis results in the  service process due to 
differences in climatic conditions  

This section describes the results of embankment 
analysis at applied rainfall of 50.5 mm in January, 
199.5 mm in April, and 453.5 mm in July. However, 
when comparing the initial stress distributions with 
different rolling strengths for each construction time 
by layer thickness, no stress change due to different 
loading conditions could be confirmed at any 
construction time. In examining this, it was 
determined that carrying out the stress analysis only 
for the embankment with a compaction strength of 
300 kPa would yield valid results. Therefore, Figures 
11 to 16 show the outline of each stress distribution 
of each layer thickness when the construction time 
was changed, using the analysis results at the 

compressive strength of 300 kPa. Precipitation 
increases in the order of January, April, and July.  
From Fig. 11, it can be confirmed that the effective 
stress in the embankment decreases as the amount of 
rainfall applied during construction increases. In 
addition, the distribution of the void ratio, as shown 
in Fig. 13, increases at the embankment surface layer 
in the order of January, April, and July. From these 
tendencies, it can be said that the embankment surface 
layer is loosely compacted. Furthermore, the value of 
the void ratio in the lower part of the embankment 
becomes smaller as the amount of rainfall increases, 
which suggests that the self-weighting effect of 
rainfall causes the interior of the embankment to 
become dense. A similar tendency can be confirmed 
from the shear strain distribution in Fig.14. Also, 
although the shear strain in the surface layer of the 
embankment is large and the surface slip takes form, 
the risk of fracture is low at this point because the 
value is small. From the axial stress distribution 
shown in Fig. 15, it can be confirmed that the 
embankment surface layer during construction is 
weak. No significant difference in stress distribution 
due to layer thickness could be confirmed. As 
described above, changes in initial stress distribution 
due to differences in construction time, that is, 
differences due to rainfall during construction, were 
confirmed. In other words, it was found that levees 
constructed during periods of low rainfall were 
stronger than levees constructed during periods of 
high rainfall. The higher the rainfall, the higher the 
risk of damaging the weaker embankment surface. 

 

 
Fig.11  Effective mean stress p’ 

 

 
Fig.12  Degree of saturation Sr 
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Fig.13  Void ratio e 

 

 
Fig.14  Shear Strain εs 

 

 
Fig.15  Deviatoric stress q  

  

 
Fig.16  Suction s   
 
CONCLUSION AND FUTURE OUTLOOK 

From the results of this study, it was possible to 
confirm the effects of differences on the stress inside 
the embankment in construction conditions, which 
depended on the compaction strength and the layer 
thickness of the embankment, as well as climatic 
conditions, which depended on season of 
construction,. The stress analysis results during 
embankment service due to the difference in 
construction condition confirmed no change in the 
load conditions compared in this study but a 
difference in the size of the discontinuous surface that 

formed. As a result, there is almost no difference in 
compressive strength (300, 600, 900 kPa) and layer 
thickness (0.3m, 0.6m) due to differences in 
construction conditions over a long period of time. 
Therefore, at the present time, no problems are 
anticipated with carrying out the embankment 
construction a compressive strength of 300 kPa, 
which can reduce costs, and a layer thickness of 0.6 
m, which can shorten the construction period. 

The stress analysis results during embankment 
service due to the difference in climatic conditions 
confirmed that dikes constructed during the low 
rainfall season are stronger than dikes constructed 
during the high rainfall season. In other words, it is 
advisable to build levees during periods of low 
rainfall. However, it is necessary to continue studying 
heavy rainfall after construction and changes in stress 
distribution after several years. In summary, climatic 
conditions are more likely to change embankment 
stress conditions than construction conditions. 
However, these results are only trends at this stage. In 
the future, we would like to study additional 
construction conditions and climatic conditions and 
consider various process scenarios. The changes in 
stresses during long-term use of levees can also be 
assessed by analytically examining how these 
differences change the internal stresses of levees after 
decades. From the viewpoint of extending the life of 
these structures, it is also possible to conduct 
feedback analysis after the embankment is 
constructed and to monitor vulnerable points. 
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ABSTRACT 

Since the late 1990s, the changing of groundwater level in the aquifer beneath Bangkok has been realized 
because the enforcement of groundwater laws and improvement of water supply have been adopted. Then, the 
groundwater with piezometric drawdown has rising to almost hydrostatic equilibrium. In the principle of soil 
mechanics, when the porewater pressure in soil mass increases, the effective stress decreases. This can affect to 
underground structures. Under the soft ground condition such as Bangkok, Thailand, pile foundations are 
commonly constructed to support structures. With decreased effective stresses, the loss of ultimate load carrying 
capacity of existing piles can be occurred and the structures can be damaged. This research investigates the effects 
of the groundwater rising on pile foundation in Bangkok subsoil. Advanced numerical model with the fully coupled 
flow deformation analysis, both groundwater flow and soil deformation behaviors with time dependent conditions 
are modelled, is conducted by using PLAXIS 2D code. The results found that the calculation type of fully coupled 
flow deformation can express the pile-soil movement behavior. The pile-soil heave and the pile load capacity be 
significantly reduced during the groundwater rising event. Despite the reduction of pile load capacity with 
groundwater changed not enough to failure (Factor of safety <1.0), the pile stability should be concerned and the 
optimum groundwater level must be controlled. 

Keywords: Groundwater rising, Pile capacity, Numerical modeling, Bangkok subsoil, Fully coupled flow 
deformation analysis 

INTRODUCTION 

In the past, Bangkok has been mainly taken the 
water resource from deep well pumping from aquifers 
underneath the city. Specifically, the groundwater 
pressure was declined to 31 m below ground surface 
(m bgs) in 1997 in central city area (Rommaninat 
Park) [1]. After that, the groundwater level was 
slightly increased, the Thailand Department of 
Groundwater Resources prompted the policy. 

Groundwater levels are rising in many urban areas 
because of reduced pumping from the underlying 
aquifers for industrial processes. That is a problem 
common to many cities founded and effected on 
underground structures (i.e., metro tunnels, deep 
foundations, etc.). Recent many researches, an 
increasing trend in groundwater level due to the 
deindustrialization process was observed in urban 
aquifers all around the world: Aswan (Egypt), 
London (England), Paris (France), Naples (Italy), 
Milan (Italy), Tokyo (Japan) and Bangkok (Thailand). 
The groundwater pressure rising in the urban areas 
was the result of a decreasing in groundwater 
pumping, which was not appropriately managed. That 
thus caused damages to underground structures and 
infrastructures. 

Pile foundations are commonly installed to carry 
loads from building into the soil by skin friction and 
end bearing. The increasing of porewater pressure 
leads to decreasing of the effective stresses, a loss in 

ultimate load carrying capacity of existing piles are 
occurred. Recently research investigated the impact 
of the groundwater rising in Bangkok, for example, 
[2], [3] to study effects of groundwater drawdown and 
rebound from deep well pumping in Bangkok on 
piled foundation of buildings. They reported that for 
a short pile of length in the order of 30 m, the bearing 
capacity may be reduced by 40% in the future when 
the groundwater level is allowed to rebound close to 
the ground surface for the pile installed during the 
period of maximum ground drawdown in 1997. 
However, they considered only analytical method on 
pile capacity. In this research, the numerical model 
was carried out to investigate the pile behavior due to 
the rising groundwater event. A Fully coupled flow-
deformation analysis is conducted to analyse the 
simultaneously development of deformations and 
pore pressures in saturated and partially saturated 
soils as a result of time-dependent changes of the 
hydraulic boundary conditions [4], [5]. The pile-soil 
movement, load distribution along the pile, and the 
reduction of pile capacity were observed. 

GEOLOGY AND HYDROGEOLOGY OF THE 
STUDY AREA  

The data obtained from central plain area of 
Thailand are used for this study. During the past 50 
years, the study area, has been rapidly developed with 

https://egsp.lyellcollection.org/content/3/1/75
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urbanization, especially Bangkok, the capital of 
Thailand. The geology and hydrogeology beneath the 
study area are significantly changed. Thus, the 
geological and hydrological change of this area have 
been studied by many researchers. However, there are 
well-documented reports in few literatures [1], [6]. 

The geology conditions of study area were 
covered by the marine and alluvial deposits. At the 
shallow depth of the entire area, the subsoils were 
almost uniform with consisting of soft clay, stiff clay 
and sand.  At the greater depth, the stiff to hard clay 
and dense sand layers were found. The first dense 
sand layer with thickness ranging about 5-10 m is 
generally located below stiff clay layer (the depth of 
about 20-25 m from the ground surface). The hard 
clay layer was found underneath first dense sand layer. 
Second dense sand layer locating at depth about 45-
60 m from ground surface is below the hard clay layer. 

Bangkok aquifer system is identified as 8 aquifers 
by JICA [6] with continuous relatively impermeable 
aquitards (clay layers). Each layer with a thickness of 
30-70 m, from ground surface consisting of the 
Bangkok (BK), Phra Pradeang (PD), Nakorn Luang 
(NL), Nonthaburi (NB), Sam Khok (SK), Phayathai 
(PT), Thonburi (TB) and Pak Nam (PN) aquifers, 
respectively. Groundwater is mainly pumped from 
the PD, NL and NB aquifers at the depths about 100 
m to 200 m.  

In the past decade, the groundwater demand for 
utility and industrial systems was very high as shown 
in Fig. 1. [1], [7]. With serious controlling the amount 
of water pumping and utilizing the tap water supply, 
the groundwater pumping decreased while the trend 
of piezometer rise up to the hydrostatic after 1997. 
This current research focuses on PD aquifer (about 
100 m bgs) due to the rising trend of piezometer may 
impact to the pile.  

Fig. 1 Piezometric levels changed with time in 
Bangkok [1] 

NUMERICAL MODELING OF PILE 
 FOUNDATION ANALYSIS 

Reference case 

The geological condition and static pile load test 
pile data of Silom-Sathon located in the inner-city 
zone of Bangkok are used to model in this research. 
Construction of this building was completed in 1999, 
having 20 floors. The pile foundation of this building 
was installed during the period of maximum 
groundwater drawdown (1997-1999). The bored pile 
diameter of 1m with pile tip of -55 m bgs was 
constructed by using wet process.   

The change of groundwater levels with time at 
Phrapadaeng aquifer for modelling was acquired 
from observation data at the monitoring groundwater 
station PD0023(Fig. 1), where was located at 
Metropolitan Electricity Authority Substation Thung 
Maha Mek(about 1 kilometers form the building 
reference). The rate of groundwater rising was 
approximated of +0.75 m/year from years 1997(GWL 
-30 m bgs) to 2037(GWL -0 m bgs) 

Modelling and Boundary Condition 

Soil model and Parameters 
Finite element (FE) method using software 

PLAXIS 2D was used to investigate the mechanical 
behavior of single piles foundation under axial load 
and groundwater level rising load on Bangkok soft 
clay. The Linear-Elastic Perfectly-Plastic Mohr-
Coulomb model and hardening soil with small strain 
stiffness (HSS) model which can simulate stiffness 
dependent on stress, strain and paths was applied. 
Parameters were adopted and modified from [1], [8]-
[10], who studied and calibrated the model 
parameters for Bangkok soils. All parameters are 
summarized in Table 1.  

The numerical result of pile load test was 
compared with monitoring data in field test as shown 
in Fig. 2. The failure load of 1600 ton was evaluated 
by Mazurkiewicz(1972)’s method. The working load 
of 640 ton are applied on the pile head for this study 
that was considered with factor of safety (F.S) of 2.5. 

Fig. 2 Measured load settlement curve compared with 
field test and numerical analysis 
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Table 1. Model parameters used in analyses 

Fig. 3 Geometry of the problem and 2D Finite 
element mesh used in this analysis 

Geometry Model and Boundary Condition 
 The 2D FE mesh indicating the single bored pile, 
soil profile and element discretization is depicted in 
in Fig. 3. The bored pile with diameter of 1.0 m and 
depth of 55.0 m bgs is considered.  For the 
displacement boundary conditions, all vertical sides 
were restrained against lateral movement but 
permitted for vertical movements. The bottom of the 
mesh was fixed (no movement all directions). For the 
ground water condition, groundwater flow on bottom 

mesh is set to be no flow condition (no vertical flow) 
while the horizontal flow is set in all vertical side of 
mesh. The groundwater head was controlled by flow 
functions, the groundwater level change with time 
dependent was defined in this step. The size of model 
is 80 m for width and 100 m depth. The size of model 
is greatly larger than the required distance of six times 
the pile diameter at the side and the pile base.  

The analysis steps 
This analysis focus on the pile-soil movement, 

load distribution along the pile, and the reduction of 
pile capacity during groundwater level rising event. 
The soil without piled in initial stage, the groundwater 
starts from the ground surface (Hydrostatic pressure) 
was controlled by flow function to decrease of -0.75 
m/year in 40 years. Then, the pile foundation of this 
building was installed during the period of maximum 
ground drawdown (1997). The load at top of pile was 
maintained to constant by working load for a period 
of 40 years that had been rising of groundwater rate 
of +0.75 m/year.   

  In the first step, stress in soils was initialized 
according to K0,NC. After that, bored pile was 
constructed, Rinter between pile and soils were 
active. This model was assumed that the soil 
displacement has not occur during the bored pile was 
installing. For pile loading, Surface load is applied on 
cross section area of pile by 8120 kN/m2 or 640 ton 
(working load). In groundwater rising step, the 
groundwater level changing with time dependent was 
defined. The calculation type to Fully coupled flow 
deformation analysis is condition in this step. The 
time interval are 14,600 days (Approximate 40 years 
from 1997 to 2037). The groundwater rising was 
defined rate +0.75 m/year. The groundwater head 
with time of this model was presented in Fig. 4, that 

Parameters Unit Weathered 
clay Soft clay Medium stiff 

clay 
Stiff to very 

stiff clay 1st Sand 2nd sand Hard clay Pile 

Model - MC HS Small HS Small HS Small MC MC HS Small Linear elastic 
Material type - Undrained Drained Drained Drained Drained Drained Drained Non-porous 

 kN/m3 17 16.5 18 20 20 20 20 24(Unsat) 
E50

ref kN/m2 E’=6000 800 1650 8500 E’=85800 E’=85800 30000 E =2.70E7 

Eoed
ref kN/m2 - 850 1650 9000 - - 30000 - 

Eur
ref kN/m2 - 8000 5400 30000 - - 120000 - 

power (m) - - 1.00 1.00 1.00 - - 1.00 - 
C'ref kN/m2 Su=40 1.00 10.00 25.00 0.1 0.1 40.00 - 

 degree 0 23 25 26 36 37 24 - 
 degree 0 0 0 0 5 5 0 - 
 - - 0.05000 0.00100 0.00100 - - 0.00150 - 

G0
ref kN/m2 - 10000 16000 50000 - - 124000 - 

v'ur - 0.30 0.20 0.20 0.20 0.30 0.30 0.20 v(nu) = 0.15 
Pref kN/m2 - 100 100 100 - - 100 - 
K0

nc - - 0.74 0.65 0.50 0.5 0.5 0.50 - 
Rf - - 0.90 0.90 0.90 - - 0.90 - 

Rinter - - 0.75 0.75 0.75 0.75 0.75 0.75 1 
OCR - - 1.2 2 2 - - 1.1 - 

kx m/day 8.640E-7 8.640E-5 8.640E-4 8.640E-4 1.600 0.800 8.640E-5 - 
ky m/day 8.640E-7 8.640E-5 8.640E-4 8.640E-4 1.600 0.800 8.640E-5 - 

Weathered clay 

Soft clay 

Medium stiff clay 

Stiff to very stiff clay 

1st Sand 

Stiff to very stiff 
l  

2nd sand 

Hard clay 

Pile Tip. at -55.0 m bgl  

Pile Top. at -0.0 m bgl  Pile Load 
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related to piezometric levels changed with time in 
Bangkok at PD0023 in Fig. 1. The summaries of stage 
modeling and pile-soil movements during the 
groundwater changing were demonstrated in Fig. 4, 
the ground surface movements depend on 
groundwater head changing, the similarly behavior 
was presented in full field test by Armishaw and Cox 
[11], and the pile foundation show less heave than the 
surrounding soil surface during the groundwater 
rising event as  a results of centrifuge tested by 
Morrison [12], [13]. 

Pile head Groundwater head 
Ground surface

Fig. 4 Pile-soil movements with groundwater 
changing in the model. 

RESULTS AND DISCUSSIONS 

Pile-soil movement 

The pile-soil movements before and after the 
groundwater rising event was showed in Fig.5, the 
pile foundation and the soil heave. The large soil 
heave was found near the soil surface. However, the 
pile foundation show less heave than the surrounding 
soil above neutral point (level of zero pile soil 
displacement), that represents decreasing of friction 
force between soil and pile because the effective 
stress was reduced by the rising groundwater. The 
behaviors were seen to effect pile settlement relative 
to the ground surface during the rising of 
groundwater. 

Stress distribution in pile 

Fig. 6 shows vertical stress distribution along the 
depth under the friction pile. Which represent stress 
profile at each year. The neutral point demonstrating 
the depth of soil causing pile settlement relative to the 
surface of pile. According to groundwater level 
raising, the soil surround pile surface was forced by 

uplift, cause the pile was heave. The load distribution 
was transferred form compression zone to tension 
zone. For after rising groundwater event, the end 
bearing was expressed at the end of pile.  

 
 
 
 
 
 

       Vector of soil movement.      Before groundwater rising (1997).  

       Vector od Pile movement.      After groundwater rising (2037). 

Fig. 5 Soil displacement at varies depth after 
groundwater rising event 

 

 

Fig. 6 Stress distribution along the pile during 
groundwater level rising event 

Pile capacity 

The reduction of pile capacity was represented in 
Fig.7. The magnitude of pile settlement was decided 
at -20 mm, comparable to that of the pile capacity 
reduce by 20%, that relative to the loss of the ultimate 
load for the increased pore water pressure. Despite to 
the pile will not reach up to fail, but the some of pile 
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that have less of factor of safety (F.S.) must 
reconsider to the stability of the pile. 

Fig. 7 Reduction of pile capacity. 

CONCLUSIONS 

The fully coupled flow deformation analysis, both 
groundwater flow and soil deformation behaviors 
with time-dependent conditions in Plaxis program 
can express the pile-soil movement behavior, that 
correspond the previous study in a full field test and 
centrifuged test by Armishaw and Cox [11] and 
Morrison [12], [13] respectively.  The results of the 
numerical modelling found that: 

- The pile foundation show less heave than the 
surrounding soil surface during the groundwater 
rising event. 

- The load distribution along the pile was 
transferred form compression zone to tension 
zone at lower part near neutral point of the pile. 

- The pile load capacity be significantly reduced 
by the increase in groundwater head. 

Despite the reduction of pile load capacity with 
groundwater changed not enough to failure (Factor of 
safety <1.0), the pile stability should be concerned 
and the optimum groundwater level must be 
controlled. 
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ABSTRACT 
 

In recent years, with the increase in sudden heavy rainfall, such as typhoons and guerrilla heavy rain, there 
are many reports of the collapse of soil structures on a global scale. People are suffering from the danger of soil 
structure disasters almost every year. This is partly due to the analysis of the factors leading to the collapse of soil 
structures and the fact that the mechanisms are not fully understood. In this study, the ground behavior of 
embankment and river embankment considering rainfall and rising water level were examined using the air-
dissolved unsaturated soil / water / air coupled finite analysis code. In the current analysis code for unsaturated 
soil, “ 0ρ =g ” is used in the incremental balancing equation. Therefore, it is not possible to consider the influence 
of a state change due to external factors, that is, the change of the unsaturated density. The purpose of this study 
is to propose an incremental balancing equation applied to unsaturated soil and reflect it in the conventional 
analysis code. In this way, this study attempts to construct an analysis code that considers density change due to 
external factors in unsaturated soil. 
 
Keywords：Numerical analysis, Density change, Unsaturated soil, Finite element method 
 
 
INTRODUCTION 
 

In recent years, due to the effects of global 
warming, sudden heavy rains such as typhoons and 
guerrilla heavy rains are increasing. Along with this, 
there are many reports of collapse of and damage to 
soil structures on a global scale. Even in Japan, due to 
the effects of Typhoon No. 19 in 2019, about 140 
river dikes broke and suffered enormous damage 
nationwide [1]. At that time, many river dikes under 
the jurisdiction of the country, such as the YOSHIDA 
River (Miyagi), the ABUKUMA River (Fukushima), 
and the CHIKUMA River (Nagano), broke. This was 
partly due to the analysis of the factors leading to the 
collapse of soil structures and the fact that the 
mechanisms are not fully understood. Therefore, it is 
urgently necessary to understand the behavior of the 
foundation ground of soil structures over a long 
period of time. In geotechnical engineering, there are 
many studies looking at the optimal design of an 
embankment structure that focus on predicting the 
structure’s long-term performance by using 
numerical analysis. In this laboratory, we have 
clarified the ground behavior of embankment and 
river embankment considering rainfall and rising 
water level using the air-dissolved unsaturated soil / 
water / air coupled finite analysis code "DACSAR-
MP"[2]. However, in the current analysis code for 
unsaturated soil, the term of the density change over 
time in the incremental balancing equation is                  
" 0ρ+ =σ g " is " 0ρ =g ". For this reason, the 

current analysis cannot consider state change due to 
external factors, that is, the influence of the density 
change of the unsaturated state. This is because the 
time change of the density “ ρ ” is not formulated. 
Therefore, the purpose of this research is to propose 
an analysis code considering the time change of the 
density by newly proposing the time change of the 
density and reflecting it in the DACSAR-MP program. 
In addition, we compare the analysis results with the 
conventional analysis code (without density change) 
and the newly constructed analysis code (with density 
change) to verify the usefulness of the change. 

 
DENSITY CHANGE OVER TIME 
 
Necessity 
 

In conventional finite element analysis, it is not 
possible to consider the effect of state change due to 
external factors, that is, the effect of unsaturated 
density change. Taking the collapse of a river 
embankment as an example, overflow, erosion, 
seepage, and earthquakes are all causes of river 
embankment failure due to fluctuations in external 
water level. Of these, three, excluding earthquakes, 
are due to rainfall. Therefore, using the existing 
analysis code, we have tried to understand the 
behavior of soil structures by performing analysis 
with rainfall and water level rise for the river 
embankment. However, the existing analysis code 
cannot consider the effect of unsaturated density 
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change. In other words, it is impossible to obtain more 
accurate analysis results because the density does not 
change with time, and it is not possible to consider the 
inflow and outflow of water into the ground. 
Therefore, it is necessary to propose the equilibrium 
formula of unsaturated soil for more precise analysis. 

 
Proposal of a Term for Density Change with 
Time 
 

First, Equation (1) shows the relationship of 
relative densities in each phase. 
 

( , , )M V s f a
V V
α α

α αρ ρ α= = =                         (1) 

 
Here, the relative volume of each layer is 

expressed as follows from the relationship between 
the void ratio, porosity, and saturation and the three-
phase diagram of soil. Equations (2), (3), and (4) are 
the relative volumes of the soil, liquid, and gas phases 
in this order. 
 

1 (1 ) 1
1

sV n n n n
V e e n

−
= = = = −

+
                     (2) 

 
w
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vv
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−
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                  (3) 

 
(1 )a s w

r
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V V

− −
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From this, the relative density of each phase is 

as follows. Equations (5), (6), and (7) are the relative 
densities of the soil, liquid, and vapor phases in this 
order. 
  

(1 )s snρ ρ= −                                                   (5) 
 

w r wnSρ ρ=                                                      (6) 
 

(1 )a r an Sρ ρ= −                                                 (7) 
 

Therefore, Equation (8) shows the overall 
density relationship. 
 

s w aρ ρ ρ ρ= + +                                              (8) 
 

Next, let us consider the time variation of the 
density of each phase. Equations (9), (10), and (11) 
are the changes over time in the density of the soil, 
liquid, and gas phases. 
 

((1 ) )s s sn nρ ρ ρ= − = − ・                                       (9) 
 

( )w r w r w r wnS nS nSρ ρ ρ ρ= = +  ・                            (10) 

( (1 (1) ) )a r a r a r an S n S Snρ ρ ρ ρ= − −= −  ・                 (11) 
 

Finally, the time variation of the overall density 
is expressed by Equation (12), so ρ  is proposed as 
in Equation (13). 
 

s w aρ ρ ρ ρ= + +                                                (12) 
 

(1 )s r w r w r a r anS nS n S Sn nρ ρ ρ ρ ρ ρ= −− + + + −             (13) 

 

Fig. 1 Three-phase diagram of soil 
 
Density Change Reflected in the Analysis Code 
 

For the effective stress equation considering the 
term of density change with time, which was 
proposed in the previous section, weak formulation 
was performed. After that, spatial discretization was 
performed using the finite element method. 
Furthermore, time discretization was performed by 
the Euler method. This formula, reflected in the 
program of the analysis code "DACSAR-MP" (see 
the next chapter), is used in this laboratory, and a new 
analysis code was created in consideration of the 
effect of temporal density changes. 
 
SOIL / WATER / AIR COUPLED FINITE 
ANALYSIS CODE 
 

The finite element analysis code “DACSAR-MP” 
[2] used in this study formulates the unsaturated soil 
constitutive model proposed by Ohno et al [3]. This 
model is framed as the soil/water/air coupled problem 
using the three-phase mixture theory. Equation (14) 
shows the effective stress. Equation (15) shows the 
base stress tensor and suction stress. Equation (16) 
shows suction.  
 

                                                       (14) 
 

                                        (15) 
 

= + spnetσ' σ 1

,a s ep p S s= − =netσ σ 1   
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                                     (16) 

 
Here, is the effective stress tensor; is the 

base stress tensor; is the second order unit tensor; 
is the total stress tensor; is the suction; is the 

suction stress; is the pore air pressure; is the 

pore water pressure; is the degree of saturation; 

is the effective degree of saturation; and is the 
degree of saturation at s→∞. Equations (17), (18), 
(19) and (20) provide the yield function.  
 

             (17) 

 
                    (18) 

 

                                         (19) 

 
                        (20) 

 
Here, is the shape parameter; is the 

plastic volume strain; is the q/p’ in the limit state; 
is the dilatancy coefficient; is the yield stress 

at saturation;  and are the parameters 
representing the increase in yield stress due to 
unsaturation; is the compression index; and is 
the expansion index. Equation (21) shows pore water 
velocity. Equation (22) shows air velocity. Pore water 
and air flow follow Darcy’s law.  
 

                                               (21) 
 

                (22) 

 
Here, is the pore water velocity; is the air 

velocity; is the hydraulic conductivity; is the 

coefficient of air permeability; is the total head; 
is the unit weight of water; and is the 

pneumatic head. Equations (23)-(24) show hydraulic 
conductivity and the coefficient of air permeability by 
way of Mualem's [4] formula and the Van Genuchten 
[5] formula.  
 

      (23) 

 

            (24) 

 
Here, is the ratio of hydraulic conductivity; 

is the ratio of coefficient of air permeability;  

is the Mualem constant; is the hydraulic 

conductivity at saturation; is the coefficient of 
air permeability in dry conditions. Equations (25)-
(26) show the continuous formula of pore water and 
air using three-phase mixture theory.  
 

                                       (25) 
 

              (26) 

 
Here, is porosity; is volumetric strain; 

and is atmospheric pressure. The elasto-plastic 
constitutive model obtained from Equation (17) and 
the equilibrium equation [Equations (25) - (26)] are 
formulated as the soil/water/air coupled problem. 
 
COMPARATIVE ANALYSIS 
 

In this study, we examined the validity of the 
newly proposed analysis code that includes the effect 
of temporal density changes. Analyses were 
performed using the conventional analysis code that 
does not consider the influence of temporal density 
change (hereinafter, old analysis code) and the 
analysis code proposed here that considers the 
influence of temporal density change (hereinafter, 
new analysis code). The two analysis codes were used 
under the same analytical conditions, and a 
comparative study was conducted. 
 

Analysis Condition 
 

The new and old analysis codes for the soil / water 
/ air coupled finite code "DACSAR-MP" [2] were 
used under the same conditions. 

 
Moisture characteristic curve used by analysis 
 

For a soil-water characteristic curve model, a 
model capable of hysteresis expression, as proposed 
by Kawai et al. [6], is used. In addition, to determine 
the logistic curve in the case of DRY and WET, 
derived from arbitrary suction and the degree of 
saturation, the logistic curve equation of Sugii and 
Uno [7] was used. This makes it possible to grasp the 
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moisture conditions of sloped ground where a 
complex water balance occurs. Figure 2 shows the 
soil-water characteristic curve used in this study. 

 
Fig.2 Soil water characteristic curve 
 
Material parameters 
 

Table 1 shows the material parameters used in 
this study. Material parameters were determined 
considering the results of previous studies by Honda 
et al [8]. Here, λ is the compression index; κ is the 
swelling index; M is the marginal state parameters; m 
is the unsaturated permeability coefficient of 
Mualem; n is the 𝑬𝑬𝒄𝒄  model parameters; 𝒏𝒏𝑬𝑬 is the 
magnification ratio of yield surface; 𝒆𝒆𝟎𝟎is the initial 
gap ratio; ν is the Poisson’s ratio; and 𝑺𝑺𝒓𝒓𝟎𝟎  is the 
critical degree of saturation. 
 
Table 1 Material parameters 

 
In this analysis, the sand-mixed silt used for 

general soil structures is assumed. 
 

 
Fig. 3 Permeability coefficient 
 
Analysis model 
 

Figure 4 shows the analytical model used for the 
comparative analysis. The numbers in the figure 
indicate element numbers. The displacement 
boundaries are as follows. 
 

Upper side：Free 
Bottom：x, y axis fixed 
Right side：x-axis fixed 

Left side：x-axis fixed 
Here, the water head boundary is given an 

undrained condition. The air boundary is a non-
exhaust condition. 
 

 
Fig. 4 Analysis model 
 
Flow condition 
 

As the flow rate condition in this analysis,     
1.0×10-3m/day rainfall was applied to the upper 
surface of the model for 900 days (90000 steps). At 
this time, the daily average rainfall of 5.0×10-3m/day 
was calculated from the annual average rainfall of 
1529mm/year in Tokyo [9], and the rainfall was set 
so that it did not differ much from the actual rainfall. 
The initial saturation was 𝑺𝑺𝒓𝒓 = 𝟔𝟔𝟎𝟎%. 
 
Analysis Result 
 

In this study, we compare the analysis results of 
the new and old analysis codes regarding saturation, 
volume strain and total stress. In addition, for the new 
analysis code, we verified the reaction force at the 
bottom of the model. 
 
Saturation (𝑺𝑺𝒓𝒓) 
 

Figure 5 shows the degree of saturation values 
and the differences in the analysis using the new and 
old analysis codes at typical STEP numbers. (The 
difference is the result of the new analysis code minus 
the result of the old analysis code.) 

From Figure. 5, we can confirm the difference in 
the degree of saturation in the analysis using the new 
and old analysis codes. Here, both results show a 
similar degree of saturation increase as the number of 
STEPs increase. Furthermore, the evaluation is 
performed by focusing on the number of steps. First, 
from the time immediately after the analysis to the 
early stage of analysis, the results from the old 
analysis code show a slightly higher degree of 
saturation, but the difference is only 0.0095% at the 
time of STEP10000. In other words, from the time 
immediately after the analysis to the beginning, there 
is almost no effect due to the consideration of ρ  in 
the incremental balance equation. However, as the 
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number of STEPs increases, the difference in degree 
of saturation increases rapidly. Figure 6 shows the 
difference in degree of saturation between the new 
and old analysis codes. As shown here, the difference 
in saturation exhibits an exponential relationship. For 
this reason, the difference in degree of saturation in 
this analysis becomes noticeable at around STEP 
40000. Furthermore, it is clear that at STEP80000, the 
difference becomes a remarkable discrepancy of 
about 2.1%. 
 

 
Fig. 5 Change in degree of saturation 
 

 
Fig. 6 Difference in saturation between new and 
old analysis codes 
 
Total stress 
 

The changes over time of total stress in the 
analysis using the new and old analysis codes are 
shown below. Figure 7 shows the upper model, and 
Fig. 8 shows the lower model. As seen in Figs. 7 and 
8, the total stress value in the new analysis code 
exceeds the total stress value in the old analysis code 
in both the upper and lower parts of the model. This 
is the effect of the consideration of ρ  on the 

incremental balance formula. It is considered that the 
newly proposed 𝝆𝝆  term affects the distribution of 
total stress immediately after the analysis. This 
suggests that the density term has a large effect on the 
total stress. 

 
Fig.7 Total stress at the top of the model 
 

 
Fig.8 Total stress at the bottom of the model 
 
Reaction force verification 
 

In this study, we also verified the reaction force 
to confirm the consistency of the new analysis code 
considering the time variation of density. Figure 9 is 
a model that measures the reaction force. The model 
is a 1m x 1m element with nine nodes. The 
displacement boundaries are as follows.  
 

Upper side：Free 
Bottom：x, y axis fixed 
Right side：x-axis fixed 
Left side：x-axis fixed 
 

In addition, the water head boundary is an 
undrained condition and the air boundary is a non-
exhaust condition. As the flow rate condition, 10 days 
(1000 steps) of 𝟏𝟏.𝟎𝟎 × 𝟏𝟏𝟎𝟎−𝟐𝟐𝐦𝐦/𝐝𝐝𝐝𝐝𝐝𝐝 rainfall was 
applied to the top of the model. Table 2 summarizes 
the results. Table 2 shows the reaction force values at 
the main STEPs at the contact points at the bottom of 
the model, "No. 1, No. 2, No. 3," and their totals. As 
a result, the reaction force at the bottom of the model 
increases as the number of steps increases. This 
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confirms that the new analysis code is properly 
processing the flow rate condition, and the analytical 
consistency is therefore recognized. 

 
Fig.9 Reaction force verification model 
 
Table 2 Total stress value 

 
 
CONCLUSIONS 
 

First, the reaction force verification confirmed 
the consistency of the new analysis code. The analysis 
results using the new analysis code also confirmed 
that saturation and total stress tended to increase 
compared to the old analysis code. This demonstrated 
that the influence of the temporal change of density 
in the incremental balance equation cannot be ignored 
in the numerical analysis of unsaturated soil. It 
became particularly clear that the difference in the 
degree of saturation increases with the increase in the 
number of STEPs, suggesting that the difference 
becomes large in long-term analysis. Furthermore, in 
this study, analysis was performed considering the 
average flow rate in Japan. However, the change in 
the degree of saturation becomes more remarkable 
when the analysis considers a flow rate that 
corresponds to the sudden heavy rain which has 
frequently occurred in recent years. In other words, 

this strongly suggests that the effect of the change in 
density over time cannot be ignored. Moreover, many 
of the numerical analyses in geotechnical engineering 
aim at long-term prediction. Therefore, in long-term 
analysis, such as embankment analysis, a large 
difference between the results of the old analysis code 
and the new analysis code are expected. In the future, 
we will perform more detailed analysis, in addition to 
changing external factors, to confirm embankment 
behavior more precisely. 
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No.1 No.2 No.3 Total

250 1.128 3.963 0.657 5.749

500 1.364 4.719 1.020 7.102

750 1.638 5.562 1.452 8.652

1000 1.933 6.377 1.923 10.232
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ABSTRACT 

Aged embankment structures, affected by long-term seepage, are safety hazards. Internal erosion occurs when 

soil particles move inside open spaces and eventually flow out of embankment structures together with water. 

Among the types of internal erosion, the phenomenon whereby only the fine particles flow out, while the skeleton 

of the coarse soil particles remains, is called “suffusion”. It has been pointed out that changes in the skeletal 

structure cause changes in the strength of embankments. However, the behavior of suffusion and the factors that 

it affects are still unclear. The authors previously investigated the influences of suffusion on soil strength. In the 

present study, a modified triaxial compression testing system was established in order to simulate the suffusion 

inside specimens. A series of tests was conducted under conditions of different void ratios and filter pore opening 

sizes. Before and after the water was supplied to the specimens, drained triaxial compression was imposed on them. 

The amount of discharged soil and the turbidity of the drained water were examined after the tests. As a result, in 

many cases, both the peak and the residual strength decreased regardless of changes in the void ratio by suffusion. 

Moreover, no difference in the rate of internal erosion due to shearing was observed. 

Keywords: Suffusion, Internal erosion, Embankment structure, Seepage 

INTRODUCTION 

Aged embankment structures affected by seepage 

are safety hazards. The phenomenon by which soil 

particles move inside open spaces of the ground and 

eventually flow out of embankment structures 

together with water is called internal erosion. It is one 

of the main causes of embankment structure failures. 

There are four types of internal erosion. This paper 

focuses on one of them, “suffusion”. Suffusion is the 

phenomenon whereby only the fine particles flow out, 

while the skeleton of the coarse soil particles remains, 

as shown in Fig. 1. It has been pointed out that 

changes in the skeletal structure cause changes in the 

strength of the embankment [1], [2], [3]. However, 

suffusion behavior and the many factors that it affects 

are still unclear. In this study, a modified triaxial 

compression testing system was established in order 

to simulate the suffusion inside a specimen. In the 

apparatus, only fine particles can be discharged from 

the specimen through the sieve by seepage. A series 

of tests was conducted under conditions of different 

void ratios and filter pore opening sizes. Two 

approaches were taken in this study. First, to 

investigate the changes in the drained shear behavior 

of the soils affected by suffusion, drained triaxial 

compression was imposed on the specimen after 

water was supplied to it. Second, to investigate the 

influence of shearing on the suffusion behavior, the 

amount of discharged soil and the turbidity of the 

drained water were examined before and after 

shearing. Measuring the turbidity helped to capture 

the small suffusion behavior. 

TEST MATERIAL 

The soil samples used in this study contained 

decomposed granite soil collected in Ube, Yamaguchi, 

Japan and called “Ube Masado”. There are many 

reservoir embankments made of decomposed granite 

soil in the chugoku region of Japan. The fines content 

𝐹𝑐  of Ube Masado is 5.2%. Figure 2 shows the

physical properties and the particle size distribution 

of Ube Masado. The stability of the internal erosion 

of these soil samples was evaluated using the index 

proposed by [5], and it was found that internal erosion 

is likely to occur.  

Fig. 1 Image of suffusion 
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TEST METHOD 

Test Apparatus 

Figure 3 shows a schematic diagram of the 

modified triaxial compression apparatus used in this 

study with photos of the modified parts. It was 

produced by referring to the experimental apparatus 

designed by [6]. The soil specimens were 

approximately 50 mm in diameter and 100 mm in 

height. At the bottom, where each specimen was 

located, an acrylic plate, with 21 holes each having a 

diameter of 5 mm, and mesh with a diameter of either 

250 µm or 420 µm, were installed. One or the other 

of the meshes was selected for each experiment. 

These parts allowed only fine particles, smaller than 

the size of the sieve, to flow out of the specimen under 

the application of water flow. In addition, soil 

particles were easily discharged by providing a 

funnel-shaped depression in the bottom of the 

specimen and changing the size of the tube located 

between the pedestal and the lower tank from one 

with an inner diameter of 2 mm to one with an inner 

diameter of 4.5 mm. The upper and lower tanks were 

connected to the upper and lower parts of the 

specimen, respectively, and the difference between 

the water level of the upper and lower tanks gave the 

specimen a downward seepage flow. The drainage, 

consisting of discharged water and soil particles, 

collected in the lower tank.  

Test Procedure 

Preparation of Specimens 

All the soil specimens were prepared by the moist 

tamping method and had the same initial water 

content (𝑤 = 10%). The specimens here were made 

with various void ratios, 𝑒, in the range of 0.45 to 0.65. 

After placing each specimen on the pedestal, the 

saturation process was conducted in the same way as 

that in general triaxial compression tests. After the B 

value was 0.95 or greater, all the specimens were 

isotopically consolidated to the mean effective stress 

of 30 kPa. Up to this point, the procedure is the same 

for all the specimens. Three tests, called “NE: No 

Erosion”, “EBS: Erosion Before Shearing”, and 

“EAS: Erosion After Shearing”, respectively, were 

performed after this process. The procedure for the 

three tests will be described in the following.  

Pattern 1: NE (No Erosion) 

These tests were performed to investigate the 

drained shear behavior of the soil affected by no 

erosion. After the consolidation process, a drained 

shear test was performed with an axial strain rate of 

0.5 %/min until the axial strain reached 15%.  

Pattern 2: EBS (Erosion Before Shearing) 

These tests were performed to investigate the 

changes in the drained shear behavior of the soil 

affected by erosion in comparison to the results of NE. 

After the consolidation process, the difference 

between the water levels in the upper and lower tanks 

was adjusted to approximately 500 mm, and initial 

hydraulic gradient 𝑖  was 5. The hydraulic gradient 

was defined as 

𝑖 =  
∆ℎ

∆𝐿
(1) 

where ∆ℎ  is the water head difference (difference 

between the water levels in the upper and lower tanks) 

and ∆𝐿 is the height of the specimen.  

It should be noted that the hydraulic gradient in 

this study (a value of 5) was too high compared to the 

critical hydraulic gradient. However, suffusion did 

not occur in the case of the lower value, and the tube 

Fig. 2 Physical properties and particle size 

distribution curves 

Fig. 3 Schematic diagram of apparatus used in this 

study 
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was clogged with discharged soil particles in the case 

of the higher value. Therefore, this value of hydraulic 

gradient was adopted in the present study.  

After the consolidation process, the permeation 

process was performed until the lower tank was full 

(about 785 ml). In this process, the seepage direction 

was downward and suffusion occurred. The change in 

axial displacement was measured by an LVDT 

displacement sensor. Next, a drained shear test was 

performed at an axial strain rate of 0.5 %/min until 

the axial strain reached 15%.  

Pattern 3: EAS (Erosion After Shearing) 

These tests were performed to investigate the 

influence of shearing on the suffusion behavior. After 

the consolidation process, a drained shear test was 

performed at an axial strain rate of 0.5%/min until the 

axial strain reached 15% by the same method as NE. 

The permeation process was then performed with the 

same hydraulic gradient as EBS, while maintaining 

the axial strain of 15%.  

After EBS and EAS Tests 

After the EBS and EAS tests, the amount of 

drainage and the turbidity of the drainage were 

measured. Then, the mass of the discharged soil 

particles was measured after they had been oven dried. 

TEST RESULTS 

Status of discharged soil particles 

Table 2 shows the test conditions in this study. 

Each parameter is explained in a note located below 

the table. Erosion rate 𝑅𝑒 was defined by [1] as

𝑅𝑒 =
𝑚𝑑 

𝑚 0

× 100 (%) (2) 

where 𝑚𝑑  is the dry mass of the discharged soil

particles and 𝑚 0  is the initial dry mass of each

specimen.  

Figure 4 shows the relationship between 𝑒𝑏  and

𝑅𝑒. 𝑅𝑒 is generally low, namely, 0.7% or less. When

using the mesh 250 µm in diameter, 𝑅𝑒 is higher as

the specimen becomes denser. On the other hand, 

when using the mesh 420 µm in diameter, 𝑅𝑒  is

relatively higher as the specimen becomes looser. It 

was found in this study that suffusion is likely to 

occur with the combination of the 420-µm diameter 

mesh and a loose specimen. There was no difference 

in 𝑅𝑒between EBS and EAS.

Figure 5 shows the relationship between the 

concentration and the turbidity of the drainage. 

Concentration 𝑆𝑆 is defined as  

𝑆𝑆 =
𝑚𝑑 

𝑉𝑑𝑤
(3) 

where 𝑚𝑑  is the dry mass of the discharged soil

particles and 𝑉𝑑𝑤 is the volume of discharged water.

The relationship between the concentration and 

the turbidity of the calibration suspensions is also 

shown in Fig. 5. Four calibration samples were taken 

from the Ube Masado using four sieves, with mesh 

sizes of 75 µm, 106 µm, 250 µm, and 420 µm, and 

named C75, C106, C250, and C420, respectively. 80 

types of suspensions were made, and their turbidity 

was measured. The 80 types of suspensions differed 

in calibration samples (4 types: C75, C106, C250, and 

Table 2 Test conditions in this study 

Test-ID 𝑒0 𝑒𝑎𝑐 𝑒𝑎 𝑒𝑏 
𝑅𝑒

(%) 

NE-1 0.487 0.469 - - - 

NE-2 0.467 0.453 - - - 

NE-3 0.571 0.550 - - - 

NE-4 0.607 0.587 - - - 

NE-5 0.581 0.564 - - - 

EBS-250-1 0.488 0.476 0.476 - 0.39 

EBS-250-2 0.528 0.506 0.483 - 0.37 

EBS-250-3 0.596 0.575 0.557 - 0.11 

EBS-420-1 0.478 0.465 0.463 - 0.20 

EBS-420-2 0.480 0.461 0.438 - 0.33 

EBS-420-3 0.565 0.549 0.560 - 0.68 

EBS-420-4 0.614 0.594 0.600 - 0.44 

EAS-250-1 0.466 0.450 - 0.512 0.33 

EAS-250-2 0.545 0.526 - 0.565 0.31 

EAS-420-1 0.588 0.564 - 0.446 0.07 

EAS-420-2 0.549 0.519 - 0.511 0.24 

Note:  

Test-ID: {Experimental code - (Sieve size of mesh) - Number} 

𝒆𝟎: Initial void ratio, 𝒆𝒂𝒄: Void ratio after consolidation, 𝒆𝒂𝒔: Void 

ratio after shearing, 𝒆𝒃𝒔: Void ratio before shearing, 𝑹𝒆: Erosion rate. 

Fig. 4 Relationship between 𝒆𝒃𝒔 and 𝑹𝒆
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C420), 𝑆𝑆 (5 types: 0.2, 0.6, 1.0, 2.0, and 3.0 g/L), 

and volume of suspensions (4 types: 0.05, 0.25, 0.50, 

and 2.5 L). According to Fig. 5, the concentration and 

turbidity of the calibration samples showed a linear 

relationship when the type of calibration samples was 

the same. Further, the slope of the best fitting line 

became smaller as the size of the soil particles 

contained in the suspensions was larger. These results 

are thought to reflect the turbidimeter’s 

characteristics whereby the surface area of the soil 

particles in the unit volume increases as the particle 

size of the suspended substance decreases and the 

amount of turbidity increases [7]. There was no effect 

on the turbidity measurement due to the differences 

in the volumes of the suspensions. Here, each best 

fitting line is called the “reference line”. The 

turbidities of the experimental drainage were plotted 

above reference lines of C420 and C250. In addition, 

a lot of data were plotted above the reference line of 

C75. It is supposed that many soil particles with a 

particle size of 75μm or less were discharged from the 

specimen, although meshes with a sieve size of 250 

µm or 420 µm were used in the test. Furthermore, as 

shown schematically in Fig. 5, when the relationship 

between the concentration and the turbidity of 

suspension A is plotted, the ratio of the turbidity of 

suspension A and the turbidity on the reference line 

in the same concentration of suspension A is called " 

Turbidity ratio at the same concentration 𝑅𝑡 ". It

means that the larger the value of 𝑅𝑡, the larger the

distribution of soil particles with a smaller particle 

size than the calibration samples used in the reference 

line.  

Figure 6 shows the relationship between 𝑅𝑒  and

𝑅𝑡. In calculating 𝑅𝑡, the reference line of C250 was

used with the 250-μm diameter mesh, and the 

reference line of C420 was used with the 420-μm 

diameter mesh. The lower the 𝑅𝑒, the larger the 𝑅𝑡.

The fact that only the small soil particles flowed out 

is thought to have contributed to the low erosion rate. 

The 𝑅𝑡  of EBS-420-3 and EBS-420-4 for 𝑅𝑒  were

Fig. 6 The relationship between 𝑹𝒆 and 𝑹𝒕
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higher than the other data. As shown in Fig. 4, these 

cases for the combination of the 420-µm mesh and the 

loose specimen, 𝑅𝑒, were also high. It is thought that

sudden clogging is less likely to occur here than in the 

other test cases and that the soil particles with a small 

particle size flowed out smoothly from many parts of 

the specimen.  

Relationship between 𝐞𝐛𝐬𝐡 and 𝐪𝐦𝐚𝐱, 𝐪𝐫𝐞𝐬

Figure 7 shows the relationship among axial strain 

𝜀𝑎, deviator stress 𝑞, and volume strain 𝜀𝑣 in the cases

of NE and EBS. Figure 8 shows the relationship 

among 𝜀𝑎 ~ 𝑞 ~ 𝜀𝑣 in the case of EAS. In these tests,

it is difficult to perfectly match the void ratio before 

shearing 𝑒𝑏 ℎ (𝑒𝑏 ℎ=𝑒𝑎𝑐: in the cases of NE and EAS

and  𝑒𝑏 ℎ =𝑒𝑏 : in the case of EBS), and it is not

possible to simply compare the difference in shear 

behavior due to suffusion. This is because there are 

three factors involved in the change in the gap ratio 

of the specimen: (1) the change in volume due to 

consolidation, (2) the change in volume due to 

seepage, and (3) the change in the drying density of 

the specimen due to the loss of soil particles. 

Therefore, direct focus was placed on the relationship 

between 𝑒𝑏 ℎ  and peak strength 𝑞𝑚𝑎𝑥  or residual

strength 𝑞𝑟𝑒 , and the effect of suffusion on strength

was examined. Here, 𝑞𝑟𝑒  was the deviator stress at

the time the axial strain was 15%.  

Figure 9 shows the relationship between 𝑒𝑏 ℎ and

𝑞𝑚𝑎𝑥 , and Fig. 10 shows the relationship between

𝑒𝑏 ℎ and  𝑞𝑟𝑒 . The solid lines shown in Figs. 9 and

10 are the best fitting lines to the data of the cases of 

NE and EAS. These data were not affected by 

Fig. 10 Relationship between 𝒆𝒃𝒔 and 𝑹𝒆

Fig. 12 Relationship between 𝑹𝒆 and 𝑹𝒕

Fig. 13 Relationship between 𝑹𝒆 and 𝑹𝒕
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seepage. Through these solid lines, the reasonable 

results whereby 𝑞𝑚𝑎𝑥  and 𝑞𝑟𝑒  decrease with

increasing  𝑒𝑏 ℎ can be understood. These solid lines

are called “Strength Reference Lines (SRLs)”. The 

data for EBS are plotted at positions outside the SRL. 

It was found that 𝑞𝑚𝑎𝑥  and 𝑞𝑟𝑒  are different among

NE, EAS, and EBS, even if  𝑒𝑏 ℎ is the same. [1] and

[2] have pointed out that there is a factor that changes 

the strength besides the change in the void ratio. The 

results of these tests support the point.  

Here, the ratio of the change in 𝑞𝑚𝑎𝑥, influenced

by suffusion, was calculated as 

𝑞𝑎𝑐𝑡 − 𝑞𝑒 𝑡
𝑞𝑒 𝑡

× 100 (3) 

where 𝑞𝑎𝑐𝑡 is the strength measured in the EBS and

𝑞𝑒 𝑡  is the strength estimated in the case of no

suffusion. A schematic diagram is shown in Fig. 11 

to explain these parameters. The ratio of the change 

in 𝑞𝑟𝑒  was also calculated in a similar way. Figure 12

shows the relationship between 𝑅𝑒 and the ratio of the

change in 𝑞𝑚𝑎𝑥, and Fig. 13 shows the relationship

between 𝑅𝑒 and the ratio of the change in 𝑞𝑟𝑒 . The

ratio of the change for each strength was a negative 

value for many cases, so it is thought that each 

strength decreased regardless of the change in void 

ratio. On the other hand, each strength increased by 

suffusion in some cases. In the case of EBS-420-2, 

the peak strength increased and the residual strength 

decreased. Noticeable strain softening was observed. 

For both peak strength and residual strength, there 

was no relationship between 𝑅𝑒 and the ratio of the

change in each strength. Since 𝑅𝑒 is less than 0.7%, it

is considered that not only the discharged soil 

particles, but also the moving soil particles in the 

specimen, affected the strength greatly. 

CONCLUSIONS 

In this study, two approaches were taken for the 

triaxial compression apparatus. First, to investigate 

the changes in the drained shear behavior of the soil 

affected by suffusion, drained triaxial compression 

was imposed on specimens after water had been 

supplied to them. Second, to investigate the influence 

of shearing on the suffusion behavior, the amount of 

discharged soil and the turbidity of the drained water 

were examined before and after shearing. The main 

results of this paper are summarized as follows: 

1. It was found in this study that the combination

of a 420-µm diameter mesh and a loose

specimen is likely to cause suffusion.

2. The higher the erosion rate, the smaller the

turbidity ratio at the same concentration. When

the situation makes erosion difficult, only the

soil particles with a small particle size can pass

through the gaps, and the soil particles with a

large particle size stay in the specimen.

3. No difference was observed between before and

after shearing for either the erosion rate or the

turbidity ratio at the same concentration.

4. Even though the void ratio before shearing was

the same, the peak strength and the residual

strength differed depending on the condition of

suffusion or no suffusion.

5. No relationship was observed between the

erosion rate and the rate of change for each

strength. Since the erosion rate was less than

0.7%, it is thought that not only the discharged

soil particles, but also the moving soil particles

in the specimen, affected the strength greatly.
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ABSTRACT 

 
Data from extensometers installed in a concrete lining of a mine shaft is analysed to interpret the pattern of 

deformation.  The shaft is an important mine infrastructure which is at risk of damage. Five years of monitoring 
data are reviewed for this study.  Analytical and numerical methods are applied to resolving the geometric 
components of the deformation.  The deformation pattern is interpreted in terms of the in situ stress conditions and 
mining activities at the location. The lining is shown to undergo elliptical and translational deformation 
components.  The deformation is interpreted in terms of stress fields.  The local mining history and the presence 
of two significant faults influence the deformation pattern observed in the mine shaft. The deformation recorded 
by the extensometers is inferred to represent a sequence of slow stress waves passing through the shaft pillar during 
mine excavation. 
 
Keywords: Mine shaft, extensometers, concrete lining, deformation 
 
 
INTRODUCTION 

 
A copper mine shaft is outfitted with six 

extensometers embedded in the shaft lining rock mass 
interface. The mine shaft is located in Mt Isa in the 
north of Queensland, Australia [1]. The shaft has 
shown signs of degradation and cracking dating back 
to 1980 [2]. Selected data from six extensometers, 
which have been collecting data wirelessly since May, 
2015.  A period from July to September 2017 is 
analysed in this study. 

Mining in the location will be briefly reviewed to 
provide context for the instrument observations. The 
mining occurring closest to the shaft is toward the 
northwest from the shaft and approximately 200 m 
below the level of the extensometers use to collect 
data for this study (Fig. 1).  

Mining via this shaft during 2017 included 
approximately 340,000 t of stoping in the first half of 
2017 concluding on 25th July 2017.  During that time 
120,000 t was excavated from a stope approximately 
60 m from the shaft.  Mining of areas accessed from 
this shaft did not recommence until 21st November 
2017.  During that time mining occurred in locations 
accessed by other shafts. Therefore events 1-5 
occurred near the conclusion of a phase on mining 
close to the shaft. Whereas events 6 to 8 occurred 
during a time of no local mining activity. 

The time of day at which mine blasting occurs is 
limited for safety reasons. Excavation blasting at the 
mine is tightly restricted to a 45 minute window 
centred on 8am and 8pm such that blasting does not 
occur at other times. Only event 6 occurred at a time 
that corresponds with the blasting time. The 
following two events (7 and 8) appear to have 
occurred at approximately 24 hour intervals after 

event 6, however, these events commenced a number 
of hours before the blasting time at the mine.  
Therefore there is no indication that the events are 
directly related to blasting at the mine. 

 

 
 

Fig. 1 Layout of the mine shaft, faults and 
mined stopes, after [3]. 
 

This paper investigates the detailed deformation 
of the recorded displacements to determine if the 
events also include other systematic components such 
as elliptical or translational deformation. The 
direction of the deformation components is studied to 
identify internal consistency and to compare with 
regional geological structure and stress conditions.  
The variation of deformation magnitude over time is 
investigated to infer time-dependent rheological 
behaviour of the rock mass in the mine. 
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DATA COLLECTION 
 
Displacement data from the extensometers has 

been wirelessly collected in real time since 
installation. The six extensometers lie in the 
horizontal plane around the shaft and are anchored in 
the rock mass (Fig. 2)..   

 
 

 

 
 
Fig. 2 Horizontal layout of the mine shaft and 
extensometers (Ground movement monitors, GMMs). 
 

An example of readings from extensometer ring 2 
at a depth of 577 m is shown in Fig. 3.  Ring 2 is in 
the approximate location where two steeply dipping 
faults intersect the shaft (Fig. 1). The time interval 
between records (spacing on x-axis) varies as the 
system does not take a reading if all extensometers 
show displacement below a threshold.   

The data shown in Fig. 3 were collected from July 
to September of 2017.  Within this data set, a number 
of ‘events’ appear to be recorded by similar 
movements of each extensometer (GMM1-6).  Eight 
of the apparent events have been selected for detailed 
analysis (labelled 1-8 in Fig. 3).  The events in July 
are lower in magnitude, less distinct in shape and less 
regular in timing compared to the events in 
September.  The three events in September are of the 
highest magnitude and show distinct rises and falls of 
the displacement during the events. of the peak 
displacements and durations are shown in Table 1.  
During this time period, and in the preceding 12 
months, other events of sufficient magnitude to be 
analysed were not observed.  
 
 
 
 
 
 
 
 

Table 1 Summary of events recorded in 
extensometers in shaft ling 

 

Event Max 
displ. Time of max. Duration 

  mm D/M/Y Hr:Min Hours 

1 2.33 23/07/2017 
17:36 N/A 

2 1.57 26/07/2017 
18:23 2.55 

3 2.40 28/07/2017 
18:39 0.50 

4 4.20 1/08/2017 
14:26 0.92 

5 1.10 3/08/2017 
23:52 N/A 

6 5.50 20/09/2017 
8:10 8.42 

7 6.40 21/09/2017 
5:26 8.09 

8 9.97 22/09/2017 
6:36 4.82 

 
 
DATA ANALYSIS 

 
Episodes of contraction are shown as incremental 

changes in GMM readings over time. The 
deformation observed by the extensometers is 
calculated as an incremental radial contraction over a 
given period of time. An example of this data is 
shown in Fig. 3.  

Within each event, the sequence of readings with 
the highest magnitude have been selected for detailed 
analysis in order to maintain a higher signal to noise 
ratio.  The raw data has been processed by comparing 
each data point during an event to a baseline value 
that the extensometer showed before and after the 
observed event. The difference between the values 
during each event and a baseline was obtained. These 
values are the radial displacements recorded by each 
extensometer. 

Radial displacements were fitted to least squares 
models which are derived from three superimposed 
components. Circular (uniform radial), elliptical 
(deviatoric) and translational. The sum of residuals 
squared in reference to the recorded incremental 
radial displacement was calculated. This is a familiar 
approach when using monitoring data to find changes 
of shape within tunnels [4]. 

The displacement episodes show a variety of peak 
shapes (Fig. 3). Radial displacements are fitted to 
least squares models which are derived from three 
superimposed components. Circular (uniform radial), 
elliptical (deviatoric) and translational. Parameters in 
one example are calculated for each component in 
each model. Results show a significant reduction in 
the sum of the residuals squared as components are 
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added to the least squares model. Indicating each 
component added increases the quality of fit for the 
model. Further residual analysis shows that the 
addition of each component improves the residual 
plot distribution. The observation that each 
extensometer records a displacement of similar 
magnitude suggests that a significant component of 
the deformation is a uniform radial contraction of the 
lining 

 
DISCUSSION 

 
The eight events analysed in this study were 

selected as they represented a period with clear 
signals with all six extensometers functioning.  One 
of the key aspects of the observations to explain is the 
duration of the events.  The duration of the events 
ranges from a few minutes (single reading) to over 8 
hours. Vibration from blasting or pressure waves 
from the initial changes of stress in the rock mass 
around excavated slopes would be expected to 
propagate at a far higher velocity than the events 
observed.  Previous research has identified the main 
situations where creep should be taken into account 
are the deformation of pillars and progressive closure 
of caverns in soft rock mines and the slow ‘diffusion’ 
of stress between faults that may trigger earthquakes 
[5].  The time-dependence of deformations associated 
with faults has been investigated in the temporal and 
spatial relationships of Californian earthquakes and 
the associated stress changes [6]; limitations on 
spatial interaction of faults globally [7] and numerical 
simulation of viscous contributions to the relationship 
between displacement and stress distribution in fault 
system [8].  

The rock mass at Mount Isa is unlikely to be as 
low in strength as the coal and salt deposits referenced 
by [5]. Mining activities in the vicinity of the shaft 
culminated and concluded around the time of the first 
five events analysed in this study.  Mıning activities 
did not occur in the vicinty of the shaft for the 
remaining two months during which the remaining 
three events occurred. It is possible that adjustment of 
stress following mining in the vicinity of the shaft is 
responsible for the events observed in the 
instrumental data. The presence of two significant 
fault zones near the location of the instruments could 
also provide the local low rock mass strength to 
explain the inferred creep movement.  Deformation 
observed in the monitoring data is seen to rise to a 
peak deformation which returns over time to its 
original position. This deformation pattern is inferred 
to represent a stress wave which has moved through 
the rock mass and been recorded by the 
extensometers in the mine shaft. The time-scale of the 
stress waves appears to vary from rapid events 
leaving only a single record in the continuously 
monitored instruments to slower waves leaving 
multiple instrument records over many hours.  The 

systematic pattern of rising and falling of the 
displacements and the consistent orientation of the 
elliptical component of the displacements supports 
the interpretation of these records as transient stress 
pulses or waves moving through the rock mass.  

The mechanical interpretation would be that of a 
spring and dashpot in series [9]. Where shaft lining 
and surrounding rock-mass act as a spring and the 
faults act as a viscoelastic system of spring and 
dashpot in series. Initially strain is accommodated 
entirely in the spring. The stress in the spring 
subsequently decays as time-dependent displacement 
occurs on the dashpot.  In the situation being 
investigated, elastic strain is caused by the initial 
partial closure of stopes excavated by mining.  The 
stress associated with the strain is dissipated by creep 
deformation in the weak rock of the fault zones and/or 
the backfilled stopes (Fig. 1).   

The inferred relationships are as follows.  The 
mine shaft is fitted with a rosette of extensometers. 
Excavation of stopes causes deformation of the rock 
mass. The deformation can be considered in terms of 
elastic and creep behaviours.  Faults and excavated 
stopes can dissipate the elastic strain by creep.  This 
all occurs within the remote/in situ stress conditions.  
The shape of the highest magnitude events comprises 
a steep increase in magnitude followed by a less steep 
(slower) reduction in magnitude. This shape is 
inferred to be consistent with a more rapid loading of 
the rock mass followed by a slower dissipation of the 
stress. 

The translational component of deformation is 
inferred to represent the effects of deformation out of 
the horizontal plane.  It is possible that the translation 
represents a bending or buckling deformation of the 
shaft.  At present no attempt at explaining the 
relationship between the N-S compression and the NE 
translation is made.  However, it is anticipated that 
this will provide an interesting relationship to look for 
in numerical simulations. 

 
CONCLUSIONS 

 
Extensometers installed in the mine shaft lining 

record compression of the lining occurring 
sporadically. Such compression has been investigated 
in eight separate events over a five-month period.  
The duration of the events is variable but most lasted 
between 1 record to over 8 hours.  The events are 
inferred to represent time-dependent (creep) 
deformation in the rock mass. The creep rate may be 
controlled by the rate at which nearby fault zones or 
backfilled stopes dissipate stress by ductile creep.  
The initiation of the sequence of events in this study 
is inferred to have commenced due to prior 
excavation of stopes in the mine and the consequent 
readjustment of stress.  The displacement of the 
extensometers is approximated by a uniform circular 
contraction. Model accuracy was increased by 
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applying an elliptical deformation (ovalisation) and 
further increased by also applying a translational 
component.  The elliptical component of the 
deformation indicates north-south compression.  The 

translational component is inferred to represent 
longitudual elastic bending of the shaft.   

 

 

 
 

 
Fig. 3 Displacements of extensometers recorded in a mine shaft. Vertical axis in millimetres and horizontal 

axis labelled by days. 
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Fig. 3 (continued) Displacements of extensometers recorded in a mine shaft. Vertical axis in millimetres and 

horizontal axis labelled by days 
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ABSTRACT 

 
The investigation intends to ascertain the failure mechanisms that lead to the collapse of one of the biggest 

mining structures in South America, the Fundao Tailing dam.  The results obtained during the before mentioned 
investigation suggested that the dam was stable under drain and undrained conditions. The most recent 
investigation published in 2016 an valuation of the Fundao Tailing Dam Failure using limit analysis approach, 
implemented the Limit Equilibrium approach to study the dam’s stability. The software Optum G2 was used to 
generate a virtual representation of the studied sections and to evaluate the stability conditions.  Detailed event 
reports were used to construct the layering of weak slimes and stronger sand tailings. The analysis carried out 
during this investigation using the Limit Analysis method and introducing the notion of continues layers of slimes 
with specific strength parameters, indicated that the dam would have failed under these two conditions.   
 
Keywords: Tailings, Limit analysis, Slope failure, Dam stability 
 
 
INTRODUCTION 

 
The storage of mining waste is a problem in which 

geotechnical engineering has a wide field of 
application. Current mining processes of extraction 
generates a massive volume of waste as fine-grained 
rock silt called tailings. Tailings consist of a mixture 
of a fine ground rock with water in variable 
proportions, additives are also added during the 
mineral extraction process. 

In the traditional mining industries, the tails leave 
the extraction plant with a high liquid ratio: solid, 
with a consistency of a viscous sludge. In the form of 
paste the tailing can be pumped, so that its 
transportation can be done through spigots and 
pipelines and eventually poured in along the dam 
embankment to generate the uniform growth of the 
dam [1]. Once the slurry materials are poured inside 
the dam the settlement and consolidation of the 
tailings begin. The thickest fraction is deposited near 
of the discharge points while the fine fraction flows 
by gravity towards the centre of the tank and finally 
settle there [2]. 

In upstream raising method, dikes are raised step 
by step mainly on the tailing beach. Due to these 
continue increases of heights, water pressure 
develops within the tailing when low hydraulic 
conductivity is present. The increase of water 
pressure within tailing may result in the decrease of 
shear strengths which may result in the failure of the 
dam. Dams constructed in upstream are several times 
more likely to fail as less material to retain the tailing 
is used [3]. 

The latest disasters occurred in Brazil drawn the 
attention of specialist on the field due to the fact that 
most of tailings have been associated to the upstream 

design method. The disaster that occurred on 
November 2015 at the Fundao dam resulted in the 
discharge of a torrent of mud that buried buildings 
and people. It has been reported that around 43 
millions of cubic meters of iron were released killing 
19 people [4]. 

The report released by the Fundao tailing dam 
review panel “Immediate Causes of the Failure of the 
Fundao Dam” concluded that a chain of events and 
conditions contribute the failure of the dam. It has 
been argued that the main failure mechanism that led 
to the flow slide of the dam was the liquefaction of 
the saturated tailings. The panel indicated that seismic 
activities were recorded in the area the same day of 
the incident and therefore assumed the phenomena 
was accountable for initiating the dam’s flow slide [4]. 

The Fundao tailing dam review panel have 
reported that eyewitness descriptions and videos 
ascertain several things. The failure begun in the 
Fundao dam left abutment, the dam flow slide 
occurred due to the liquefaction of the tailings and 
that the transformation from solid too little occurred 
suddenly. 

This study investigates the conditions and failure 
mechanisms that could have led to the structural 
instability of the Fundao tailing dams. A study of the 
failure mechanism through the implementation of 
limit analysis method is implemented to demonstrate 
how saturated sands and interbedded slimes 
contributed to the failure. Results obtained by limit 
analysis methods will be discussed and compared to 
the results obtained from the Fundao review panel.  
 
BACKGROUND  

 
In November of 2015, the iron ore mine in the 
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South East of Germano, close to the city of Mariana, 
Brazil, suffered a fissure at the Fundao tailings dam. 
The failure released 43 millions of cubic meters of 
waste into the environment. Nineteen people died, 
including five residents of the village and 14 
employees of the Samarco mining company that 
operated the mine. The mud travelled 650 kilometres 
and ended up in the Atlantic Ocean 17 days later [4]. 

According to Garcia et al. [5] there is evidence 
that the 7000 km2 of toxic plume reached important 
biodiversity conservation areas in the Atlantic Ocean, 
including Abrolhos National Park, one of the most 
emblematic protected areas in Brazil, and three other 
marine protected areas, Costa das Algas, Santa Cruz, 
and Comboios in Espirito Santo state, threatening 
endemic and rare species of marine fauna. Models of 
river discharge dispersion predict long- term 
consequences near the city of Rio de Janeiro and the 
consequences of the dam burst in the Atlantic Ocean 
are still not fully assessed [6]. 

The limit equilibrium method (LE) has been 
commonly used during the last decades to study the 
geotechnical stability of tailing dams, this numerical 
analysis method was implemented by the Fundao 
tailing dam review panel. The principal advantages 
this method offers is that complex soil profiles can be 
modelled in a variety of loading conditions and can 
also provide quick results [7]. 

Despite the fact the limit equilibrium analysis has 
been refined during the lasts years using vertical 
slices and global analysis methods it has been agreed 
that it has some disadvantages when compared to the 
Limit analysis (LA) approach [8, 9]. According to 
[10], Limit equilibrium frequently assumes that 
collapse will follow a particular assumed geometry, 
which are effective for simple geotechnical problems, 
yet may encounter difficulties when considering 
complex problems. Conversely, the limit analysis 
approach has demonstrated that it can provide 
agreeable results without assuming a determine slip 
surface or the statics of slopes, is suitable to analyse 
various geotechnical conditions with complex 
geometries, loadings and boundary conditions and it 
accounts for nonlinear materials [7]. 

 
LIMIT EQUILIBRIUM 

 
The number of methods used, which give different 

results and sometimes contradictory are a sample of 
the uncertainty that characterizes the analysis of 
stability. The most popular limit equilibrium methods 
used by geotechnical engineers are the proposed by 
Bishop and Janbu which in their theoretical 
conception the equilibrium of the forces and 
momentum are not balanced. The factor of safety 
obtained through these methods generally differs 
significantly from the results obtained when using 
procedures that satisfy balance, such as the Spencer’s 
and Morgenstern-Price method [11]. 

Although a direct comparison between the various 
methods is not always possible, the factors of safety 
obtained with the Bishop's method differ 
approximately by 5% with respect to more precise 
solutions, while the simplified method of Janbu 
generally underestimates the factor of safety up to 
30%, although in some cases overestimate them to 
values of 5% [11]. All the before mentioned methods 
are based on static equilibrium forces of interslice 
forces, moments or overall moment. Figure 1 
presented below exemplifies how the sliding masses 
are divided into vertical segments. 
 
LIMIT ANALYSIS 
 

This method is based on the concepts of lower-
limit and upper-limit, the same concepts have been 
used in the calculation of the safety factor for the 
analysis of slopes by some researchers [8]. LA does 
not employ assumptions for statics; however, the 
selection of failure mechanism is required. In these 
methods, the failure mechanism must be imposed 
under the conception of a rigid body. Some of the 
failure mechanisms that have been employed are 
rotational plane, translational plane and logarithmic 
spiral [12]. 

 
Upper bound theorem 

 
According to [13], if a set of external loads acts on 

a failure mechanism and the work done by the work 
done by the external loads in an increment of 
displacement equals the work done by the internal 
stresses, the external loads obtained are not lower 
than the true collapse loads. 

 
Lower bound theorem 

 
The lower limit theorem is based on a statically 

permissible field of stresses in which the work done 
by the surface loads in the contour, where the speed 
is prescribed, must be greater than or equal to the 
work done by surface loads in any field of statically 
permissible efforts [13]. 
 
TAILING DAM CONSTRUCTION METHODS 
 

The construction of dams and dikes to collect 
mining-metallurgical waste is an innovation of the 
20th century. Before the arrival of treated minerals, 
the extraction processes were carried out with much 
thicker particles and the waste was not systematically 
collected. Waste from ore recovery operations was 
generally discharged on a surface near the mine or 
bodies of water. There are still some farms with 
discharges to rivers or the sea, but in most cases, 
barren dikes have become an essential part of mining 
operations. Currently, the most common way to store 
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waste from the mining process is through 
construction of a dam in which the tails are deposited 
by the hydraulic filling procedure. Solids minerals are 
mixed with a certain amount of water and/or 
chemicals so that they acquire the consistency of a 
mud that is pumped by pipes to the points of 
discharge [14]. It is usual that for economic reasons 
the dam is built in stages, by successive rises. There 
are three fundamental methods of construction of 
waste dams according to the method of regrowth of 
the retention dam which we will describe below:  
 
Lateral Extrusion 
 

The lateral extrusion can be defined as the lateral 
deformation of the materials when is being squeezed 
due to the continuous loads by which materials are 
subjected as the dam increases in height. The expert 
panel report [4] contended that the materials that are 
immediately above are forced to conform to this 
movement, experiencing a reduction in the horizontal 
stress that confined them. Experts have also indicated 
that lateral extrusion as static liquefaction trigger 
mechanism is not new or without precedent [15]. 
 
VALIDATION 

 
The following section presents a detailed 

description of the procedures carried out to determine 
the stability conditions of the Fundao tailing Dam. 
The main objective of each validation process is to 
make sure all the necessary steps are taken towards 
fulfilling deliverables and proposed milestones. The 
step-by-step plan implemented to develop a feasible 
model that represents the conditions of the dam at the 
time of failure are presented following: 

Formulation of the problem: The problem 
formulation consisted on clearly establish what are 
the problems that are intended to be addressed, the 
global objectives to be achieved and what resources 
are required to achieve them in the expected time. 
These aspects have been stated in the chapter 1 of this 
investigation. 

Collection of the relevant data: All the data 
required to build the model have been previously 
collected by the Fundao Review Panel and is 
provided in the “Report on the Immediate Causes of 
the Failure of the Fundao Dam” [4]. The elements of 
the investigation used for the development of the 
model are described below. 

 
Reconstruction of the dam geometry 

 
The dam’s geometry was re-constructed by 

following the data provided in appendix B of the 
before mentioned report and the monthly topography 
surveys presented in the same appendix. This 

appendix describes all the outputs that resulted from 
the analysis using the geographic information system 
(GIS). The GSI is a computer program that allowed 
to store, capture check and display all the data related 
to the progressive elevations of the Fundao’s dam 
surface. 

 
Reconstruction of the tailings stratigraphy 

 
The section B6 of the appendix B of the Fundao 

investigation describes the procedures carried out to 
establish the raising history of slimes. Moreover, this 
section discloses the spatial distribution of slimes as 
well as the slimes production history. This 
information is considered to be essential for the 
analysis of the model since the stability analysis is 
strongly affected by this aspect. In appendix A of this 
report the slimes depositional history is presented. 
 
ANALYSIS 

 
The purpose of the following analysis is to 

determine whether the interbedded slimes layering 
had an impact on the stability of the Fundao Dam or 
not. During the validation of the model, the slimes 
were considered to be continuous and a homogeneous 
mass as per the assumptions made by the review panel. 
However, investigations on the historical tailing’s 
discharges show that the deposition of the slimes was 
not consistent and was constantly interrupted by the 
release of loose sands. The slimes distribution table 
shows that 47 layers of slimes were deposited in this 
section, the thickness of these layers varied from 
0.5m to 13.5 (Fig. 1). Studies developed by [16], 
point out that the stability of the slopes can be 
strongly influenced by the presence of interbedded 
layers of clays. The authors concluded that the 
stability of the slopes containing interbedded slimes 
using the Limit analysis approach depicted a deeper 
slip surface and an unfavourable factor of safety than 
when they ran the same analysis using the Limit 
Equilibrium method. 

The flow-slide that occurred at the Fundao dam 
could not be demonstrated trough the analysis Limit 
Equilibrium approach. The intention of the following 
analysis is to incorporate the existence of the slimes 
deposited in discontinued layers and to prove that this 
condition could have influenced the structural 
integrity of the dam. In addition, the properties of the 
slimes obtained during the laboratory test were 
considered for this analysis. It is expected that due to 
the nature of these two materials slimes and sand 
would have affected the stability of the Fundao Dam 
differently from a material with combine strengths 
parameters. The specific strength parameters of the 
slimes were collected from the Appendix I of the 
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Fundao Investigation. The adjusted strength 
parameters used during the analysis are shown in 
Table 1. The configuration of the model followed the 
same guidelines used for the validation of the models. 

 
Table 1 Slimes strength parameters 
 

Material Unit 
weight 

Effective 
friction 
angle 

Effective 
cohesion 

 (kN/m3) (degrees) (kPa) 
Compacted 

Sand 
Tailings 

22 35 5 

Loose Sand 
Tailings 22 33 - 

Slimes 22 12.4 - 
Weathered 

Phyllite  22 32 40 

 
The analysis of the section 01 with the 

continuous layers of slimes shows a significant 
dropped in the factor of safety, however, the 
mechanism of failure is similar to the obtained by the 
review panel. A factor of safety of 1.03 under drained 
conditions indicates that the stresses are at the 
allowable limit, yet the factor obtained is dangerously 
close to be less than 1 which suggest the failure could 
have occurred even at this state (Table 2, Fig. 2). 
 

 
 

Table 2 Comparison table Limit analyses vs Limit equilibrium. 
 

Analysis Type Slimes 
Distribution Analysis mode 

Slimes 
Strength 

Assumption 

Factor of 
Safety 

   (degrees)  

Limit Equilibrium Continuous 
Slimes Undrained 28 1.87 

Limit Analysis Interbedded 
Slimes Undrained 12 0.79 

 
 
 

 
 
Fig. 1 Section 01: number and thickness of slimes layers detected in tailings during post-failure investigation 

[4]. 
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(a) 
 

 
(b) 

Fig. 2 Section 01 (a) Long term analysis – Displacement. (b) Long term analysis – Shear dissipation 
 
CONCLUSIONS 
 

The results obtained using the Limit analysis 
approach using the lower and upper bound theorems 
are presented in terms of safety factors. The values 
obtained during the validation of the sections A and 
B agrees well with the values obtained by the review 
panel. The formulation of the problem is rather simple 
and it can be concluded that the upper and lower 
bound approach provides more accurate and effective 
results. 

 
ACKNOWLEDGMENTS 

 
This study was conducted as part of a Master of 

Engineering qualification. 
 
REFERENCES 

 
[1] Ormann L., Zardari M.A., Mattsson H., 

Bjelkevik A. and Knutsson S., Numerical 
Analysis of Strengthening By Rockfill 
Embankments On An Upstream Tailings Dam. 
Canadian Geotechnical Journal, Vol. 50, Issue 4, 
2013, pp.391-399. 

[2] Blight G.E., Formation of Tailings Dam Beaches. 
In International Conference On Soil Mechanics 
and Geotechnical Engineering. XV 
ICSMGE,Istanbul, 2001, pp.1893-1897. 

[3] Grimalt J.O., Ferrer M., Macpherson E., The 
Mine Tailing Accident in Aznalcollar. Science of 

the Total Environment. Vol. 242, Issue 1, 1999 
pp.3-11. 

[4] Morgenstern NR, Vick SG, Viotti CB, Watts BD. 
Fundão tailings dam review panel report on the 
immediate causes of the failure of the Fundão 
dam. Cleary Gottlieb Steen & Hamilton LLP, 
New York. 2016. 

[5] Garcia L.C., Ribeiro D.B., de Oliveira Roque F., 
Ochoa‐Quintero J.M. and Laurance, W.F., 
Brazil's Worst Mining Disaster: Corporations 
Must Be Compelled To Pay The Actual 
Environmental Costs. Ecological Applications, 
Vol. 27, Issue 1, 2017, pp.5-9. 

[6] Palu MC, and Julien PY. Modeling the Sediment 
Load of the Doce River after the Fundão Tailings 
Dam Collapse, Brazil. Journal of Hydraulic 
Engineering. 2019 May 1; Vol. 145, Issue 5, 
2019, pp.0501900201-0501900214. 

[7] Duncan J.M., State of The Art: Limit 
Equilibrium and Finite-Element Analysis of 
Slopes. Journal of Geotechnical Engineering, 
Vol. 122, Issue 7, 1996, pp.577-596. 

[8] Cheng Y.M. and Zhu L.J., Unified Formulation 
for Two Dimensional Slope Stability Analysis 
and Limitations In Factor Of Safety 
Determination. Soils and Foundations, Vol. 44, 
Issue 6, 2004, pp.121-127. 

[9] Khabbaz H., Fatahi B., and Nucifora C., Finite 
Element Methods Against Limit Equilibrium 
Approaches for Slope Stability Analysis. In 



GEOMATE – Melbourne, Australia, 11-13 November 2020 

169 
 

Australia New Zealand Conference on 
Geomechanics 2012. Geomechanical Society 
and New Zealand Geotechnical Society. 

[10] Leshchinsky B., Comparison of Limit 
Equilibrium and Limit Analysis for Complex 
Slopes. In Geo-Congress 2013: Stability and 
Performance of Slopes and Embankments III  
San Diego, California, United States, pp.1280-
1289. 

[11] Fredlund D. G. and Krahn J., Comparison of 
Slope Stability Methods of Analysis. Canadian 
Geotechnical Journal, Vol. 14, Issue 3, 1977, 
pp.429-39. 

[12] Michalowski R.L., Slope Stability Analysis: A 
Kinematical Approach. Geotechnique, Vol. 45, 
Issue 2, 1995, pp.283-293. 

[13] Yu H.S., Salgado R., Sloan S.W. and Kim J.M., 
Limit Analysis Versus Limit Equilibrium for 

Slope Stability. Journal of Geotechnical and 
Geoenvironmental Engineering, Vol. 124, Issue 
1, 1998, pp.1-11. 

[14] ANCOLD, Guidelines On Tailings Dams – 
Planning, Design, Construction, Operation and 
Closure – Revision 1. Australian National 
Committee On Large Dams Incorporated, 2012. 

[15] Martin T.E. and McRoberts, E.C., Some 
Considerations in The Stability Analysis of 
Upstream Tailings Dams. In Proceedings of the 
Sixth International Conference on Tailings and 
Mine Waste, Vol. 99, pp. 287-302. Rotterdam, 
Netherlands: AA Balkema, 1999. 

[16] Sazzad M.M., Mazumder S. and Moni M.M., 
Seismic Stability Analysis of Homogeneous and 
Layered Soil Slopes by LEM. International 
Journal of Computer Applications, Vol. 975, 
2015, p.8887. 

 
 
 



 

170 
 

10th Int. Conf.  on Geotechnique, Construction Materials and Environment,  
Melbourne, Australia, 11-13 November 2020, ISBN: 978-4-909106049 C3051 

 
 

 EXPERIMENT REGARDING MONTMORILLONITE CONTENT 
AND STRENGTH PROPERTIES IN BENTONITE UNDER THE 

INFLUENCE OF HEAT 
 
 

Rie Suzuki1, Shin-ichi Kanazawa2, Masaki Yanai1 and Yoshino Osamu3  
1Social Environmental Systems Engineering Course, National Institute of Technology, Fukushima College, 

Advanced Course Program, Japan 
2Civil and Environmental Engineering, National Institute of Technology, Fukushima College, Japan 

3Nishimatsu Construction CO., LTD 
 
 

ABSTRACT 
 
At present, underground geological disposal at depths greater than 300 m is considered a viable disposal 

option for high-level radioactive waste generated from the reprocessing of spent fuel used in nuclear power 
plants. In geological disposal, bentonite is employed as the primary component of buffer material to fill gaps 
between waste and geologic rock. However, specification details have yet to be completely determined. It is 
anticipated that the buffer material will be exposed to high temperature due to the heat generated by the vitrified 
solid. This study aims to understand the mechanical properties of bentonite buffer material by employing 
uniaxial compression tests with temperatures between 30°C to 90°C applied to bentonite specimens having 
received a temperature history treatment of 200°C applied over six months. Results show that the maximum 
compressive strength of the sample given the temperature history is lower than that of the sample without the 
temperature history. Furthermore, the montmorillonite content of the sample given a temperature history of 
200°C also decreased. The reason for the decrease in strength seems to be that the compaction energy during 
fabrication decreased due to the decrease in the montmorillonite content. This is because the specimens were 
fabricated so that the dry density was constant. It seems that the maximum compressive stress decreased with 
increasing temperature regardless of temperature history. The reason for this seems to be microcracks, which 
appear to decrease rigidity and, therefore, compressive strength. 
 
Keywords: Bentonite，Silica sand，Uniaxial compressive strength，Montmorillonite content 
 
 
INTRODUCTION 

 
The spent nuclear fuel generated by nuclear power 

generation produces high-level radioactive waste 
when it is reprocessed. As a disposal method, 
geological disposal to a depth of 300m or below is 
often employed1). Geological disposal is a disposal 
method that isolates and confines radioactive 
materials from the human environment for an 
extremely long period of time. It is a multi-barrier 
system that combines an artificial barrier made of 
vitrified solid, carbon steel over pack, and bentonite 
cushioning material with a natural barrier made of 
stable rock, deep underground. The cushioning 
material filled between the waste and the bedrock 
has water-impermeable properties, self-sealing 
properties, various sorption delay properties, thermal 
conductivity, chemical buffering properties, over 
pack supporting properties, and stress buffering 
properties, among others. These properties are 
expected to be maintained for long periods of time. 
Naturally occurring clay is drawing attention as a 
material that can relatively satisfactorily satisfy 
these functions. Among these natural clay materials, 
compressed bentonite has the following 

characteristics. 
(1) Ability to control water movement due 

to low water permeability. 
(2) A mechanism for expanding with the 

infiltration of water to fill voids in the 
compressed bentonite and cracks in the 
adjacent rock mass. 

(3) Cation exchange capacity to adsorb 
cation nuclides. 

Therefore, bentonite is considered to be the most 
effective cushioning material. Bentonite is a clay 
whose main component is the smectite. Smectite is a 
generic name for montmorillonite, beidellite, 
nontronite, saponite, hectorite, sauconite, and 
stevensite clay minerals. Among them, 
montmorillonite is a representative clay mineral. The 
smectite contained in bentonite, which has been 
verified as a cushioning material in Japan, is also 
montmorillonite. The crystals of clay minerals are 
composed of overlapping silicic acid tetrahedral 
sheets and alumina octahedral sheets. Bentonite has 
remarkable swelling and water-absorbing properties, 
very low water permeability, and high cation 
exchange capacity. However, details about the 
mechanical properties of bentonite cushioning 
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materials considering the temperature history due to 
nuclide decay heat have not been fully grasped. 
Therefore, in this study, uniaxial compression tests 
were performed on specimens containing bentonite 
and silica sand (either with an applied temperature 
history or without an applied temperature history), 
and the results were compared. From this, the 
strength characteristics of bentonite cushioning 
material with temperature are better understood. 

 
EXPERIMENTAL OUTLINE 
 

In this study, changes in the strength 
characteristics are clarified by applying change in 
temperature to bentonite-silica sand mixed samples 
that have been given a temperature history. In the 
experiment, a cylindrical specimen with a diameter 
of 35 mm and a height of 80 mm was prepared. The 
temperature history was applied to powdered 
bentonite. In an actual disposal facility, bentonite 
compacted at high pressure is considered the best 
material from the viewpoint of improving the 
performance and workability of the cushioning 
material. Therefore, a method of applying 
temperature history by placing the compacted 
bentonite specimen into the drying furnace is 
considered valid. However, in the above method, a 
temperature gradient is likely generated inside the 
test piece, creating a nonuniform temperature history 
condition. Therefore, in this study, we adopted the 
method of applying temperature history to powdered 
bentonite. Heat was applied by placing the specimen 
in a water tank whose temperature was kept constant. 
After a certain period of time, a uniaxial 
compression test was performed with the specimen 
kept in the water tank. The montmorillonite content 
was measured by performing a methylene blue 
adsorption measurement test on the sample after 
destruction. 

 
EXPERIMENT METHOD 
 
Specimen Preparation  
 
(1) Bentonite and silica sand No. 8 were mixed at a 

ratio of 7: 3. 
(2) The sample was placed in a stainless steel vat 

and placed in a temperature-controlled oven for 
6 months to provide a temperature history. The 
temperature history was applied to the 
bentonite sample while the vat was opened, and 
the drying furnace was kept at atmospheric 
pressure. In this study, the temperature 
measured in the drying furnace was the heating 
temperature of bentonite. 

(3) The sample was taken out and the water 
content was adjusted using a hand mixer and a 

sprayer. The water content was measured by 
the microwave oven method (500w, 15 
minutes). 

(4) The mass at which the dry density was                
1.6 Mg/m3 was determined and weighed with 
an electronic balance. 

(5) The measured sample was divided into 5 parts, 
put into a mold, and compacted with a tamping 
rod. 

(6) The top of the mold was covered and 
compressed with a hydraulic jack for 10 
minutes. The molding pressure was set to 40 
MPa. 

(7) After 10 minutes, the height of the specimen 
and the diameter of the upper and lower 
specimen were measured with a caliper. The 
mass was weighed with an electronic balance. 

 
Temperature Measurement Test Inside The 
Specimen  
 

In order to determine the time needed to apply the 
temperature to the test piece, the internal 
temperature was measured while applying the 
temperature. A sample without temperature history 
was compacted to make a specimen, and paulownia 
was used to make a hole. After that, a thermocouple 
was inserted inside the specimen, and the rate of 
temperature increase was measured while the 
temperature was applied. 
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Fig. 1 Relationship between temperature inside the 
specimen and time 

 
Figure 1 shows the relationship between internal 

temperature and time when the specimen was placed 
in a water tank maintained at various temperature. 
When the specimen was placed in a water tank 
maintained at 30 °C, it can be seen that 10 minutes 
after the temperature was applied, the internal 
temperature reached 30°C and achieved an 
equilibrium state. When the specimen was placed in 
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a water tank maintained at 90 °C, it can be seen that 
the internal temperature reached about 90°C 20 
minutes after the temperature was applied and 
achieved an equilibrium state. Therefore, 
temperature is considered to be adequately applied 
inside the specimen by these set heating times. 
Based on these results, the heating time was set to 15 
minutes at 30°C, 20 minutes at 60°C, and 25 
minutes at 90°C. 
 

Uniaxial Compression Test 
 

Figure 2 shows a schematic diagram of the 
Uniaxial compression tester. Table 1 shows the test 
condition, and table 2 shows the sample condition. 
 

 
 

Fig. 2 Uniaxial compression tester 
 

Table 1  Test condition 
silica sand No. No.8 

silica sand ratios (%) 30 

saturation (%) 30 

 dry density (Mg/m3) 1.6 
 
Table 2  Sample condition 

Silica sand No. 8 particle density 
(Mg/m3) 2.702 

Kunigel V1 particle density (Mg/m3) 2.606 

Silica sand No. 8 particle size (mm) 0.08～0.2 

Kunigel V1 particle size (mm) ～0.05 
 

(1) A compression auxiliary device and a rubber 
sleeve were attached to the specimen. Heat 
resistant rubber was attached to the top and 
bottom to prevent water from entering. The 
specimen was placed in a water tank and heated 

with warm water. 
(2) The heating time was set to 30°C for 15 minutes, 

60°C for 20 minutes, and 90°C for 25 minutes. 
(3) After applying heat, the uniaxial compression 

test was performed with the specimen kept in 
the water tank. At this time, the loading speed 
was set to 0.4 mm/min. The reason for this is 
that the bentonite-silica sand mixed specimen 
used in this test exhibits a very brittle fracture 
morphology, and this speed allowed for minute 
deformation up to the fracture to be observed in 
detail. 

(4) The water content of the destroyed specimen 
was measured. 

(5) The maximum compressive stress, the strain at 
the maximum compressive stress, and the 
elastic modulus were obtained based on the 
results. 
 

Methylene Blue Adsorption Test [2] 
 
(1) 1.000 g of methylene blue powder was weighed 

in a crucible and dried in a drying oven for 10 to 
26 hours. 

(2) The material was removed from the drying oven, 
let stand to cool in a desiccator for about 1 
minute, and then weighed with an electronic 
balance. 

(3) The amount of methylene blue needed was 
calculated according to the following formula, 
and the original reagent bottle was used to 
weigh the medicine packing paper. The dried 
methylene blue was discarded.  

 
Methylene blue amount (g) 

＝ )×3.74×            (1) 

 
(4) Methylene blue was transferred to a beaker, ion-

exchange water was added, and the mixture was 
stirred with a glass rod to dissolve methylene 
blue. 

(5) The solution was transferred to a 500 ml brown 
volumetric flask, and ion-exchanged water was 
added to a volume of 500 ml. 

(6) The solution was allowed to stand overnight 
with occasional shaking to ensure complete 
dissolution. 

(7) 17 g of sodium diphosphate + hydrate was 
weighted and dissolved it in 500 ml of ion-
exchanged water. 

(8) 50 ml of 2% sodium pyrophosphate solution 
was placed in a 200 ml conical beaker, and the 
sample (bentonite) was placed in the solution. 

(9) The beaker was covered, stirred gently with a 
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magnetic stirrer, and then boiled gently with the 
rotor in place. 

(10) After allowing to cool, the solution was stirred 
and gently boiled again. 

(11) After allowing the solution to cool to room 
temperature, 60% of the saturated adsorption 
amount of methylene blue solution was added 
and stirred for 30 seconds. 

(12) The solution was sampled with continuous 
stirring and by dropping it onto the filter paper. 

(13) Titration was performed by adding 1 ml of 
methylene blue solution. 

(14) Steps (12) and (13) were repeated until a pale 
blue halo was confirmed. 

(15) Titration was performed, and when a pale blue 
halo was confirmed, the mixture was stirred for 
2 minutes and then dropped onto the filter paper. 
Negative ion-bearing montmorillonite adsorbs 
positive ion-bearing methylene blue. The halo 
appears as a blue smear around spots of 
unabsorbed methylene blue. 

(16) Step (15) was repeated until the halo width 
became 1.5 to 2.0 mm. The halo width was 
measured three times with a caliper and the 
average value was used. 

(17) The montmorillonite content (methylene blue 
adsorption amount) was calculated from the 
amount of methylene blue added when the halo 
width was about 1.5 to 2.0 mm. The calculation 
formula is shown below. 

 
Adsorption amount of methylene blue  
(mmol / 100g) 
= Methylene blue solution consumption (ml)×2  (2) 

 
(18) The amount of methylene blue adsorbed on 

100% montmorillonite Kunigel V1 is 140 mmol 
/ 100g. The montmorillonite content was 
determined by this ratio. After this, the 
bentonite-silica sand mixed sample was 
converted to the value of 100% bentonite. The 
calculation formula is shown below. 

 
Adsorption amount of methylene blue 

＝            
(3) 
 

0.50：Mass of sample used for test (g) 
0.35：Mass of bentonite during the test (g) 

 
 
 
 
 
 
 
 
 

 
 
TEST RESULTS AND DISCUSSION 
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Fig. 3 Maximum compressive stress-compressive 
strain result 
 
Table 3 compressive strain and elastic modulus 

compressive strain                                   
(temperature history) εf (%) 1.05 

Elastic coefficient                               
(temperature history) E50 (MN/m2) 149.3 

compressive strain                 
(temperature history) εf (%) 0.97 

Elastic coefficient                      
(temperature history) E50 (MN/m2) 138.9 

compressive strain                                     
(no temperature history) εf (%) 1.02 

Elastic coefficient                                           
(no temperature history) E50 (MN/m2) 94.9 
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strength and temperature 
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Table 4 Results of methylene blue adsorption test 
(No temperature history, no temperature change) 
 

MB solution consumption (ml) 28 29.5 

MB adsorption amount (mmol/100g) 56 59 

Montmorillonite content (%) 57.1 60.2 
 

Table 5 Results of methylene blue adsorption test 
(Temperature history 3 months, No temperature 
change) 
 

MB solution consumption (ml) 25 

MB adsorption amount (mmol/100g) 50 

Montmorillonite content (%) 51.0  
Table 6 Results of methylene blue adsorption test 
(Temperature history 6 months, Temperature change 
30 degrees) 
 

MB solution consumption (ml) 25 

MB adsorption amount (mmol/100g) 50 

Montmorillonite content (%) 51.0  
 

 
Table 7 Results of methylene blue adsorption test 
(Temperature history 6 months, Temperature change 
90 degrees) 
 

MB solution consumption (ml) 25 

MB adsorption amount (mmol/100g) 50 

Montmorillonite content (%) 51.0  
 

Figure 3 shows the changes in the stress-strain 
curve of the specimen with and without temperature 
history. The maximum compressive stresses of the 
samples without temperature history were 
1180kN/m2 and 1300kN/m2. For the samples with 
temperature history maximum compressive stresses 
were 980kN/m2. It can be seen that the maximum 
compressive strength of the samples with 
temperature history is reduced by 200-320kN/m2 
compared to the samples without temperature 
history. Table 4-7 shows that the montmorillonite 
content of the sample given a temperature of 200°C 
decreased by 6.1 to 9.2%. In general, it is said that 
the swelling property decreases as the 
montmorillonite content decreases [1]. Takegahara 
et al. [3] stated that the higher the content of 
montmorillonite, the higher the swelling property, so 
the energy required to fabricate specimens with the 
same density increases and the strength increases. 
On the other hand, in this study, as the specimens 
were manufactured so that the dry density was 
constant, it is considered that the compaction energy 
at the time of preparation decreased and the strength 
decreased due to the decrease in the montmorillonite 
content. 

Figure 4 shows the results of a uniaxial 
compression test with varying temperatures. It can 
be seen that the maximum compressive stress 
decreases with increasing temperature regardless of 
the presence or absence of temperature history. A 
possible cause of the decrease in compressive 
strength due to temperature rise is the effect of 
cracks caused by thermal expansion of the specimen. 
Bentonite is generally considered to have very low 
air permeability. Microcracks may be generated on 
the surface or inside the material due to the thermal 

○：No temperature history 
▲：Temperature history  

(200°C, 6month) 

○：No temperature history 
▲：Temperature history  

(200°C, 6month) 
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expansion of internal interstitial air and the 
evaporation of interstitial water caused by the 
influence of heat. It is considered that the 
compressive strength decreased due to the decrease 
in rigidity caused by the inclusion of microcracks. 
As this effect increases with rising temperature, 
compressive strength is considered to decrease with 
increasing temperature. 
 
CONCLUSION 
 

In this paper, the mechanical behavior of 
bentonite cushioning material was investigated in 
consideration of the existence of temperature history 
and the method of applying temperature in the 
geological disposal facility. From this, the following 
conclusions were obtained. 

 
(1) When a temperature history of 200°C 

for 6 months was provided, the maximum 
compressive stress and elastic modulus of the 
specimen decreased, and the montmorillonite 
content also decreased. It is considered that the 
decrease in montmorillonite content decreased 
the compaction energy specimen production. 
With this, the strength also decreased. 

(2) The maximum compressive stress 
decrease as the temperature of the specimen 
rises, regardless of the presence or absence of 
temperature history. The reason for this is 
considered to be the decrease in rigidity and the 
decrease in compressive strength due to the 
effect of cracks caused by thermal expansion of 
the specimen. As this effect increases with 
rising temperature, the compressive strength is 
considered to decrease with increasing 
temperature. 
 

In actual disposal facilities, the use of bentonite 
compacted at high pressures is considered from the 
viewpoint of improving the performance and 
workability of the cushioning material. The 
compacted bentonite has a high dry density and is 
considered to be affected by the decay heat of high-
level radioactive waste [1]. Furthermore, it is said 
that the temperature inside the cushioning material is 
in the range of 65 to 165 °C due to the decay heat. 
However, in this test, using powdered bentonite 
compacted after given a temperature history of 

200 °C, the characteristics of the cushioning material 
in the actual disposal facility were not reproduced. 
Therefore, in order to reproduce the cushioning 
material in an actual disposal facility, it is necessary 
to apply heat at high temperature and perform a 
uniaxial compression test after manufacturing the 
specimen. This time, the temperatures applied after 
the specimens were set to 30 ℃, 60 ℃, and 90 ℃. 
In the future, we would like to improve the water 
tank heater and perform a uniaxial compression tests 
at higher temperatures. 

A swelling test is also planned in parallel with the 
uniaxial compression test. Future work would 
investigate the swelling characteristics of bentonite 
cushioning materials under various conditions, with 
and without temperature history, and clarify the 
relationship between strength characteristics and 
swelling characteristics. We would also like to 
investigate the mechanical properties of bentonite. 
Furthermore, we would like to build a database 
using a methylene blue adsorption amount 
measurement test results and improve the accuracy 
of the data. 
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ABSTRACT 

In recent years, attempts have been made to utilize the soil moisture data observed in the field to monitor the 
slope stability and issue an alert if necessary. The method examined in this study is based on the initial quasi-
saturated volumetric water content at which the soil water content temporarily equilibrates with rainfall 
infiltration, and the field saturated water content reached when the groundwater table rises. In order to issue an 
alert, it is necessary to determine thresholds for these parameters. In previous studies, the method has been 
applied only to relatively homogeneous embankment slopes and natural slopes of decomposed granite soil. The 
applicability to other soil types is unknown. In this study, focusing on the natural slopes composed of cohesive 
soils originating from sandstone and mudstone, the thresholds were obtained from laboratory and field 
experiments. Evaluation of the field data using the obtained thresholds indicated that when using the 
experimental values, accuracy of unsaturated hydraulic conductivity is essential. It was also suggested that, soil 
moisture needs to be measured at various depths based on the heterogeneity of the site to capture the profile with 
a reasonable spatial resolution.  

Keywords: Shallow landslide, Volumetric moisture content, Unsaturated hydraulic conductivity, Quasi saturated, 
Field saturated 

INTRODUCTION 

Rainfall-induced shallow landslides have become 
more frequent owing to recent occurrences of 
extreme weather in Japan. In July 2018, heavy 
rainfall events led to serious damages to the geo-
structures and natural slopes in Okayama, Japan [1]. 
Fig.1 shows the cumulative precipitation measured 
at the Okayama weather station in July 2018. The 
two peaks in the rainfall intensity exceed 20 mm/h 
during the precipitation (total 385.5mm) over 48 h 
were the main cause of the damages to natural slopes 
and geo-structures.  

In recent years, attempts have been made to 
utilize the soil moisture data observed in the field to 
monitor the slope stability and issue an alert if 
necessary [2]–[3]. The method examined in this 
study is based on the initial quasi-saturated 
volumetric water content (θIQS) at which the soil 
water content temporarily equilibrates with the 
rainfall infiltration, and the field saturated water 
content (θfS) reached when the groundwater table is 
formed. In order to issue an alert, it is necessary to 
determine thresholds for these parameters. In 
previous studies, the method has been applied only 
to relatively homogeneous embankment slopes and 
natural slopes of decomposed granite soil. The 
applicability of the method to other soil types is 
unknown. In this paper, focusing on the natural 
slopes composed of cohesive soils originating from 
sandstone and mudstone, the thresholds were 

obtained from laboratory and field experiments. 

Fig. 1 Precipitation in July 2018 Okayama. 

METHOD 

Field Locations 

Field locations are shown in Fig. 2. Within the 
natural slopes on the east side of “Handayama” site 
located in Okayama-city, two locations where a 
shallow landslide took place by a heavy rain in July, 
2018 were studied [4]. These natural slopes 
composed of cohesive soils originating from 
sandstone and mudstone. The scale of the slope 
failure and monitoring point are shown in Fig. 3. 
The angle of the slope is less than 30 degrees and is 
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Fig. 6 Grain size distribution of the field soils. 

Fig. 6 illustrates the cumulative grain size curve 
of the samples. The disturbed sample from each 
depth (0-20cm, 20-40cm, 40-50cm) was collected 
although the molding was difficult with the presence 
of gravels when collection of the block sampling 
was tried in the test field. It was assumed that each 
sample would represent the depth of the soil water 
sensor (20cm, 40cm, 60cm), despite the difference 
in the collection depths of the samples. 

RESULTS AND DISCUSSION 

Estimation of the IQS curve 

The van Genuchten–Mualem (VG) model [7] 
fitted to the water characteristic curve data obtained 
by the water retention test (the soil column method; 
diameter 50mm, height 100cm, the cyclometer 
method; WP4C, METER Environment Inc.) is 
shown in Fig. 7. Then, the unsaturated hydraulic 
conductivity curve estimated based on the saturated 
hydraulic test and water retention test are compared 
with the pressurized hydraulic test results. These 
data has difference to become the tendency to 
suddenly decrease near saturation, a fitting data of 
estimated unsaturated hydraulic conductivity curve 
again is shown in Fig. 8.  

Fig. 7 Results of water retention tests and fitted 
VG-model curves [7] 

Fig. 8 Unsaturated hydraulic conductivity from 
saturated hydraulic test and pressurized test, 
and the fitted VG-model. 

Furthermore, the field injection test [6] shown in 
Fig. 9 was carried out to measure a volumetric water 
content and hydraulic conductivity under the field 
saturated condition. The soil moisture sensor was 
emplaced at the bottom of the borehole and water 
was injected under a constant head. The result that 
with correction of saturated hydraulic conductivity is 
shown in Fig. 10, because a difference of up to two 
orders of magnitude was seen when comparing the 
field test result with the estimated unsaturated 
hydraulic conductivity curve. 

Fig. 9 Field water injection test. 

Fig. 10 Adjustment by the spot injection test result  
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Verification of the IQS curve 

Field water spray test shown in Fig.11 was 
conducted to inspect the validity of the estimated 
IQS curve. A stainless steel ring with a fixture with a 
diameter of 10cm is inserted to a depth of 5cm from 
the ground surface, and water is sprayed with the 
same intervals in the ring.  

Fig. 11 Field water spray test 

The resulted IQS curve arranged for the rainfall 
intensity and the relations of the volume water 
content based on Fig.10 is shown in Fig. 12 and 
Table 1. The results show that the IQS curves 
generally agree well (errors: 7-12%) with the field 
water spray test results within an exception of one of 
the volumetric water content values for 20cm (error: 
28%). 

Evaluation of field monitoring data 

The measurement result of approximately five 
months is shown in Fig.13. Although a couple of 

precipitation events with more than 10mm/h were 
observed during this time period, there were a few 
changes observed in the inclination angle.  

Fig. 12 Comparison between IQS curves and field 
water spray test results 

Table 1  Comparison of the volumetric moisture 
content between IQS curves and field water 
spray test results 

Depth 
(cm) 

R 
(mm/h)

IQS θ 
(θ-IQS) 
/IQS(%) 

20 
6.3 0.256 0.328 28 

3.6 0.327 0.287 -12 

40 8.0 0.183 0.195 7 

50 8.2 0.310 0.348 12 

(a) Transient changes in the volumetric water content 

(b) Transient changes in the inclination angle 

Fig. 11 Results of field monitoring 
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(a) July, 2019 

(b) From August to September, 2019 

Fig. 14 Extraction of the value of IQS 

Fig. 15 Evaluation by the figure IQS curve 

For four times of large precipitation events of 
this period observed from July to September, it was 
evaluated using the greatest rain intensity and the 
peak value after the rise of the volumetric water 
content as shown in Fig.14.  

The cause for the extremely slow responses 
observed at the depth of 20cm is unknown. It could 
e.g., be; setting condition of the sensor at 20cm, 
existence of a low permeable layer around 20cm, the 
water bypass influence that increases water content 
at deeper locations. 

The results are plotted together with the IQS 
curves in Fig.15. This graph shows that permeability 

is lower 60cm than 40cm, and 20cm is lower than 
60cm as shown in Fig. 10. 

Three values turned out higher than the IQS 
curves (◆ and ■ in a figure) at depth 40cm and 
60cm, and the rest is lower than the IQS curves. 

The IQS is a dimensionless parameter defined as 
the volumetric water content divided by the IQS 
corresponding to the rainfall intensity:  

IQS	=	 θ
θIQS

 ,  FS	=	 θ
θfs

	(1) 

where IQS and FS is the index of θiqs and θfs, , 
respectively. θ is the measured value of volumetric 
water content. When IQS = 1.0, the volumetric water 
content reaches the quasi-saturated state. In addition, 
when IQS > 1, a water layer forms at the bottom of 
the surface layer and the volumetric water content 
starts increasing and reaches the saturated 
volumetric water content from deep to shallow.  FS 
= 1 show in a ground water , FS  > 1 shows  that 
ground water table increase.  

The measured volumetric water content are 
divided by IQS and FS and plotted as a function of 
the rainfall intensity in Fig.14 and Fig.15, 
respectively. 

From these results, the IQS index is less than 1 
except for those at 40cm IQS index; in this period 
was judged to be at low risk of the slope failure. 
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Fig. 14 Evaluation by the IQS index. 

Fig. 15 Evaluation by the FS index. 

CONCLUSIONS 

In this paper, focusing on the natural slopes 
composed of cohesive soils originating from 
sandstone and mudstone, the thresholds were 
determined from laboratory and field experiments. 
Evaluation of the field monitoring data using the 
obtained the soil moisture-based indice, IQS and FS 
indicated that when using the experimental values, 
accuracy of unsaturated hydraulic conductivity is 
essential. It was also suggested that, soil moisture 
profile needs to be measured at various depths based 
on the heterogeneity of the site. 
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ABSTRACT 
 
When constructing tunnels in the urban areas, NATM method is adopted in some cases due to restrictions on 

the construction conditions. A highly permeable sand layer is often encountered, which hinders the safe 
operation in the construction work. In such a case, an additional cost is needed for a proper engineering 
countermeasure, which could also lead to an excessive burden on the environment. The countermeasures against 
groundwater inflows are roughly based either on draining the water to lower the groundwater pressure or 
grouting to reduce the permeability of the ground. Cement, water glass and urethane are often used as grout 
materials, which raise issues of possible impact to the environment as well as their cost. Kaolinite is a natural 
clay material that has a small impact on the environment. In this study, for specimens of glass beads with various 
particle sizes, we investigated the behavior of the injected clay suspension, as well as the migration/clogging 
behavior in the pores via a set one-dimensional horizontal column experiments with varied hydraulic gradient. 
The results showed that the particle size ratio of the clay to the glass beads can be well explained by the 
conventional clogging index, and that the migration speed in the pores is dominated by the viscosity of the clay 
suspension. The findings are helpful in selecting the clay suspension with an appropriate particle size for an 
efficient reduction of the permeability of the water conducting layer.  
 
Keywords: Kaolin clay suspension, Viscosity, Hydraulic conductivity reduction, Hydraulic gradient, Critical 
velocity 
 
 
INTRODUCTION 

 
When constructing tunnels in urban areas, 

NATM (New Austrian Tunneling Method) is 
adopted in some cases due to restrictions on the 
construction conditions [1]. However, like the 
Hakata station square cave-in accident which 
occurred on November 8, 2016, there is great 
concern to influence the surface of the ground with 
the progress of the construction in the shallow 
subsurface [2]. A highly permeable sand layer is 
often encountered, which hinders the construction 
work [3]. In such a case, additional cost arises for a 
proper engineering countermeasure, which could 
also lead to an excessive burden on the environment. 
The countermeasures against groundwater inflows 
are generally based either on draining the water to 
lower the groundwater pressure or grouting to 
reduce the permeability of the ground. Cement, 
water glass and urethane are often used as the grout 
materials. Because these are not of natural origin, 
however, their impact to the environment is 
unknown, and their cost is high. A non–pressurized 
grouting of clay with non–hardening and non–
swelling characteristics was applied to the 
construction of underground oil storage caverns [4]. 
Because of clay weakness and instability (non-
solidification) as a grouting material, the injection 
was conducted without a grouting pump but by 

pouring diluted clayey water into the rock. It thus 
took a long time for the permeability of the 
extensive rock mass to get reduced. 

Kaolinite is a natural clay material (Kaolin clay, 
hereinafter referred to as clay) that has a small 
impact on the environment. There are some studies 
to reduce permeability by injecting kaolin clay 
suspension into the sand layer. It has been suggested 
that there are certain clay types and mixing ratios for 
effectively reducing the permeability [5], and 
investigated the behavior of the injected clay 
suspension, as well as the migration behavior in the 
pores via a set one-dimensional horizontal column 
experiments with varied hydraulic gradient [6]. In 
this study, same column tests was conducted in the 
laboratory experiment for specimens of glass beads 
with various particle sizes.  
 
 
MATERIAL AND METHODS 

 
Test setup and procedures 

 
The schematic diagram and photograph of the 

experimental apparatus are shown in Fig. 1. This 
experiment consisted of two steps, (a) injection of 
the clay suspension, (b) one-dimensional flow test 
with a stepwise controlled hydraulic head. The soil 
specimen was wet-packed into the acrylic column 
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with a diameter of 5 cm and a length 50 cm. A 
stainless steel mesh and a porous plate were placed 
at both ends. The bulk density of specimen was 
increased by manually tapping the column wall. A 
perforated injection pipe with opening rate 45%, 1 
cm in diameter and 4 cm in length, covered by 
stainless steel mesh was installed at the central 
location of the test specimen. 
 

 
 

(a) Injection of clay suspension. 
 

 
 

(b) One-dimensional flow test with stepwise 
controlled hydraulic head. 

 
Fig. 1 Schematic diagram of the experimental 

apparatus. 
 

 
 
Photo. 1 Photograph of the specimens with injected 

clay suspension. 
 

Photo. 1 shows the specimens with injected clay 
suspension. After the injection, the water head 

applied on the upstream side was increased stepwise 
(25cm/10min), and the water flow rate was 
measured by a using a flow meter installed at the 
inflow side of the test specimen. The hydraulic head 
on the upstream side was measured by a manometer 
and pressure transducer at the head in the cap of the 
inflow. 

 
Materials 
 
Kaolin clay and its suspension 
 

Fig. 2 illustrates the grain size distributions curve 
of the clays used in this experiment. Three types of 
clays (c3, c5, and c7) with various mean particle 
diameters (M.P.D.s) were prepared. The soil grain 
density (ρs), grain size, uniformity coefficient, and 
curvature coefficient of each clay are listed in Table 
1.  

Fig. 3 illustrates the viscosity of the clay 
suspensions for various clay–water weight (c/w) 
ratios. Then rotational viscometer was carried out 
for each suspension. The grain size of c5-type clay is 
approximately the same as that of c3, and that of c7 
is the largest. In addition, c3 and c5 resemble the 
viscosity coefficient, but c7 shows that the viscosity 
does not increase even if the c/w ratio increases. 

 

 
 

Fig. 2 Grain size distribution curve of three types 
of clay used in this experiment. 

 
Table 1 Selected physical properties of the Kaolin 

clays. 
 

Physical properties 
Kaolin clay 

c3 c5 c7 
Clay grain density, ρs （g/cm3） 2.748 2.736 2.713 

    

85% grain size, D85 (μm) 7.49 7.48 12.36 
50% grain size, D50 (μm) 6.14 6.33 10.95 
15% grain size, D15 (μm) 3.16 3.27 4.53 
Uniformity coefficient, Uc 1.02 1.02 1.02 
Curvature coefficient Uc’ 1.94 1.90 2.12 
    

M.P.D.s (μm) 4.93 5.03 7.48 
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Fig. 3 Viscosity of the clay suspensions. 
 

 
 

Fig. 4 Time efficiency of sedimentation of clay 
suspension. (clay mass ratio of upper part/ 
lower part) 

 
Fig. 4 illustrates the time efficiency of 

sedimentation of clay suspension. The upper 
suspension of the test specimen and suspension of 
the lower part were pulled out using a cylinder-
shaped container every time, and the clay was 
weighed after drying in an oven, respectively. It was 
assumed a ratio of clay mass that floated in the each 
part (upper clay mass / lower clay mass). It showed 
that sedimentation rate of c5 was the slowest, and 
the sedimentation speed of each kind of clay slowed 
down roughly after eight hours. 
 
Specimen (Grass beads) 
 

Fig. 5 illustrates the grain size distribution curve 
of the grass beads used as specimen in this 
experiment. Five types (#20, #40, #50, #60, #80) 
with various mean grain diameters were used. The 
glass beads grain density (ρs), grain size, uniformity 
coefficient, and curvature coefficient of each grass 
beads are listed in Table 2. 
 
Flow condition before the clay injection 

 
Based on the observation in the actual tunnel 

construction [3], the largest hydraulic gradient and 
velocity acting beyond the excavation face were 

calculated by using the numerical seepage analysis. 
As a result, the water level of the inflow/outflow 
difference condition before the injection of clay 
suspension was set so that the hydraulic gradient is i 
= 3.0. 
 
Experiment condition setting 

 
Table 3 and Table 4 list the experimental cases 

and the physical properties of clay suspensions. 
From the previous research [5], the relationships 
between the clay–water weight (c/w) ratio and the 
maximum to reduce for hydraulic conductivity of 
river sand showed that the most suitable 
combination (optimal) c/w ratio of c3, c5 and c7 are 
0.25, 0.21, and 0.52, respectively. In addition, a case 
of c7 which c/w of 0.30 is added for nearly same 
level of the density as c3 and c5. 
 

 
 
Fig.5 Grain size distribution curve of the river 

sand and grass beads. 
 
Table 2 Selected physical properties of the grass 

beads. 
 

Physical properties 
Grass beads 

#20 #40 #50 #60 #80 
ρs （g/cm3） 2.561 ← ← ← ← 
D50 (μm) 550 160 150 140 76 
D15 (μm) 500 98 98 95 66 
Uc 1.27 2.17 1.17 1.20 1.21 
 
Table 3 Experimental cases and physical properties 

of clay suspensions. 
 

Case 

Clay suspension 
Cay–water 
weight ratio 

c/w ratio (g/g) 

Density 
ρc （g/cm3） 

Coefficient of 
viscosity 
η (dPa･s) 

c3 (0.25) 0.21 1.148 1.46 
c5 (0.21) 0.25 1.188 2.51 
c7 (0.52) 0.52 1.385 1.10 
c7 (0.30) 0.30 1.149 0.10 
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Table 4 Experimental cases and physical properties 
of grass beads. 

 

Case 
Grass beads 

Dry density 
ρd （g/cm3） 

Porosity 
n (%) 

#20 1.604 37.4 
#40 1.583 35.7 
#50 1.569 38.7 
#60 1.576 38.5 
#80 1.558 39.1 

 
 
RESULTS AND DISCUSSIONS 

 
Clay injection tests 

 
According to the filter law, the filters need to 

satisfy the condition without entry of the soil that 
when D15/d85 < 6, where D15 means 15% by mass of 
the filter particles are finer than that size and 85% of 
the particles are finer than d85 particle size of the 
base material [7]. Therefore, when D15/d85 > 6, finer 
particles pass through the filter materials. Here in, 
d85 is the particle size of the clay, D15 is the particle 
size of the grass beads. D15/d85 < 6 implies that the 
clay suspension cannot be injected into the pores of 
the grass beads if there is no effect of viscosity of 
suspension. 

Table 5 lists the experimental results of the 
injection tests. Clay c7 was not able to inject into 
GB#80. The value of filter law was calculated 5.33, 
less than 6 of the index. It was suggested that the 
migration of this clay suspension could be well 
predicted by the filter law. 
 
Table 5 Results of the injection tests.  

 
case GB#20 GB#40 GB#50 GB#60 GB#80 
c3 

(0.25) 
Y 

[66.67] 
─ 

[12.67] 
─ 

[12.67) 
─ 

[12.33] 
Y 

[8.53] 

c5 
(0.21) 

Y 
[66.67) 

Y 
[12.67] 

─ 
[12.67) 

─ 
[12.33] 

Y 
[8.53] 

c7 
(0.52) 

Y 
[41.67] 

─ 
[7.92] 

─ 
[7.92] 

─ 
[7.71] 

N 
[5.33] 

c7 
(0.30) 

Y 
[41.67] 

Y 
[7.92] 

Y 
[7.92] 

Y 
[7.71] 

N 
[5.33] 

Note: “Y” means the possible to inject, “N” means the not 
possible to inject. [ ] is the calculated D15/d85 . 
 

Fig. 6 illustrates the injected volume for the 
c7(0.30) suspension cases. The viscosity of this case 
was 0.10, close to water. The injection was 
terminated when the clay suspension has been 
visually confirmed at the both end boundaries of the 

test specimen. Therefore, the clay suspension may 
not fully fill the pores near the both ends. In GB#20 
and GB#40, the same amount was injected while 
slightly less for GB#50. D15/d85 of GB#40 and 
GB#50 are same, 7.92, but 85% particle size of 
GB#50 is larger than GB#40. There is a less volume 
of injection for GB#60, it resulted likely from the 
clogging during the injection. Therefore, the 
feasibility of the injection well followed the filter 
law, but the quantitative evaluation regarding the 
volume of injection requires an additional 
procedure/index. 

 

 
 

Fig.6 Injected volume of clay suspension, 
c7(0.30). 

 
Permeability tests 
 
Hydraulic behavior under the changing hydraulic 
gradient  

 
Fig. 7 and Fig. 8 illustrate the total head and the 

flow rate in the permeability test cases for GB#20 
and c3(0.25), c5(0.21),c7(0.52), respectively. The 
total head for c3 shows the tendency that is slightly 
lower than that of the constant head tank in 
h=50m~75cm and became more significant after 
h=100cm. The flow rate increases immediately 
following the change in the head and quickly 
stabilizes afterwards, it showed large change at the 
setting head h=100cm. Case c7 showed a tendency 
similar to c3 up to h=50cm, but the total head 
decreased much below from at the setting head from 
h=75cm, and the flow rate greatly increased 
progressively from h=25cm of the initial stage. c5 
followed that a difference occurred at the setting 
head was h=125cm, and it followed that the flow 
rate greatly increased setting at the setting head from 
h=100cm. 

Fig. 9 and Fig. 10 illustrate hydraulic 
conductivity and hydraulic gradient calculated based 
on Fig. 7 and Fig. 8, respectively. For c3, it is 
estimated that a large amount of clay flowed out by 
migration of the clay through the void because the 
hydraulic conductivity rose at a hydraulic gradient 
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i=1.0. Case c5 showed the smallest hydraulic 
conductivity after the injection, the variation of 
hydraulic conductivity became large in hydraulic 
gradient i=1.5, hydraulic conductivity finally same 
as other two kinds level. In case c7, it was assumed 
that the migration of the clay in the void began and 
flowed out when the hydraulic gradient reached 
i=0.25, and c7, and as for the subsequent hydraulic 
gradient, it was found that a residual clay effect of 
this phenomenon.  

 

 
 
Fig.7 Total head with time of test case GB#20. 
 

 
 
Fig.8 Flow with time of test case GB#20. 
 

 
 
Fig.9 Hydraulic gradient with time of test case 

GB#20. 
 

 
 
Fig.10 Hydraulic conductivity with time of test 

case GB#20. 
 

In these results, the hydraulic conductivity after 
the clay injection varied according to the type of the 
clay, and it also became clear that the permeability 
change with the increase of the hydraulic gradient 
was different. 
 
Residual and runoff clay 

 
The injected, residual and runoff masses of each 

clay are shown in Fig. 11. Clay c7 was injected most 
in terms of the density of clay suspension. The 
fraction of the residual clay (residual mass / 
injection mass) was 12.5, 17 and 15.5% for c3, c5 
and c7, respectively, showing the highest value for 
c5. 
 

 
 
Fig.11 Mass of clay of test case GB#20. 
 
Multi Particulate Critical Velocity 
 

Multi particulate critical velocity under the one-
dimensional horizontal flow is shown in Eq. (1) [8]. 

 

Vcm= n1 𝑚𝑚⁄ 6 μ
ρw d�

�
ρw�ρs − ρw� g d 3

54 μ2 +1 − 1�        (1) 

 
where, Vcm : multi particulate critical velocity (cm/s), 
n : porosity, m : constant decided with the Reynolds 
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number, μ : coefficient of viscosity of the water 
(g/cm･ s), ρw : density of the water (g/cm3), d: 
particle diameter (cm), ρs : soil particle density 
(g/cm3), g : gravitational acceleration (cm/s3).  

The multi particulate critical velocity (Vcm) 
calculated for each of the permeability tests under 
varied hydraulic gradients are shown in Fig. 12.  

It is understood that Vcm is drastically smaller 
than the pore velocity observed in the experiments. 
In other words, it shows that the particles start to 
migrate, and the clay runoff occurs under the large 
velocity rather than the calculated Vcm. Furthermore, 
it was assumed that a factor that affects the Vcm 
existed because the clay particles remained in the 
pores of the glass beads in the experiments. 
Therefore, the coefficient of viscosity of Eq.(1) is 
not considered the viscosity of the suspension.  
 

 
 

Fig.12 Measured pore velocity (V) and the multi 
particulate critical velocity (Vcm). 

 
 
CONCLUSIONS 
 

In this study, for specimens of glass beads with 
various particle sizes, we investigated the behavior 
of the injected clay suspension, as well as the 
migration behavior in the pores via a set one-
dimensional horizontal column experiments with a 
diameter of 5 cm and a length of 50 cm under the 
varied hydraulic gradient.  

The results showed that the ratio of the particle 
sizes of the clay to the glass beads can be well 
explained by the conventional clogging index, and 
that the migration speed in the pores is dominated by 
the viscosity of the clay suspension. 
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ABSTRACT 

 
Since long, bentonite has been examined as a potential sealing material in the Engineered Barrier Systems 

(EBS) for the geological disposal of radioactive waste due to its favorable physical and chemical properties. The 
research evolution has led to the adaption of Granulated Bentonite Mixtures (GBM) as a candidate buffer/backfill 
material owing to the high compaction properties, operational advantage and closure of gaps between the seal and 
host rock. A thorough understanding of the behavior of GBM is essential to design and construct an efficient 
repository. This paper summarizes a review of former experimental studies conducted on the GBM over the past 
two decades. The contents include Thermal, hydraulic and mechanical (THM) characteristics, gas transport and 
microstructure. The work comprises preparation of a summary table listing material properties, sample scale, 
methodology, test conditions and graphical representation of results. Based on the review, prospects for further 
investigations/studies on the GBM’s THM and gas transport properties from the microstructural perspective have 
also been recommended for better understanding of the behavior of GBM.   
 
Keywords: Engineered barrier systems (EBS), radioactive waste disposal, granulated bentonite mixtures (GBM), 
experimental studies 
 
INTRODUCTION 

 
Various repository design concepts have been 

evolved and studied over the last four decades [1]. 
These include encapsulation of nuclear waste in a 
metallic canister surrounded by a backfilling/buffer 
material emplaced in deep geological formations in 
vertical holes or horizontal tunnels [1,2]. Owing to its 
favorable physical and chemical properties, bentonite 
has been studied as a backfilling/buffer material in the 
nuclear waste disposal concepts [3]. These properties 
include low permeability and high retention capacities 
[4,5], high swelling capacity [3,5], thermal 
characteristics [3] and micro-porous structure [5]. 
Many design concepts use pre-compacted blocks of 
bentonite as barrier and backfilling materials [4]. 
Alternatively, Granulated Bentonite Mixtures (GBM) 
consisting of granules (highly compressed pellets) 
and powders of bentonite have also been considered 
[6]; and adopted by National Cooperative for the 
Disposal of Radioactive Waste (NAGRA) in the 
prototype Full-scale Emplacement (FE) experiment 
[7] and Engineered Barrier (EB) experiment [8,9] at 
the Mont Terri rock laboratory in Switzerland. The 
objective of using GBM is to achieve good 
compaction properties and operational advantages 
including easy transportation and in-situ placement/ 
backfilling. Additionally, the GBM is considered to 
provide a high capability to adapt to the irregular rock 
wall conditions [10].     

In a typical repository environment, the GBM 
barrier will be subjected to radiogenic heat of the 

waste canister and other complex hydro-mechanical 
processes resulted from the infiltration of 
groundwater or hydration from the surrounding rock 
as well as the generation of various gases as a result 
of metal corrosion or by the degradation of organic 
wastes. Therefore, an assessment of complex Thermo 
Hydro-Mechanical (THM) and thermo-hydro- 
geochemical processes is essential to achieve a safe 
repository design and ensuring the long-run safety.  

The emplaced buffer GBM should be capable; to 
maintain its low water permeability and develop a 
sufficiently high swelling pressure to maintain a good 
contact between the host rock and waste, and to ensure 
rapid dissipation of radiogenic heat as well as hold 
enough permeability to allow the transport of gases 
without cracking and rupturing of the buffer/barrier 
[3]. Various studies have been conducted to 
understand the behavior of GBM. This paper 
summarizes a review of the former experimental 
studies performed in the last couple of decades to 
understand the thermal, hydraulic, mechanical and 
geochemical behavior of the GBM.  
 
THERMAL PROPERTIES  

 
The thermal properties of various GBMs have 

been obtained in the laboratory by thermal probe 
analyzers and the results are presented in Fig.1. Table 
1 provides a summary of the relevant details on the 
materials, and experimental methodology. The results 
indicate that, for a fixed water content, thermal 
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conductivity increases with increasing dry density 
[11,12]. Tang [11] noted high thermal conductivity 
values at higher water contents. In the FE experiment, 
Müller [7] observed a slight increase in the thermal 
conductivity values measured for a period of almost 
one year after the start of heating indicating slow 
wetting of the GBM due to water inflow at a very low 
rate (Fig. 2).  
 

Fig. 1 Effect of dry density and moisture content on 
thermal conductivity [11,12] 
 

 
Fig. 2 Transient changes in in-situ GBM thermal 

conductivity [7]. 
 
HYDRAULIC PROPERTIES  
 

Hydraulic conductivity of the GBM in saturated 
conditions was determined in laboratory permeability 
tests. The materials, methodology and the 
experimental conditions adopted are summarized in 
Table 1. The results show that hydraulic conductivity 
decreases with increase in dry density (Fig. 3) [8,9,13]. 
Villar [14] investigated the effect of temperature on 
the saturated hydraulic conductivity by a 
thermostatically controlled oedometer cell under 

constant volume conditions. The results indicated that 
the hydraulic conductivity decreased with increasing 
temperature (Fig. 4). Masuda [13] reported the work 
on the effect of salinity content of groundwater on 
hydraulic conductivity of granulated bentonite. 
Salinity content had a strong influence on the 
hydraulic conductivity. The saline water resulted in 
higher hydraulic conductivity values as compared to 
the fresh water.   

Fig. 3 Effect of dry density on hydraulic conductivity 
[8,9,13] 

Fig. 4 Effect of temperature on hydraulic conductivity 
[14] 
 
MECHANICAL PROPERTIES  
 

The swelling characteristic of the GBMs has been 
tested in the laboratory using oedometers/rigid cells 
under constant volume conditions. Table 1 
summarizes the experimental conditions adopted for 
the swell pressure testing. The results show that lower 
density samples developed low swell pressure values 
and the swelling pressure increases with increasing 
dry density (Fig. 5) [2,8,9,14-20]. The temperature 
controlled swelling characteristics have been 
observed in a thermostatically controlled oedometer 
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cell and results depicted that the swelling pressure 
decreases with increase in temperature (Fig. 6) [14].   

 

 
Fig. 5 Variation of swelling pressure as a function of 
dry density [2,8,9,14-20], y-axis swelling pressure  
 

Fig. 6 Effect of temperature on swelling pressure in 
samples prepared at different dry densities [14], y-axis 
swelling pressure 

 
GAS TRANSPORT 

 
Table 1 summarizes the methodology adopted to 

measure the gas permeability. The results indicate that 
gas permeability; increases with increasing porosity 
(Fig. 7) [21] and decreases with increase in dry 
density (Fig. 8) [22]. Liu [23] conducted gas 
permeability experiments on the in-situ GBM samples 
retrieved from the EB experiment. The results 
indicated extremely low permeability (in the order of 
10-21 m2) and they suggested the bentonite barrier 
hardly a medium for gas transport.  
 
 

Fig. 7 Gas permeability as function of porosity in 
specimens compacted at different dry densities with 
water contents [21]   
 

Fig. 8 Average gas permeability as function of dry 
density for different water contents [22] 

 
MICROSTRUCTURE 
 
 Microstructural changes occur in the bentonite as 
a result of compression at the time of emplacement 
and swelling during the hydration process afterwards. 
Hence, investigations at microstructural level are 
crucial for better understanding of the behavior of the 
bentonite at higher structural levels [24]. 
Microstructural features have been investigated by 
several methods including Mercury Intrusion 
Porosimetry (MIP), Scanning Electron Microscopy 
(SEM) and Microfocus X-ray Computed Tomography 
(MFXCT). Lloret [24] studied the effect of 
compaction (dry density 1.4 g/cm3 to 1.68 g/cm3) on 
Pore Size Distribution (PSD) characteristic of FEBEX 
granular bentonite by MIP. A bi-modal PSD was 
observed, with a dominant value of 20 nm 
representing pores inside the clay aggregates and 
larger pores ranges from 20 µm (at 1.68 g/cm3) to 30 
µm (at 1.4 g/cm3) corresponding to the inter-granular 
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Table 1 Summary of the materials and methodology adopted for the determination of thermal, hydraulic, mechanical and gas transport properties 
 
 Properties Bentonite/Mater

ial Type 
Gradation 
(mm)  

Sample 
size (mm) 

Apparatus/Methodology Controlling Parameter(s) Ref. 

Thermal 

MX-80  < 2 50 x 70 Heating wire probe thermal analyzer  Dry density, water content [11] 
Wyoming USA 
(similar to 
MX80)  

0.1-6.3 60 x 150 KD2 Pro thermal analyzer TR-1 probe Dry density [12] 

GBM in FE 
experiment 

0.1-9.5 full-scale Field measurements by thermal sensors  Time  [7] 

Hydraulic 

Spanish GBM 0.01-10 n/a Constant gradient permeability tests, steady state 
conditions 

Dry density [8] 

MX-80 < 10 35 x 10 Small sample holders, 20°C, 17 days hydration time Dry density [9] 
Pellets mixture 0.075 – 19 n/a Laboratory experiments Dry density [13] 
FEBEX GBM < 5 50 x 12 Oedometer cell equipped with a silicone oil 

thermostatic bath, constant volume conditions  
Temperature [14] 

Mechanical 

MX-80 Pellet /Powder (80/20) 
Pellet (7x7mm), Powder (<2mm) 

Samples prepared at DD of 1.49 g/cm3 in constant volume cell of 70 mm dia. 
oedometer, 440 days hydration time  

[15] 

MX-80, Pellet /Powder 
(80/20), Pellet 7x7mm,  

60 x 120  Constant volume conditions cell, monitored for 160 days, sample prepared at dry 
density of 1.49 g/cm3  

[16] 

MX-80 0.16-10  70 x 483.9  Heated Column experiment, sample prepared at dry density of 1.47 g/cm3, 
monitored for 3 years 

[2] 

FEBEX GBM < 5 50 x 12 Oedometer cell, constant volume conditions, 30°C Dry density, temperature [14] 
MX-80 < 10 35 x 10 Small samples holders, 20°C, 17 days hydration time Dry density   [9] 
FEBEX GBM, 
EB experiment 

0.075-9.5 full-scale In-situ swelling pressure measured by sensors, in-situ 
temperature and relative humidity (17 °C, 48%)  

Dry density [17] 

Spanish GBM   0.01-10 n/a Wetting at constant volume  Dry density [8] 
FoCA, pellets and powder 
material  

Oedometer tests, samples of 50, 100 and 120 height samples prepared at dry density of 1.6 
g/cm3, Monitored for 100 days to more than 1-year evolution of swelling pressure with time  

[18] 

MX-80  0.065-4 75x15 Constant volume swelling tests in rigid cells Dry density [19] 
MX-80 shot-clay, sand (60%) 
and gravel (30%) fractions  

75.3 x18.8  In-situ core samples recovered from the shot-clay experiment at the Grimsel URL, 
constant volume swelling tests in laboratory, maximum swell pressure observed 10 
days after the flooding  

[20] 

Gas 
Transport 

FEBEX grains < 5 n/a Nitrogen gas used as fluid, injected at low pressure,   Effect of porosity [21] 
FEBEX  < 5 38 x 78 A triaxial cell, Nitrogen gas as fluid. Dry density  [22] 
GBM in EB 
experiment 

In-situ specimens retrieved from EB experiment at Mont Terri Rock Laboratory Switzerland, argon gas used 
as fluid, steady state method, triaxial cell, Confining pressure 1MPa, gas pressure 0.6 MPa 

[23] 
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pores. The results indicated that the pore structure of 
the inter-granular pores was mainly controlled by the 
compaction density. The SEM observations also 
complimented the PSD data. SEM photomicrographs 
were used to study the size of intergranular pores as 
function of compaction intensity in the samples 
compacted at dry density 1.40 g/cm3 and 1.65 g/cm3; 
larger intergranular pore sizes identified in the low-
density sample [24]. Structural changes including 
homogenization processes and fractures were 
investigated by MFXCT during the hydration of 
pellet and powder mixtures [16,25]. 
 
CONCLUSIONS: FUTURE AREAS OF STUDY  

 
Many research programs are in progress since 

1970s to evolve a safe and sustainable repository 
concept for the disposal of high-level radioactive 
waste, yet, no final repository has been constructed 
[26]. Despite the large amount of studies on the 
bentonite materials used as a buffer/backfill in the 
repository, some knowledge gaps remain. In-situ 
experiments with a large focus on GBM are also in 
progress to understand the coupled effects of complex 
thermo-hydro-mechanical and chemical processes, 
e.g. FE and HEE experiments and EB experiment 
(dismantled) at the Mont Terri rock laboratory and in 
Switzerland.    

Several factors influence the heat and mass 
transport processes through the porous medium. The 
thermal characteristics of the porous medium are 
governed by the various factors including 
composition, grain and pore size structure, dry 
density [27], porosity [27,28] and moisture content 
[28]. The gas diffusion and advection are the 
prevailing mechanisms for transport of gases through 
the soil [26,29]. Selin [36] pointed out the diffusion 
to be a dominant transport mechanism for the gas 
transport through bentonite barriers unless the applied 
pressure becomes greater than the swelling pressure 
and back pressure (total stress). The gas transport 
through the porous media is controlled by various 
factors including dry density, particle size, and 
macro-porosity [29]. The review has shown that the 
above listed factors coupled with the microstructural 
features need further study in future for better 
understanding of the behavior of GBM as the buffer 
and the mass transport processes through the GBM 
and bentonite-based granular materials. 
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ABSTRACT 
 
Unmanned autonomous robots will be widely used very soon for land use, treatment, and monitoring. The 

paper addresses the problem of visual navigation of ground robots using a camera positioned at a certain 
elevation above the confined area. The main idea is that robot’s “eyes” is not located on the robot but are 
independent autonomous system. As a result, the “eyes” can go up and observe the robot from above. This 
patented technology of airborne vision-based control of ground robots is already described previously in 
"International Journal of GEOMATE" and Geomate2019 conference paper (Ehrenfeld et al., 2020). There was 
described in detail the small toy prototype with very simple algorithms and very shortly the next more complex 
prototype. In the current paper we present detailed algorithms for navigation and control of this complex 
prototype. The system consists of the USB camera on the tower (4 meters) connected to the computer which 
controls the big ground robot by sending Wi-Fi commands. For navigation (recognition of the ground robot, 
finding its position and orientation) we use deep learning (artificial neural network). It was demonstrated that 
this robot can pass two main tests: travelling along some predefined path and random walk inside of some 
predefined boundary. 
 
Keywords: Vision-based navigation, Visual Navigation, Ground Robots, Tethered Platform, Airborne Control, 
Prototype, Vision-Based Navigation, Artificial neural network, Deep learning convolution network, Autopilot, 
Time delay, Stability of differential equations 
 
INTRODUCTION 

 
Unmanned autonomous robots will be widely 

used very soon for land use, treatment, and 
monitoring [1-3]. The most popular outdoor robots 
are currently robot-lawnmowers used for bounded 
operation area. However, the different very 
interesting applications for such robots can be found. 
Let us give yet several examples: 

 
1) It is a remote-controlled slope mower [4]. 

Currently, remote control of a human operator is 
used for such mowers. However completely 
autonomous robots can be made using 
technology proposed in this paper. 

2) Robotic Fruit Harvester - the FFRobot [5] 
3) Robots for fire protection [6] 
4) Autonomous wheelchair for disabled people [7] 

 
The paper addresses the problem of visual 

navigation (vision-based navigation) of ground 
robots using a camera positioned at a certain 
elevation above the confined area. Vision-based 
navigation of robots is like human navigation by the 
help of eyes vision. However, it is not necessary to 
build eyes into the robot. It is possible to put eyes on 
a top position and from the top position the robot 
can see itself and its motion. It means airborne 
terrestrial robot control [3,8-12]. One of the 

developments is to take into account delays in the 
control system. 

  The described above system may be used for 
coordination, navigation and control of ground 
robots (automated transport, automated agricultural 
machines, municipal and aerodrome vehicles, garden 
lawnmowers and so on).  

The key innovation of the study is the system of 
navigation and intercoordination. The system 
includes one or more robots, located on the 
controlled area; one or more robot tracing devices on 
the suspended tethered platforms; natural or artificial 
markings; charger; and central module for robot 
coordination and orientation detection. The 
information is transferred to the central module from 
all the tracing devices. The system central module is 
equipped with the calculation module located or on 
the suspended platform, or on the ground, or on the 
charger or on the robot.  The calculation module is 
possible to calculate coordinates and orientation of 
robots and to form the control commands, based on 
the information received from all the above 
described devices. This visual system can also be 
used for preventing collision of ground robot with 
children or animals. Also, we can use this visual 
system for security purposes. 

The technical result is the development of the 
robot efficient coordination using the devices 
located on the towers, the aerial apparatuses tracing 
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the robots on the controlled area, supervising their 
environment including natural and artificial 
markings. One of the developments is to take into 
account delays in the control system.  

The system (the proof of concept) was defined as 
following (Fig. 1):  
1) The tower (4 meters). 
2) The USB camera on the tower connected to 

computer. 
3) The computer which controls the big ground 

robot by sending Wi-Fi commands, supplied by 
software for finding its position and orientation 
using deep learning (artificial neural network) 
from USB camera images. 

4) The ground robot. 
It was demonstrated that this robot can pass two 

main tests: travelling along some predefined path 
and random walk inside of some predefined 
boundary. A reader can find these tests here [13,14]. 

 
 

 
 

Fig. 1. Airborne terrestrial robot control. 
 

 

 
Fig. 2. Transformed AlexNet in Matlab. 
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CONTROL AND NAVIGATION SYSTEM 
 
Most visual recognition methods use set of 

correspondent characteristic points [15] to locate the 
ground robot with respect to an observation camera. 
In this case, various SIFT functions are usually used 
to highlight the correspondent characteristic points 
[15]. These methods require a large database of 
functions, efficient search methods and a lot of time 
for calculations. 

Using a deep learning convolution neural 
network can significantly reduce data processing 
time and increase accuracy.  

Despite the massive enthusiasm for neural 
networks and their active implementation in 
computer applications, their use to determine the 
coordinates of objects relative to cameras is not 
investigated practically. 

However, there are a series of interesting works 
by A. Kendall, M. Grimes and R. Cipolla 
(University of Cambridge) [16, 17], who used a 
convolutional neural network to determine camera 
coordinates, and are pioneers of the use of deep 
learning methods in navigation. In their works, they 
determined the coordinates and angles of rotation of 
the camera using images of Cambridge Landmarks 
building, made by pedestrian smartphone’s camera.  

Unlike the authors of [16,17], who used images 
of buildings from ground level and using cameras 
mounted on ground robots, we need to find the 
position of a ground robot relative to a camera in an 
upper position. The neural network was based on the 
popular AlexNet network with minor changes in the 
structure and training mode.  AlexNet [18] is the 
name of a convolutional neural network (CNN), 
designed by Alex Krizhevsky and published with 
Ilya Sutskever and Krizhevsky's doctoral advisor 
Geoffrey Hinton. AlexNet competed in the 
ImageNet Large Scale Visual Recognition Challenge 
on September 30, 2012, significantly outperforming 
other networks. In the original AlexNet, there are 
only 8 levels (5 convolutional and 3 fully connected). 
For our tasks, we removed the last two fully 
connected layers, and replaced them with one fully 
connected layer with 4 outputs (x, y coordinates and 
trigonometric functions sin() and cos() for the 
rotation angle α) or 7 outputs (x, y, sin(α) , cos(α), 
coordinate, angle and total errors) and one 
regression layer. That is, we used the pre-trained 
AlexNet network to solve the regression problem: 
determining two coordinates and course angle of the 
robot (Fig. 2). 

We used two-step network training method. 
At the first stage, we set the task of teaching the 

network to determine the coordinates and course 
angle of the robot in ideal visibility conditions. 

For this, we used the part of the sample in which 
the robot is fully open and clearly visible. Number 
of such images in the sample was 9293. 

We built a network containing 4 outputs - the 
two coordinates of the robot in the image, as well as 
the sine and cosine of its rotation course angle. We 
did not use the direct value of the angle when 
training the network, since the angle values have a 
gap at -180: 180, which leads to big errors at angles 
close to these values. 

The sine and cosine SinNN and CosNN calculated 
by the network were used to calculate the angle of 
rotation of the robot through a weighted average, 
where the weights of each of the calculated angles is 
directly proportional to the rate of function change. 
For example, for SinNN>0 and CosNN>0 we get: 

 
α ≈

𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂(𝑺𝑺𝒂𝒂𝒂𝒂𝑵𝑵𝑵𝑵) ∗ |𝑪𝑪𝑪𝑪𝒂𝒂𝑵𝑵𝑵𝑵| + 𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝑪𝑪𝒂𝒂(𝑪𝑪𝑪𝑪𝒂𝒂𝑵𝑵𝑵𝑵) ∗ |𝑺𝑺𝒂𝒂𝒂𝒂𝑵𝑵𝑵𝑵|
|𝑪𝑪𝑪𝑪𝒂𝒂𝑵𝑵𝑵𝑵| + |𝑺𝑺𝒂𝒂𝒂𝒂𝑵𝑵𝑵𝑵|   

 
                                                                                      (𝟏𝟏) 

 
Training was carried out using the solver “adam”, 

training took place in 200 epochs with 500 batch 
size. This network made it possible to determine the 
coordinates of the robot with an accuracy of 2.4 
pixels in an image of 227 X 227 pixels size and an 
angle with an accuracy of 4 degrees. 

Further, this network was tested on a full sample 
of 12,000 images, and for each image three values 
were determined: 

 
- coordinate error 
 

𝑒𝑒𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = �(𝑥𝑥𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑥𝑥𝑛𝑛𝑟𝑟𝑛𝑛)2 + (𝑦𝑦𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑦𝑦𝑛𝑛𝑟𝑟𝑛𝑛)2    (2) 
 
- angle error  
 

𝑒𝑒𝑒𝑒𝑒𝑒𝑟𝑟𝑛𝑛𝑎𝑎𝑟𝑟𝑟𝑟 = 1000 ∙ 
∙ �(𝐬𝐬𝐬𝐬𝐬𝐬𝜶𝜶𝒂𝒂𝒓𝒓𝒂𝒂𝒓𝒓 − 𝐬𝐬𝐬𝐬𝐬𝐬𝜶𝜶𝒂𝒂𝒓𝒓𝒏𝒏)𝟐𝟐 + (𝐜𝐜𝐜𝐜𝐬𝐬𝜶𝜶𝒂𝒂𝒓𝒓𝒂𝒂𝒓𝒓 − 𝐜𝐜𝐜𝐜𝐬𝐬𝜶𝜶𝒂𝒂𝒓𝒓𝒏𝒏)𝟐𝟐  
                                                                                         (𝟑𝟑) 

-  total error 
 

errfull=errcoor +errangle                                                (4) 
 
 

 Finally, the errfull is total error value for images, 
in which the robot is fully visible, is ranged from 0 
to 150, for images where the robot is partially visible 
- from 150 to 1500, and for images where the robot 
was not visible - from 500 to 4500 (Fig. 3). 

At the second stage a network was built, where, 
in addition to the coordinates and trigonometric 
functions of the angle, the network was trained to  
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Fig. 3 The total error distribution for different 
visibilities of the robot. 
 

 
Fig. 4. The different images of the robot from the 
dataset 
 
predict errfull, errcoor, errangle. Thus, by teaching the 
network to predict the possible error value, we got a 
tool that allows us not only to determine the 
coordinates, but also to verify the accuracy of their 
determination. If the robot turned out to be 
completely or partially covered by environmental 
objects, we saw this from the increase in the 
predicted errors. 

This approach allowed us to avoid working with 
two networks, the first of which would be 
classifying, and determining the presence of the 
robot in the image, and the second would be finding 
its coordinates and angle. The classification problem 
has been replaced by the regression task of error 
prediction. 

Training was carried out using full sample of 
10,000 images and the solver “adam”, training took 
place in 200 epochs with 500 batch size. Thanks to 
modeling in Unity, the dataset was generated 
programmatically. At each step, the position and 
angle of rotation of the robot, as well as the location 
of the elements of the working platform, were 
randomly selected. Lighting simulated sunlight 
falling from various angles and directions. As a 
background, 50 different textures were used to 
achieve independence of determining the 
coordinates of the robot from background elements 
(Fig. 4). 12,000 rgb images of size 3036 X 3036 
containing robots were generated. Among the 
images were also shots where the robot was partially 
or completely covered by environmental objects or 
the tower of the camera. A file was also prepared 
with information about the coordinates of the robot 
and the rotation angle. Then, based on these images, 

a set of images reduced to 227 X 227 pixels was 
prepared. 

 
AUTOMATIC CONTROL 

 
Let us define the following variables and 

parameters used in equations of motion for the 
ground robot (see Fig. 5): 
1) For variables describing motion: 
𝒙𝒙 и 𝒚𝒚– coordinates of ground robot; α - angle of 
rotation of the robot on the plane; 𝒗𝒗  – translation 
velocity of the robot; ω - angle velocity of the robot 
2) Ground robot parameters: 
R – wheel radius; 𝒓𝒓 – distance between wheels 
3) Controlling signals: 
𝝎𝝎𝑹𝑹 и 𝝎𝝎𝑳𝑳 – angle velocities of rotation of the right 
and left wheels 

It is shown in [19] that forward movement and 
rotation are described by the system of equations: 
�̇�𝒙 = 𝒗𝒗𝒂𝒂𝑪𝑪𝒂𝒂𝜶𝜶 ;  �̇�𝒚 = 𝒗𝒗 𝒂𝒂𝒂𝒂𝒂𝒂𝜶𝜶 ;  �̇�𝜶 = 𝝎𝝎;                   (𝟓𝟓) 

𝒗𝒗 =
𝑹𝑹(𝝎𝝎𝑹𝑹 + 𝝎𝝎𝑳𝑳)

𝟐𝟐 ;  𝝎𝝎 =
𝟐𝟐𝑹𝑹(𝝎𝝎𝑹𝑹 − 𝝎𝝎𝑳𝑳)

𝒓𝒓              (𝟔𝟔) 
Since the system is nonlinear, it’s too hard to use 

those equations to analyze stability. We need to 
linearize those equations on the premise that the 
parameters x(t), y(t), α(t), v(t), ω(t) corresponding 
with steady flight get small increments δx(t), 
δy(t),δα(t), δv(t-τ), δω(t-τ)  caused by perturbations 
action on a path. 

We estimate robot trajectory by polygonal chain 
path. This path consists of linear motion along line 
segments with constant translational velocity and 
zero angular velocity (Rotation), and rotations in 
vertices with constant angular velocity and zero 
translational velocity (Linear motion). 

For the case when stationary parameters cannot 
provide stability of the desirable stationary trajectory 
themselves, we need to use autopilots (Fig. 6). An 
autopilot states the controlling parameters            
δv(t-τ), δω(t-τ) to be functions of the output 
controlled parameters (), which are deviations from 
the desirable stationary trajectory δx(t);  δy(t);  δα(t). 
The values of the output parameters can be obtained 
by autopilot from navigation measurements, for 
example, from vision-based navigation, inertial 
navigation, satellite navigation and so on. On the 
basis these navigation measurements, the autopilot 
forms controlling signals to decrease undesirable 
deviation. Unfortunately, there always exists some 
in getting information about the output-controlled 
parameters to autopilot for any navigation 
measurements. So, we have a problem, because of 
the lack of some necessary information for 
controlling. In the paper [20] we demonstrate that 
we are possible even for such conditions with the 
time delay to get controlling signal providing a 
stable path. 

Final solution from [20] are following: 
For rotation, the stationary solution is 
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α(t)=ωt+φ; v(t)=0; φ=0                                     (7) 
where control parameters are following: 

𝛿𝛿𝛿𝛿(t− τ) = −2 𝑎𝑎𝑐𝑐  𝑐𝑐𝑐𝑐𝑐𝑐�𝜔𝜔(t − τ)�𝛿𝛿𝑥𝑥(t− τ) 
−2 𝑎𝑎𝑐𝑐  𝑐𝑐𝑠𝑠𝑠𝑠�𝜔𝜔(t − τ)�𝛿𝛿𝑦𝑦(t − τ) 
where 𝜔𝜔 ≠ 0,𝑎𝑎𝑐𝑐 > |𝜔𝜔|;                                     (8) 
𝛿𝛿𝜔𝜔(t − τ) = 𝑏𝑏𝛼𝛼𝛿𝛿𝛿𝛿(t− τ) where 𝑏𝑏𝛼𝛼 < 0.         (9) 

For linear motion, the stationary solution is 
α(t)=α; v(t)=v                                                   (10) 

where control parameters are following: 
𝛿𝛿𝛿𝛿(t− τ) = −𝑎𝑎𝑟𝑟  𝑐𝑐𝑐𝑐𝑐𝑐(𝛿𝛿)𝛿𝛿𝑥𝑥(t − τ) 

−𝑎𝑎𝑟𝑟  𝑐𝑐𝑠𝑠𝑠𝑠(𝛿𝛿)𝛿𝛿𝑦𝑦(t − τ) 
where  𝑎𝑎𝑟𝑟 > 0;                                                        (11) 
𝜹𝜹𝝎𝝎(𝐭𝐭 − 𝛕𝛕) = 𝒂𝒂 𝐬𝐬𝐬𝐬𝐬𝐬(𝜶𝜶) 𝜹𝜹𝒙𝒙(𝒏𝒏 − 𝛕𝛕) 
−𝒂𝒂 𝐜𝐜𝐜𝐜𝐬𝐬(𝜶𝜶)𝜹𝜹𝒚𝒚(𝒏𝒏 − 𝛕𝛕) − 𝟐𝟐𝒃𝒃 𝜹𝜹𝜶𝜶(𝐭𝐭 − 𝛕𝛕) 
where 𝒂𝒂𝒗𝒗 > 𝟎𝟎; 𝒃𝒃 > √𝒂𝒂𝒗𝒗.                                  (12) 

The delay time is following: 

τ ≤ min �
1

2𝑒𝑒|𝑏𝑏| ,
1

𝑒𝑒|𝑎𝑎𝑟𝑟|
,

1
𝑒𝑒|𝑏𝑏𝛼𝛼| ,

1
2𝑒𝑒|𝑎𝑎𝑐𝑐|�             (13) 

 
Fig. 5 Ground robot 

 
Fig. 6 Automatic control 

 
EXPERIMENTAL RESULTS 
 

We developed software using designed 
algorithms. It was demonstrated in real experiments 
that it is possible to carry out two options to drive 
the ground robot: random movement in user 
predefined boundaries and user predefined route 
([13,14] and Fig. 7). 

 
CONCLUSIONS 

 
It was demonstrated that it is possible to carry 

out two options to drive the ground robot: 
 
a. A random movement in user predefined 

boundaries 
b. A user predefined route 

 
As a result, we proved that it is possible to 

maintain stable movement of a ground robot even 
when time delay exists in transfer information about 
output control parameters from navigation 
measurement devices to autopilot. 

We can find control parameters for the particular 
case of visual airborne navigation of ground robot 
and estimated max possible delay of the system. 

We also demonstrate that the neural network is 
an effective tool for determining the coordinates of 
an object: fast, high-precision, insensitive to 
interference, changes in the environment and 
lighting. 

The quality of determining coordinates allows 
you to build a high-quality control system for a 
ground robot. 

Obviously, the proposed methods can also be 
used to solve other problems where it is necessary to 
determine the coordinates of the observed object. 

The future work includes the following: 
 
 

1) Creation a system for developing possible 
trajectories 

2) Creation a system for inter-coordination of 
several robots. 

3) Recognition of the environment of robots: 
ground markers, obstacle, moving objects 

4) Recognition of robot operation results: how 
much grass is mowed, which part of the 
operation area is treated. 

 
 

However, the developed robot is only prototype. The 
main future work is creation of working robot for 
mass-production. The working robot can be: 
 
1) It is a remote-controlled slope mower [4]. 
2) Robotic Fruit Harvester - the FFRobot [5] 
3) Robots for fire protection [6] 
4) Autonomous wheelchair for disabled people [7] 

 
 
Fig 7. Two experimental tests - random movement in user predefined boundaries and user predefined route. 
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ABSTRACT 

As control measures of ground and surface water, horizontal bores have played a very long term and essential 

role in maintaining the stability of mine batters. In coal open-cut mines, joints or geological discontinuities in 

coal seams can control the groundwater flows. The water pressure, caused by the flow and hydrostatic pressures 

inside the joints can contribute to batter failure due a greater active force than the shear strength of the slip 

surface. In this research, the drainage performance of horizontal bores is assessed to investigate and compare the 

profiles of various bores. A recently developed camera for bore investigation is employed in this project to 

visually inspect the horizontal drains. This study has taken place in an operational brown coal mine located in 

Gippsland, region of Victoria, Australia. Joints and water flow variation along the bores, observed through the 

camera inspection, are discussed. Results to date showed that the camera is an effective tool to inspect the 

boreholes and allow the interpretation of the visual observations. 

Keywords: Horizontal bore, Bore outflow, Visual inspection, Drainage 

INTRODUCTION 

Horizontal bores are essential infrastructures for 

maintaining the stability of open-pit mines. The 

installation of horizontal drains helps to decrease the 

water table elevation and reduce pore pressures 

within soil or rock units. Reduction of the water 

pressures results in the increase of the shear strength 

of soil, and accordingly, improvement of slope 

stability [1]. Using horizontal bores for lowering the 

groundwater levels are generally recognized as the 
most economical method available [2]. They are 

usually used where the groundwater cannot be 

reached by other conventional drainage methods such 

as trench drains. Although the implementation of 

horizontal drains is a common practice for slope 

stability, there seems to be limited information 

available on the assessment of their performance over 

time and requirements for maintenance. 

The primary objective of this paper is to describe 

a methodology that has been conducted to assess the 

drainage performance of horizontal bores and to 

investigate their features. Profiles of various bores are 
compared with the aim to correlate their features (e.g. 

intersecting joints and joint density) with their 

performance. This study has been conducted at 

Yallourn Mine, an operational brown coal mine in the 

Latrobe Valley, located in Victoria, Australia.  The 

Latrobe Valley coal seams are broken up by sets of 

widely spaced continuous joints, which provide 

planes for movement to occur and allow direct access 

for water to depth. The dominant joint set within the 

coal seams is generally sub-vertical and continuous 

through the full thickness of the coal. These joints 
can  connect to any surface water body or readily 

accessible water source. Water flow through the 

joints can potentially impact the slope stability by 

increasing the likelihood of block sliding and/or 

increasing the potential for adverse pore pressures 

within the coal units [3]. 

METHODOLOGY 

The bores for this research were selected according to 

their characteristics presented in Table 1 (age, depth 

and location). Results presented in this paper are from 

the bores presented in Figure 1. 

Table 1 Selected bore’s characteristics 

Bore Code Total Depth (m) Installation Year 

N6853 300 2013 

N5224 200 1999 

N6852 400 2013 

Figure 1: Locations of the studied bores at Yallourn 
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Water Flow 

This part of the study addresses the linkage of 

rainfall and response time of the magnitude of water 

flow on the performance of individual boreholes. 

Water flow and temperature analysis provide a better 

understanding about whether or not a borehole is 

draining groundwater or simply withdrawing short 

term recharge water from surface water. Each water 

flow meter (Figure 2) contains a data logger that 
records the number of tips (events) and water 

temperature. The temperature profile may be useful 

as it indicates whether the water being drained by the 

borehole is originating from the groundwater or from 

the surface as the groundwater tends to have higher 

temperatures than the surface recharge water due to 

coal low thermal conductivity. 

Figure 2: Flow meter connected to a selected bore 

Horizontal Borehole Camera 

There are a variety of options to investigate the 

conditions of drilled horizontal boreholes. Due to the 
length of bores, which can vary from 150m to 500m, 

and the high-moisture environment they are installed 

in, conventional instrumentation such as boreholes 

televiews or fibre optic cables would be impractical 

or ineffective for the exploration of bores. As such, a 

camera unit has been developed by researchers at the 

Geotechnical and Hydrological Engineering 

Research Group (GHERG) for this project, presented 

in Figure 3. The unit includes a submergible camera 

which can be inserted into the drain bores using a 

drilling rig to collect visual internal information of the 

boreholes including presence and characteristics of 

joints such as location, infill material, flow condition, 

evidence of shear and blockage. This unit can capture 

and record real-time images along the length of the 
drain up to 400 m. 

Figure 3: Horizontal Borehole Camera. 

RESULTS AND DISCUSSION 

Water Flow 

The effects of rainfall on the moisture conditions 

within residual soil slopes through pore-water 

pressure measurements using tensiometers and 

piezometers were discussed in [4], [5]. These studies 

observed a 1-2 day delay response in water pressure, 

with respect to the start of the rainfall event. Figure 4 

presents data collected in regards to the outflow for 

three different bores during the same period of time 
and therefore, under the same precipitation rate 

conditions. 
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Fig 4: Precipitation rate and the outflow rate of 

selected bores  

     Different flow responses to rain might be related 

to local joints characteristics, for instance how tightly 

the joints are, how they are connected and their 

orientation.  

The data collected for this research revealed that  

different sets of boreholes behave differently in terms 

of flow and response to rain events. The response is 

governed by mine activity and local geology, 

particularly, joint networks. 

Observations in the field have shown there is no 

relationship between the age and discharge rate of 

bores, as some of the recently drilled drains are dry, 

but some drilled in 1984 are discharging well.  The 

reason behind this is unknown. One assumption is 
that internal stress releases within the coal may cause 

some disconnections due to transverse coal block 

movements along horizontal drains, thereby reducing 

drainage capacity of the drain bores. A second 

assumption is that sediment accumulation in the bores 

restricts flows or even causes blockages. A further 

cause may be the changes in the catchment for this 

bore and groundwater replenishment from the surface. 

     Physical parameters of water are included in the 

investigation to reveal potential relationships of the 

duration of flow through the coal matrix and 
temperature changes and can be used to detect the 

travel time of water. Figure 5 shows the outflow 

temperature for the selected bores and how for N5224 

and N6853 it varies with the air temperature. While 

N6852 outflow water temperature is mostly constant 

regardless of the variation of air temperature over the 

days and rain events during a certain period. Bore 

N6852 is an example of one of the selected bores that 

are draining groundwater (Figure 6). 

Figure 5: Bore's outflow temperature variation along with precipitation events and day temperature 
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Figure 6: Outflow average temperature of N6852  

Camera Inspection 

Various features inside deep horizontal bores such 

as joints as well as variations in water flow, material 

properties and geometry were observed during the 

visual inspection. These features are discussed below. 

Joints and Variations in Water Flow 

As expected, joints could be observed inside the 

bores (Figure 7) as they are the most numerous and 

obvious structural features in the brown coals in this 

specific region [6]. Flow of water through a joint into 
the borehole can be observed in the top left photo. 

Figure 7: Joint observed through the camera 

inspection inside the bore pointed by white arrows.  

Joints in the brown coal batters are typically sub-

vertical, comprise two sub-orthogonal sets and 

penetrate the full depth of the coal seam [7]. The 
horizontal bores are drilled in a way to ensure 

intersections within vertical joints are created to 

facilitate drainage of rainfall-runoff that has entered 

the joints in the coal and to drain groundwater in coal. 

It has been evidenced through camera inspection, that 

in some occurrences, a bore intersecting a joint may 

function as an alternative pathway for waterflow and 

divert flow using the bore as a connecting medium 

through a different joint and associated bore (Figure 

8). 

Figure 8: Variation of water flow along the bore 

CONCLUSIONS 

Flow data collected for this study has revealed that 

different sets of boreholes behave differently in terms 

of flow and response to rain events and groundwater 

recharge.  

Outflow temperature has shown to be a good 

indicator of whether the water being drained by the 

borehole is coming from the groundwater or the 

surface as collected data has shown that for bores 
draining surface water, the outflow temperature 

varies according to the air temperature. In contrast, 

for bores draining groundwater, the outflow 

temperature is mostly constant as observed on bore 

N5224. 

Features inside the deep horizontal bores such as 

joints as well as variations in water flow were 

observed with a camera specifically designed for this 

purpose. Results to date showed that the camera is an 

effective tool to inspect the boreholes. 

Future camera inspections, flow and temperature 

monitoring will lead to further knowledge about the 
possible causes of the reduction in the efficiency of 

horizontal boreholes.  
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ABSTRACT 

 
The use of cigarette butts (CBs) in the construction industry has received considerable interest in recent years 

to develop environmentally friendly materials. This present paper reports the leaching behavior of Ni, Cu, As, Hg, 
Cd, Pb, Se, Cr, Ag, Zn, and Ba for both green and fired clay bricks incorporating CBs according to the Australian 
bottle leaching procedure (ABLP). The leaching of heavy metals was compared for both green (before firing) and 
fired clay bricks (after firing) to study the influence of firing on the leaching ability of bricks. To assess the 
suitability of fired clay bricks incorporating CBs, the leachate concentrations were compared to the concentration 
limits for heavy metals set by the EPA solid industrial waste hazard categorization thresholds. To investigate how 
the pH affects the leaching behavior of the metals studied for various environmental situations, three pH values, 
2.9, 5.0, and 9.2, were used. The findings revealed that the leaching of heavy metals from the fired clay bricks was 
substantially lower than that of the concentration limits and green bricks. Therefore, bricks modified with CBs can 
be categorized as non-hazardous waste. The paper also presents the mechanical and physical properties of fired 
clay bricks incorporated with CBs. 
 
Keywords: Cigarette Butts; Leachate Analysis; Recycling; Fired Clay Bricks; Waste Management  
  
INTRODUCTION 

 
Cigarette butts (CBs) are one of the most common 

litter items found on beaches and represent 25-50% 
of the litter collected from streets and roads [2]. It is 
estimated, worldwide every year, 6 trillion cigarettes 
are smoked, and roughly 4.5 trillion are discarded in 
the environment [3]. CBs contain carcinogenic and 
toxic substances, therefore, when littered can 
potentially pollute groundwater, soil, and waterways 
and harm the biota and aquatic life [4].  

Littered CBs can remain in the environment for up 
to 18 months due to the poor biodegradability of 
cellulose acetate filters while leaching heavy metals 
and toxic chemicals [5].  Cellulose acetate filters are 
designed to partially preserve particulate smoke 
components. The major toxic agents include nicotine, 
polycyclic aromatic hydrocarbons (PAHs), 
compounds specific to Solanaceae, nicotiana 
alkaloids, and catechols [6, 7]. 

Various studies have been conducted to 
investigate the transfer of toxic metals in tobacco to 
the filter of a cigarette [8-10]. The common and 
harmful heavy metals found in CBs include Se, As, 
Cd, Cu, Ba, Pb, Zn, Hg, Cr, Ag, and Ni.  

Landfilling and incineration are the common 
methods applied for the disposal of collected CBs. 
However, neither method is environmentally friendly 
or economical. Therefore, the method of recycling 
has gained growing interest. Mohajerani et al. [11] 
carried out comprehensive studies on recycling CBs 
in fired clay bricks [12-16]. In addition Mohajerani et 
al. [17] investigated extensively the use of CBs in 
asphalt concrete [18, 19]. Other recycling methods 

include recycling CBs in the production of cellulose 
pulp [20], as a corrosion inhibitor [21, 22], as sound-
absorbing material [23, 24] and as a biofilm carrier 
[25, 26]. However, placing CBs in fired clay bricks 
pose an environmental risk of toxic leaching during 
the use and disposal of the construction material. 
Therefore, it is crucial to perform a leachate analysis 
of heavy metals to classify and quantify those harmful 
constituents.  

Therefore the objective of this study was to 
perform a leachate analysis on green (before firing) 
and fired bricks (after firing) incorporating 0%, 0.5%, 
1%, 1.5%, and 2% CBs by wt based on the Australian 
leaching procedure (ABLP) [27]. The Inductively 
Coupled Plasma Mass Spectroscopy (ICP-MS) was 
utilized to analyze the samples for heavy metals. To 
examine the effect of different environmental 
conditions on the leaching capability of bricks 
incorporated with CBs and the metals studied, pH 
values 2.9, 5.0, and 9.2 were selected. The leachate 
concentrations of metals Se, As, Cd, Cu, Ba, Pb, Zn, 
Hg, Cr, Ag, and Ni were examined for both green 
(before firing) and fired bricks (after firing) and 
compared to analyze the effect of firing on the 
leaching capability of heavy metals. Moreover, the 
leachate results were compared to the solid industrial 
waste hazard categorization published by the EPA 
Victoria Industrial Waste Resource Guidelines [1] to 
determine the suitability of the fired clay bricks 
incorporating CBs.  

 
MATERIALS AND METHODS 
 
Characterization of Raw Materials  
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Clay material was supplied by PHG Bricks in 

Victoria. The particle size distribution (PSD) of the 
soil was determined using sieve analysis. According 
to the Unified soil classifications, the soil can be 
classified as sandy, silty clay (MC) [28]. The CBs 
were supplied by Buttout Australia Pty Ltd. The as-
received CBs were firstly subjected to the 
pretreatment of drying in the oven at 105° for 24 h.  

The chemical composition of the raw materials 
was determined by X-ray fluorescence (XRF). It can 
be seen in Fig. 1 that the main constituents of the brick 
soil were silicon dioxide and aluminum oxide. X-ray 
diffraction (XRD) was used to evaluate the crystalline 
phase. As can be seen in Fig. 2, quartz was the main 
phase of the raw material.  

 

 
Fig. 1 Clay material chemical composition 
 

 
Fig. 2 XRD patterns of clay material 
 
Preparation of Brick Samples  

 
Selected mixtures containing 0.5%, 1%, 1.5% and 

2% CBs by wt were prepared. The raw mixtures were 
mixed and homogenized by using a Hobart 
mechanical mixer for 25 min with a 15.5% water 
content. Cylindrical specimens were prepared using a 
compactor with a compaction pressure of 240 kPa and 
dried at 105º for 24 h. The green bricks were fired at 
1050º for 3h. The firing step was carried out in an 
electrical furnace. The following technological 
properties of the fired clay bricks incorporating CBs 

have been determined in accordance with the 
Australian Standards [29]: water absorption [30], 
initial rate of absorption (IRA) [31], shrinkage, 
compressive strength [32], efflorescence [33] and 
density [34]. 

 
Leachate Analysis   
 

The ABLP was used to evaluate the leaching of 
heavy metals from the prepared brick samples. Heavy 
metals Chromium (Cr), Copper (Cu), Silver (Ag), 
Barium (Ba), Mercury (Hg), Selenium (Se), Nickel 
(Ni), Cadmium (Cd), Arsenic (As), Lead (Pb), and 
Zinc (Zn) were analyzed for green and fired clay 
bricks incorporating CBs. In following the ABLP, the 
brick samples were initially crushed and sieved using 
a 2.4 mm sieve. To simulate various environmental 
conditions and determine the correlation between the 
leachate and the pH solution, pH values 2.9, 5.0, and 
9.2 were selected and prepared. The leachate samples 
were prepared based on a 1:20 ratio in screw-capped 
bottles. The samples were then placed in an agitator 
for 18 hr to be mixed and then filtered through a 0.45 
microfilter. The filtered samples were analyzed using 
an ICP-MS for heavy metals.  
 
RESULTS AND DISCUSSION 
 
Properties of Brick Samples 

 
Shrinkage is a critical concern. Samples with a 

higher content of CB waste, 2%, resulted in a 
significant decrease in both height and diametric 
shrinkage of 1.96% and 3.1%, respectively. This 
compared to controlled bricks with a height and 
diametric shrinkage rate of 3.07% and 4.64%, 
respectively.  

The addition of CBs reduced the bulk density of 
the clay brick, and the values varied depending on the 
quantity of waste incorporated. Bulk density 
decreased from 2114.33 kg/m3 to 1971.8 kg/m3 with 
the addition of 1.5% CBs by wt. The addition of CBs 
has an effect on water absorption. Bricks 
incorporating 1% and 2% CBs by wt showed a water 
absorption rate of 12.1% and 13.1% compared to 9% 
for controlled clay bricks. 

The results demonstrate that the controlled bricks 
have a higher strength capacity compared to the 
bricks incorporating CBs. The highest compressive 
strength was 48.64 MPa for bricks with 0% CBs and 
decreased to 28.34 MPa with the inclusion of 1.5% 
CBs by wt. The decrease in strength is associated with 
the loss of organic content in the CBs, which resulted 
in the formation of macropores and lowered the 
strength of the CB amended bricks.   

 
Leachate Analysis of Fired Clay Bricks 

 
Table 1 summarizes the results for heavy metals 

62.84%
19.95%

6.15%

4.87%
2.46% 1.62% 1.19% 0.27%

SiO2
Al2O3
Fe2O3
K2O
Na2O
MgO
TiO2
CaO
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for fired clay bricks incorporating 0%, 0.5%, 1%, 
1.5% and 2% CBs using the ABLP method for pH 2.9, 
5.0 and 9.2. As shown in Table 11, the metal 
concentrations of the leachate are trivial when 
compared to the regulatory threshold limits set by the 
Industrial Waste Resource Guidelines [1]. The results 
confirm that fired clay bricks incorporating 0%, 0.5%, 
1%, 1.5%, and 2% CBs by wt. are categorized as non-
hazardous waste for distinct pH values as they are less 
than the regulatory limits for heavy metals. 

The results show that differences in pH over a 
wide range of precipitation affect the leaching 
behavior of metals in the fired clay bricks.  

 
 
 
 
 

 
 
 
 
 
 
 

Generally, the increase in CB content in the brick 
resulted in a decrease in metal contamination for Zn, 
Ba, Cr, and Ni. Bricks incorporating CBs were more 
prone to leaching heavy metals in areas with highly 
acidic rain compared to the natural range of 
precipitation.   
As shown in Fig. 3, a direct relationship between the 
pH and the metal concentration leachate was found 
for Zn, Vu, Ba and Ni. A decrease in pH from 9.2 to 
2.9 resulted in an increase in the metal concentration 
leached for bricks incorporating 1% and 2% CBs by 
wt. Therefore we can confirm metals Zn, Cu, Ba, and 
Ni are more likely to leachate in areas with highly 
acidic rain compared to the natural scope of 
precipitation. 

 
 
 

 
 
 
 
 
 

 

Concentration Level (mg/L) 

Heavy 
Metals 

EPA 
Victoria 

solid waste 
thresholdsa 

Percentages of CBs by mass 

0% 0.5% 1% 1.5% 2% 

pH  

2.9 

pH  

5.0 

pH  

9.2 

pH  

2.9 

pH  

5.0 

pH  

9.2 

pH  

2.9 

pH  

5.0 

pH  

9.2 

pH  

2.9 

pH  

5.0 

pH  

9.2 

pH  

2.9 

pH  

5.0 

pH  

9.2 

Cr 2.5 0.004 0.014 0.009 0.005 0.015 0.007 0.028 0.013 0.056 0.007 0.012 0.009 0.011 0.016 0.016 

Ni 1.0 0.007 0.044 0.004 0.010 0.043 0.003 0.056 0.041 0.025 0.008 0.039 0.003 0.203 0.043 0.010 

Cu 100 1.559 0.523 0.035 1.536 0.557 0.043 1.134 0.543 0.053 1.496 0.480 0.042 0.860 0.499 0.035 

Zn 150 1.792 0.628 0.104 1.909 0.645 0.140 2.291 0.406 0.267 1.867 0.335 0.045 2.251 0.543 0.222 

As 0.35 0.005 0.010 0.003 0.011 0.011 0.005 0.004 0.014 0.006 0.044 0.038 0.015 0.005 0.015 0.001 

Se 0.5 - 0.002 - 0.002 0.002 - 0.013 0.002 0.003 0.003 0.003 0.002 0.015 0.003 - 

Ag 5.0 - 0.001 - - 0.009 - - - - - - - - 0.001 - 

Cd 0.1 0.001 0.001 - - 0.001 - - 0.001 - - - - - 0.001 - 

Ba 35.0 1.450 1.648 1.447 1.473 1.770 1.100 3.708 1.481 2.279 1.530 1.044 1.312 2.747 2.098 1.032 

Hg 0.05 - - - - - - - - - - - - - - - 

Pb 0.5 0.012 0.010 0.001 0.005 0.008 0.001 0.050 0.006 0.006 0.003 0.007 0.001 0.011 0.010 0.002 

Table 1     Leachate results for heavy metals in crushed brick samples using the ICP-MS. 
 

a Industrial Waste Resource Guidelines [1] 
 



GEOMATE – Melbourne, Australia, 11-13 November 2020 

208 
 

 
Fig. 3 Relationship observed between pH value 
and metal concentrations leached from 1% CB bricks. 

Fig. 4 Relationship observed between pH value 
and metal concentrations leached from 2% CB bricks. 

Green Bricks and Fired Bricks Comparative 
Analysis 

 
To investigate the disparities between the metal 

concentration leachate before and after firing of 0%, 
0.5%, 1%, 1.5%, and 2% CB brick samples, pH 9.2 
was selected (Figs. 7 – 8). It was found after the firing 
process of bricks, the leachate concentrations were 
notably lower. This is generally due to the sintering 
process which confined the metals within the brick 
structure during the high temperatures.  

 
Fig. 5 Heavy metal concentration of 0.5% CB 

content bricks before and after firing.  

 
Fig. 6 Heavy metal concentration of 1% CB 
content bricks before and after firing.  
 

 
Fig. 7 Heavy metal concentration of 1.5% CB 
content bricks before and after firing.  
 

 
Fig. 8 Heavy metal concentration of 2% CB 
content bricks before and after firing.  

In addition the leaching percentage drop was 
determined for 0.5%, 1%, 1.5%, and 2% CB brick 
samples. It was found Ni and Cr achieved a 95% and 
93% drop in leachate concentration for bricks 
incorporating 1.5% CB content. While bricks 
incorproating 0.5% and 1% CBs by wt. achieved a 
leaching drop of 56% and 61% for Zn. In general, 
over 50% of all tested heavy metals were 
immobilized after firing for 0.5%, 1%, 1.5%, and 2% 
CB bricks compared to green bricks. Incorporating 
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CBs in fired clay bricks resulted in a decrease in the 
metal contamination of the toxic waste, which can be 
an environmental advantage compared to the littering 
of CBs. 

CONCLUSION  
 

In conclusion, the incorporation of CBs in fired 
clay bricks offers a sustainable and environmentally 
friendly solution to a growing pollution issue. 
Concerns regarding the possible leachate of heavy 
metals from bricks recycled with CBs during the use 
and disposal of the construction material are clarified 
with encouraging results.  

The compressive strength of CB brick samples 
was greatly dependent on the percentage of organic 
content in the brick mixtures. However, they were 
considerably above the minimum compressive 
strength requirement of 17.2 MPa. The addition of 
CBs delivered less dense and porous bricks, with 
improved thermal insulation properties. The water 
absorption and IRA results were within the acceptable 
range, and the CB brick manufactured samples 
indicated they were capable of withstanding adequate 
weather conditions. 

The leachate results for fired clay bricks 
incorporating 0%, 0.5%, 1%, 1.5%, and 2% CBs by 
mass were found to be below the regulatory limits set 
by the EPA Victoria solid industrial waste guidelines. 
Therefore, bricks modified with CBs can be 
categorized as non-hazardous waste. The leaching of 
Cr and Ni was almost completely hindered after the 
firing process of clay bricks incorporating 0.5% and 
1.5% CBs by mass. In addition, more than 50% of all 
the tested heavy metals were immobilized after firing 
for 0.5%, 1%, 1.5%, and 2% CBs by mass bricks. 
Hence the addition of CBs in fired clay bricks may be 
a feasible option to hinder the heavy metals present in 
CBs. 
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ABSTRACT 

 

The 1995 Hanshin Earthquake confirmed that soil containing fine fraction would be liquefied. In many 
cases, the effect of fine fraction on liquefaction strength has not been clarified yet. In particularly, it is not 
so many researches that have used samples containing a large amount of fine fraction, although the fine 
fraction presents the predomination in its field. Therefore, the purpose is to clarify the effect of fine fraction 
on the liquefaction strength of sand clay within the parameters of the skeleton void ratio. The fine fraction 
content of the specimens has a distinct span from small to large. The coarse-grained soil used Toyoura sand 
which was mixed with 0~40% Kaolin clay in a dry state. The specimens (D=50mm H=100mm) are made 
by using the dry tamping method. These specimens were used to do the undrained cyclic triaxial test. The 
results of the tests show that when the skeleton void ratio does not exceed the maximum void ratio of sand, 
the fine fraction does not affect liquefaction strength regardless of its type. And the liquefaction strength of 
the specimen has a certain relationship with the skeleton void ratio. When the skeleton void ratio exceeds 
the maximum void ratio of sand, the fine fraction is in the remarkable position. And the liquefaction strength 
has a good correlation with the fine fraction void ratio. 
 
Key words: liquefaction strength, fines content, undrained cyclic test, sand clay  
 

 
INTRODUCTION 
 

The main grounds where seismic liquefaction 
events occur are generally recognized as loosely 
deposited, saturated sand grounds. However, 
liquefaction of fine fraction has been confirmed by 
the 1995 Hanshin Earthquake [1]and the 2011 Great 
East Japan Earthquake ， which caused severe 
liquefaction of reclaimed land in the Tokyo Bay 
area from Shinkiba to Urayasu. And the researches 
have been carried out to clarify the liquefaction 
mechanism of fine fraction and its effects on 
liquefaction strength. As a result of these studies, 
it was found that (1) The liquefaction strength 
decreases with the increase of fine fraction content, 
and there is a fine fraction content with the lowest 
liquefaction strength [2]. (2) There is a good 
correlation between the skeleton void ratio and the 
liquefaction strength, where a part of the fine grain 
content is considered as a void [3],[4]. However, 
there is no unified view on the effect of fine 
fraction of liquefaction strength, due to different 
methods of density control and specimen 
preparation among researchers. In particular, few 
studies have been conducted on samples that 
contain a large amount of fine fraction up to the 
region where fine fraction are dominant. And the 
effect of fine fraction on liquefaction strength in 
the region where fine fraction are dominant has not 
been clarified. 

The purpose of this study is to clarify the effect 
of fines content on liquefaction characteristics by 
performing undrained cyclic triaxial tests on 
specimens with the same method from small to 
large fines content. In this study, the skeleton void 
ratio es 

[5] is defined as the void ratio of all the fine 
grains in the sand as pore space. The skeleton void 
ratio ef is defined as the porosity of clay only, 
assuming that the silt content is part of the skeletal 
structure. The void ratio eff is the void ratio that 
ignores the volume of the coarse grains and focuses 
only on the fine grains. It is an indicator of the 
degree of grain blockage. 
 
EXPERIMENT OVERVIEW 
 

 In this study, undrained cyclic triaxial tests 
were carried out to determine the liquefaction 
strength of each sample. An overview of the 
experiment is given below 
 
Sample 
 

 For the all samples, Toyoura sand was used as 
the coarse-grained material and Kaolin clay was 
used as the fine fraction material. And the mixing 
ratio (percentage of dry mass of fine fraction 
material to total dry mass) was varied by 5% in the 
range of 0~40%. In order to examine the effect of 
the difference in the properties of the fine fraction, 
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Fujinomori clay was also used. And the sample of 
Fujinomori clay with a mixing ratio of 5~15% was 
used. Each soil mixture shall be referred to as K5 
or F10, depending on the initials of the names of 
the fine fractions and the proportion of the mixture. 
Each mixed soil was prepared by mixing each 
sample in an air-dried state until it became 
homogeneous in a container. The main physical 
properties and particle size distributions of each 
sample are shown in Table 1 and Fig. 1.  

As shown in Table 1, Kaolin clay and 
Fujinomori clay are both low plasticity clays, but 
as shown in the clay content, Fujinomori clay 
contains more silt than Kaolin clay. 
 
Table 1 Physical properties of the sample 
 

 
 

 
 
Fig. 1 Particle size distribution curves the sample 
 
Experimental Method 
 

The specimen is a cylindrical sample of 5 cm in 
diameter and 10 cm in height. The specimens were 
divided into ten equal parts and then divided into 
ten layers, each layer of which was solidified with 
a rammer. After the specimens were prepared at a 
predetermined density, the specimens were first 
allowed to stand on their own at a constraint 
pressure of 20 kPa, and then saturated by applying 
200 kPa of back pressure with de-aired water, 
which is about three times the volume of the 
specimens. Subsequently, consolidation was 
performed with effective constraint pressure 
σc

'=100 kPa. The consolidation time was set as 
shown in Table 2 for each sample, taking into 
account that the consolidation could be completed 
sufficiently. After the consolidation was completed, 
the B-value was measured to confirm the saturation, 
and the back pressure was further applied to make 

the B-value more than 0.95. After confirming that 
the B-value was more than 0.95, the material was 
repeatedly loaded with a sinusoidal wave of 0.1 Hz 
frequency at the prescribed cyclic stress ratio 
R(=σd/2σc

'). The test conditions for each sample 
are shown in Table 2. 
 
Table 2 Test conditions for cyclic triaxial tests 
 

*The Confining pressure of Consolidation is 100 kPa  
*The load repeats with a sinusoidal wave of 0.1 Hz frequency 
at the specified cyclic stress ratio 
 
Density Management Method 
 

In liquefaction studies, the relative density Dr is 
often used as a parameter to express the density of 
specimens, and the density is also controlled by the 
relative density Dr in studies with samples 
containing fine fraction. However, the applicable 
scope of the "Minimum and Maximum Density 
Test of Sand (JIS A 1224)" for calculating the 
relative density is defined as the sand that remains 
more than 95% in a 75 μm sieve. And it is difficult 
and inappropriate to control the density by using 
the relative density for a sample containing many 
fine fraction such as the one used in this study. 

 Therefore, the minimum and maximum 
densities of Toyoura sand (ρdmin=1.341 g/cm3 and 
ρdmax=1.633 g/cm3) were used for liquefaction tests 
by using only Toyoura sand in this study. In order 
to consider the effect of density change, the relative 
density Dr was adjusted to be 40%(Loose), 
60%(Medium), and 80%(Density). And the void 
ratio e0 was adjusted to 0.828(Loose), 
0.757(Medium), and 0.684(Density) to be the same 
value as the void ratio e0 when the density was 
adjusted by using Toyoura sand only, then the 
effect of density change was considered. 
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EXPERIMENT RESULTS 
 
Liquefaction Strength Curve 
 

Figure 2(a)~(c) shows the liquefaction test 
results for each sample. It shows the relationship 
between the cyclic stress ratio R and the number of 
cycles N required to reach both amplitude axial 
strains DA=5%. Fig. 2(a) shows the cyclic strength 
curves for the liquefaction test by using Toyoura 
sand only and for the cyclic triaxial test using 
Fujinomori mixed soil with a constant density and 
varying only the fines content. As the density of 
Toyoura sand increases, the cyclic stress ratio at a 
certain number of loading cycles increases, and the 
curve moves upward, indicating that the resistance 
to liquefaction becomes stronger. In addition, 
Dense shows a tendency for the curves that are 
commonly found in dense sands to rise. 

Besides, the cyclic strength curve of 
Fujinomori mixed soil moved to the bottom as the 
fines content increased, indicating that the soil's 
resistance to liquefaction became weaker. Fig. 2(b) 
shows the cyclic strength curves for K5 to K15 
with varying densities; as for K5, the curve moves 
upward with increasing density, as in the case of 
Toyoura sand, but it becomes weaker as the content 
of K10, K15 and Kaolin clay increases. For the 
same densities, the cyclic strength curve is located 
at the bottom of the curve as the fines content 
increases. Fig. 2(c) shows the cyclic strength 
curves for the cyclic triaxial tests using from K20 
to K40.  

It was found that the curve was located upward 
for samples with higher fines content, and the 
resistance to liquefaction was higher. 

 
Relationship Between Fine Particle Fraction 
Content And Liquefaction Strength 
 

In this study, the cyclic shear stress R was used 
as "liquefaction strength R20" to indicate the 
resistance to liquefaction when both amplitudes of 
strain DA=5% were reached at 20 times of cyclic 
loading (shown as dashed line in Fig.2). Fig. 3 
shows the relationship between the liquefaction 
strength R20 and the fines content FC calculated 
from the cyclic strength curve for each sample. The 
fines content FC in the figure is equal to the ratio 
of fines content in the Kaolin mixed soil, but is 
slightly smaller than the ratio of fines content in the 
Fujinomori mixed soil. The reason is that a small 
amount of sand is contained in the Fujinomori clay. 
The figure shows that the liquefaction strength of 
the Kaolin mixed soil, Medium, decreases with the 
increase in the fines content, and then increases 
after the lowest liquefaction strength R20, is found 
at FC=20%. In the range of FC=0~15%, the 
liquefaction strength R20 increased with rising  

 

 

 

 
Fig. 2 Cyclic strength for each sample 
 
density in all the samples, but the growth in 
liquefaction strength R20 became smaller with 
increasing fines content, and the liquefaction 
strength R20 in K15 was almost the same for Loose 
and Medium. The liquefaction strength of R20 
decreased due to an increase in the fraction of fine 
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fraction in the soil, although it was slightly 
different from that of Kaolin mixed soil. 
 

 
 
Fig. 3 Effect of fines content on liquefaction 
strength R20 
 

Relationship Between Various Void Ratios and 
Fine Particle Content 
 

When investigating the strength of a soil with a 
grain size intermediate between sand and clay, 
such as the sample used in this study, it is very 
important to pay attention to the skeletal structure 
of the soil. 

Therefore, in this study, with the void ratio e, 
the effect of fine fraction on liquefaction properties 
was considered using "Skeleton void ratio es, ef 

[4]" 
and "Fine fraction void ratio eff 

[6]". The skeletal 
void ratio es is the void ratio when all fine fractions 
are considered as pores, while the skeletal void 
ratio ef is the void ratio When only clay is 
considered as a void, it was assumed that the silt 
content contributes to the skeletal structure. The 
fine fraction void ratio eff is a void ratio that ignores 
the volume of coarse-grains and focuses only on 
the fine fraction, which is an indicator of how well 
the fine fraction is plugged. The void ratios can be 
obtained by the following Eq. (1)~(3) using the 
symbols shown in Fig. 4. 

Skeleton void ratio 𝑒𝑒𝑠𝑠 =
𝑉𝑉𝑣𝑣(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)

𝑉𝑉𝑠𝑠(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)
            (1) 

Skeleton void ratio 𝑒𝑒𝑓𝑓 =
𝑉𝑉𝑣𝑣(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)−𝑉𝑉𝑠𝑠(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)

𝑉𝑉𝑠𝑠(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)+𝑉𝑉𝑠𝑠(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)
     (2) 

Fine fraction void ratio 𝑒𝑒𝑓𝑓𝑓𝑓 = 𝑉𝑉𝑣𝑣
𝑉𝑉𝑠𝑠(𝑐𝑐𝑠𝑠𝑠𝑠𝑐𝑐)+𝑉𝑉𝑠𝑠(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)

  (3) 

 
 
Fig. 4 Schematic of mixed samples 
 

The changes in void ratio e, skeleton void ratio 
es and ef, and fine fraction void ratio eff with 
increasing fine fraction content in Medium of 
Kaolin mixed soils are shown in Fig. 5. The void 
ratios in the figure are values immediately before 
the cyclic loading process, and are calculated from 
the initial void ratio e0 of the specimen, the axial 
displacement until the consolidation process, and 
the consolidated drainage amount. From the figure, 
the void ratio e is smaller than the initial void ratio 
e0 (dashed line in the figure) in the range of 
FC=0~25%. It decreased with the increase in fine 
fraction content. This may be due to the fact that 
the fine fraction content in the specimens made in 
the dry state shrinks due to the pore water and the 
volume compression increases with the increase of 
the fine fraction content.  

Like the void ratio e, the void ratio of fine 
fraction, eff, also tends to decrease with the 
increase in the content of fine fraction same as the 
void ratio e. The void ratio decreases sharply in the 
region with lower content of fine fraction, and then 
gradually decreases, ascending to the void ratio of 
Kaolin clay when it is compacted at 100kPa (single 
dotted line in the figure).  

On the other hand, the void ratio of both 
skeletons is increasing due to the growth of fine 
fraction content. The void ratio of both skeletons 
tends to increase rapidly from around FC=25%, 
suggesting a structural change. The skeletal void 
ratio es, exceeds the maximum void ratio of 
Toyoura sand only (the two-dotted line in the 
figure) at around FC=15%. From this, it is 
considered that before FC=15%, sand particles 
form a skeleton, and fine fraction have a skeleton 
structure that enters the gap formed by sand 
particles. while after FC=15%, it is thought that 
fine fraction form a skeleton between sand 
particles or that sand particles are floating in the 
fine fraction. 
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Fig. 5 Relationship between fines content and 
various void ratios 
 
Relationship Between Various Void Ratios And 
Liquefaction Strength 
 

The relationship between the void ratio e and 
the liquefaction strength R20 is shown in Fig. 6. In 
the figure, it can be seen that the volume 
compression tends to increase with a looser initial 
void ratio. And that liquefaction strength, R20, 
decreases and then increases with an augmentation 
in the fine fraction content. However, there is no 
direct relationship between the void ratio e and the 
liquefaction strength R20, since the liquefaction 
strength varies greatly depending on the sample 
even at the same void ratio. 

Figures 3 and 5 show that the relationship 
between the void ratio and the liquefaction strength 
R20 decreases in the range of FC=0~20%, even 
though the density rises with increasing void ratio 
e. This suggests that the decrease in liquefaction 
strength R20 in the range of FC=0~20% is due to 
the increase in the skeleton void ratio, and the 
skeleton void ratio may have a strong influence on 
the liquefaction strength. The relationship between 
the skeleton void ratio es and ef and the liquefaction 
strength R20 of each sample with FC = 0~20% is 
shown in Fig. 7. The liquefaction strength of both 
skeleton void ratio decreased with the increase in 
the skeleton void ratio. However, the liquefaction 
strength R20 varies in the small void ratio ef, 
whereas the liquefaction strength es lies on the 
same curve in all the void ratios, regardless of 
whether the soil is mixed with Kaolin or Fujinomiri, 
and it can be said that the void ratio es and the 
liquefaction strength R20 are categorically related. 
It is found that in the range of FC=0~15%, the 
skeletal structure of the soil is formed by sand, and 
the fine fraction content has no effect on the 
liquefaction strength, the liquefaction strength R20 
is determined by the skeleton void ratio es.  
 

 
Fig. 6 Relationship between void ratio e and 
liquefaction strength R20 
 

 
 

 
Fig. 7 Relationship between Skeleton void ratio es, 
ef and Liquefaction Strength R20 
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Furthermore, from Figs 3 and 5, the skeletal 
gap ratio es increases rapidly at FC=25% and since 
the liquefaction strength R20 has also begun to 
increase, in the skeletal structure of soil, fine 
fraction cannot fit in the gaps of sand, it is 
considered that the sand is in a state of floating in 
the fine fraction and has a skeletal structure with 
properties similar to those of cohesive soil. 

Therefore, it is presumed that the liquefaction 
strength depends on the state of the fine fraction. 
It is considered to be closely related to the fine 
fraction void ratio eff. The relationship between the 
fine fraction void ratio eff and the liquefaction 
strength R20 is shown in Fig. 8. The liquefaction 
strength R20 of K100 (Kaolin clay only) in the 
figure is taken from the study by Kuwano [2]. It is 
the same as the one in the previous article. In Fig. 
8, the liquefaction strength R20 is almost the same 
regardless of the fine fraction content and density, 
at FC=30% the liquefaction strength R20 increases 
rapidly. From this, it can be said that FC=30-40% 
sand particles floats in the fine fraction, and the 
liquefaction strength R20 has a good correlation 
with the fine fraction void ratio eff. In the case of 
FC=15~30%, the skeleton void ratio es exceeds the 
maximum void ratio emax of Toyoura sand, but 
there was no increase in the liquefaction strength 
observed after FC=30%. In the range, it is possible 
to judge it as an intermediate region between the 
region where sand particles forms the skeleton and 
the region where fine fraction is predominant. 
 

 

 

Fig. 8 Relationship between Fine fraction void 
ratio eff and liquefaction strength R20 
 
CONCLUSION 
 

In this study, the effect of fine fraction content 
on liquefaction characteristics was investigated by 
undrained cyclic triaxial test by using a mixture of 
samples with a constant void ratio e and varying 
FC in the range of 0~40%. As a result, the 
following findings were obtained. 

(1) In the region with a skeletal void ratio es that 
does not exceed the maximum void ratio of sand 
only (es<emax), the fine fraction makes no 
difference to the liquefaction strength. And the 
liquefaction strength R20 is categorically related to 
the "Skeleton void ratio es", notwithstanding the 
type of fine fraction. 
(2) With a skeleton void ratio es above the 
maximum void ratio for sand only (es>emax), the 
liquefaction strength R20 has a good correlation 
with the "Fine fraction void ratio eff" in the region 
where the fine fraction is predominant. 
(3) An intermediate region exists between these 
two regions, and the liquefaction strength R20 is 
approximately equal to the liquefaction strength 
R20 when the skeleton void ratio es is total up to the 
maximum void ratio of sand only. 
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ABSTRACT 
 
Seismic stability calculation on the direct foundation of continuation is designed always and by the seismic 

intensity method (level 1 ground motion), and it is not necessary to check horizontal load bearing capacity 
method (level 2 ground motion). On the other hand, it is thought that a reasonable design method for a direct 
foundation during a large-scale earthquake can be established by appropriately evaluating the non-linear 
behavior caused by the floating of the end of the direct foundation. Therefore, a method for estimating the 
rotation angle of a floating foundation considering nonlinear behavior during a large-scale earthquake was 
proposed. At this time, as the evaluation at the time of plasticization, a uniform contact pressure was generated 
by a linear function. However, finite element method (FEM) analysis and previous experiments have confirmed 
that a high contact pressure is generated directly at the compression end of the foundation. In this study, we 
improve the idea that the slope of the contact pressure is uniform, and propose an evaluation formula that 
considers that a high contact pressure occurs at the compression end side. By improving the evaluation formula, 
the state of the contact pressure can be made closer to the actual condition of foundation, and it is possible to 
realize an evaluation closer to an experiment. 
 
Keywords: Four or five keywords (First characters of each keyword are in uppercase letters), Italic 
 
 
INTRODUCTION 
 

It's said to be the one which doesn't need always 
to come about stable calculation at the time of an 
earthquake in present spread foundation, design by 
seismic intensity method (level 1 earthquake 
motion) and verify a ultimate lateral strength way 
(level 2 earthquake motion) at the time of an 
earthquake. This is because an energy absorption 
could expect a basic edge by going up because there 
was a margin to the load bearing capacity of the 
foundation because spread foundation was generally 
supported in the good ground, and I could think 
excessive damage didn't occur to foundation. On the 
other hand, it's able to establish a rational design 
way in the time of a large-scale earthquake of the 
spread foundation to estimate nonlinear behavior by 
an edge's of such spread foundation going up uplift 
appropriately. A rotation angle estimation method of 
the uplift foundation which considered nonlinear 
behavior in the time of a large-scale earthquake is 
proposed by the past study. 

But the situation that the high ground pressure 
which isn't uniform in a compression edge by an 
FEM and the past experiment occurs isn't considered. 
The valuation plan which considered expensive 
contact pressure distribution in the compression 
edge using FEM and past formula are proposed by 
this research. 

 
PAST NONLINEAR BEHAVIOR VALUE IN   
LARGE-SCALE EARTHQUAKE  

 
The moment footing base subgrade reaction 

shows by the past nonlinear rotation angle 
estimation method is expressed with that and a 
resisting moment. Distribution of subgrade reaction 
with a change in a resisting moment is considered as 
follows. The moment which acts on a basic base 
first, the subgrade reaction state will be the trapezoid 
distribution at the small stage. Because the tension 
doesn't act on it between the basis and the 
foundation when the moment which acts after that 
exceeds uplift foundation limit moment 𝐌𝐌𝟎𝟎  the 
ground reaction state will be the triangle 
distribution, and leap RI occurs to a basis. A relation 
between a resisting moment and the footing rotation 
angle is expressed in the form of the formula (1) 
here. All over the formula (1) in the formula (2) 
reaches and is the formula (3), and basic uplift  limit 
moment 𝐌𝐌𝟎𝟎 and uplift limit rotation angle 𝐚𝐚𝟎𝟎  are 
shown from an indicated relation.  

𝐚𝐚 =
𝐌𝐌
𝐈𝐈･𝐊𝐊𝐯𝐯

   (𝟏𝟏)         𝐌𝐌𝟎𝟎 =
𝐁𝐁𝐁𝐁
𝟔𝟔    (𝟐𝟐)  

       𝐚𝐚𝟎𝟎 =
𝟐𝟐𝐁𝐁

𝐁𝐁𝟐𝟐𝐃𝐃𝐊𝐊𝐯𝐯
   (𝟑𝟑)   

𝐌𝐌：Resisting  moment      𝐚𝐚：Footing rotation 
angle 
𝐈𝐈：Moment of inertia of area   𝐌𝐌𝟎𝟎：Uplift limit 
moment 
𝐚𝐚𝟎𝟎：Uplift limit rotation N：Vertical force which 
acts on a basic base 
𝐊𝐊𝐯𝐯：Vertical coefficient of subgrade reaction  B：
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Basic width of the horizontal load direction of 
application 
D：Basic width which crosses at right angles in 
horizontal load direction of application 

A basic rotation is considered only at the part I do 
subgrade reaction work of in uplift starting later. The 
formula (4) reaches and is the formula (5), and 
rotation angle which answers to a resisting moment 
and that at this time is shown. 

𝑴𝑴 = 𝑵𝑵�
𝑩𝑩
𝟐𝟐 −

𝒙𝒙
𝟑𝟑�     (𝟒𝟒)                  𝒂𝒂

=
𝟐𝟐𝑵𝑵

𝒙𝒙𝟐𝟐𝑫𝑫𝑲𝑲𝒗𝒗
     (𝟓𝟓)   

The subgrade reaction action width which is x: 
horizontal load direction of application here. 

The one which normalized by uplift limit 
moment 𝑀𝑀0  and uplift limit rotation angle 𝑎𝑎0  is 
indicated in the formula (6) to show a relation 
between a resisting moment and the rotation angle 
irrespective of the basic size to an action of the load 
beyond uplift ascent limit moment 𝑀𝑀0. 

𝑴𝑴
𝑴𝑴𝟎𝟎

= 𝟑𝟑 − 𝟐𝟐�
 𝒂𝒂𝟎𝟎 
 𝒂𝒂 

                                (𝟔𝟔)   

Further, 𝑀𝑀/𝑀𝑀0 shows the weight location of the 
subgrade reaction distribution, and a relation with 
the weight location of the triangle shows that it's the 
uplift critical state in 𝑀𝑀/𝑀𝑀0 = 1. 

At this time, contact pressure distribution is 
asked as the distribution of the primary winding-
shaped in conformity with the trapezoid distribution 
and the triangle distribution, etc. Calculation 
formula of the maximum ground contact pressure is 
indicated by trapezoid distribution formula (7) and 
triangle distribution formula (8).  
𝝈𝝈𝒎𝒎𝒂𝒂𝒙𝒙
=

𝟐𝟐𝑵𝑵(∑ 𝒂𝒂𝒊𝒊 + 𝒚𝒚𝒏𝒏
𝒊𝒊=𝟏𝟏 )

∑ 𝒂𝒂𝒊𝒊𝒃𝒃𝒊𝒊(𝟐𝟐∑ 𝒂𝒂𝒌𝒌 − 𝒂𝒂𝒊𝒊 + 𝟐𝟐𝒚𝒚𝒏𝒏
𝒌𝒌=𝟏𝟏 )𝒏𝒏−𝟏𝟏

𝒊𝒊=𝟏𝟏
                 (𝟕𝟕)   

𝝈𝝈𝒎𝒎𝒂𝒂𝒙𝒙
=

𝟐𝟐𝑵𝑵(∑ 𝒂𝒂𝒊𝒊 − 𝒚𝒚𝒏𝒏
𝒊𝒊=𝟏𝟏 )

∑ 𝒂𝒂𝒊𝒊𝒃𝒃𝒊𝒊(𝟐𝟐∑ 𝒂𝒂𝒌𝒌 − 𝒂𝒂𝒊𝒊 − 𝟐𝟐𝒚𝒚𝒏𝒏
𝒌𝒌=𝟏𝟏 )𝒏𝒏−𝟏𝟏

𝒊𝒊=𝟏𝟏 + (𝒂𝒂𝒏𝒏 − 𝒚𝒚)𝟐𝟐𝒃𝒃𝒏𝒏
  

                                                                       (𝟖𝟖)                              
𝒂𝒂𝒊𝒊：Basic width of the eccentricity direction where 
B is divided into the optional width  
𝒃𝒃𝒊𝒊：Optional basic width of the crossing at right 
angles which corresponds to 𝒂𝒂𝒊𝒊 direction 
𝐲𝐲 ：The distance of the point that the ground 
pressure will be 0 from a compression opposite edge 
 
 
 
 
 

 
 

 
 

 

NONLINEAR BEHAVIOR EVALUATION 
WHICH CONSIDERED THE PLASTIC LEVEL 
OF THE FOUNDATION 
 

When 𝑎𝑎/𝑎𝑎0  approaches ∞  by an estimation 
method of the past nonlinear rotation angle, 𝑀𝑀/𝑀𝑀0 
will be the curved line which approaches 3. This 
means that the action location of the resultant 
approaches an edge of a footing, but plasticity 
occurs to the ground in a basic edge at the real 
ground, and I approach the load of the ultimate 
bearing power state finally. The state that ground 
reaction in a basic edge reached limit bearing unit 
capacity of foundation for the first time is set as the 
surrender critical state(Fig.3 𝑀𝑀 = 𝑀𝑀1 ) so also to 
consider plasticity of this foundation by this research, 
and we assume that the ground reaction distribution 
after that will be the trapezoid distribution again, and 
after that, it is closer in the ultimate bearing capacity 
state(Fig.3 𝑀𝑀 = 𝑀𝑀2). 

 
 
 
 
 
 
 
 
Fig.3 Change in the vertical subgrade reaction 

distribution which considered a plastic area 
 

The formula (9) reaches and it's the formula (10) 
respectively from vertical balance, and the surrender 
critical state and the subgrade reaction action width 
which can be put in the ultimate bearing power state 
can show here.  
𝒙𝒙𝟏𝟏 = 𝟐𝟐𝑵𝑵

𝑫𝑫𝒒𝒒𝒎𝒎𝒂𝒂𝒙𝒙
      (𝟗𝟗)                    𝒙𝒙𝟐𝟐 =

𝑵𝑵
𝑫𝑫𝒒𝒒𝒎𝒎𝒂𝒂𝒙𝒙

     (𝟏𝟏𝟎𝟎) 
   

The formula (11) reaches and is the formula (12), 
and the surrender critical state and the resisting 
moment which can be put in the ultimate bearing 
power state are shown. 

𝑴𝑴 𝟏𝟏 = 𝑵𝑵�
𝑩𝑩
𝟐𝟐 −

𝟐𝟐𝑵𝑵
𝟑𝟑𝑫𝑫𝒒𝒒𝒎𝒎𝒂𝒂𝒙𝒙

�              (𝟏𝟏𝟏𝟏)     

𝑴𝑴𝟐𝟐 = 𝑵𝑵�
𝑩𝑩
𝟐𝟐 −

𝑵𝑵
𝟐𝟐𝑫𝑫𝒒𝒒𝒎𝒎𝒂𝒂𝒙𝒙

�           (𝟏𝟏𝟐𝟐)   

When we assume that the subgrade reaction 
distribution will be the trapezoid distribution after 
surrender critical state arrival again, the relation 
which is indicated by the formula (13) in ground 
reaction action width 𝑿𝑿𝟏𝟏, 𝑿𝑿𝟐𝟐  at this time and 
subgrade reaction action width x_2 which can be put 
in the ultimate bearing capacity state stands up.  

2𝑥𝑥2 = 2𝑋𝑋1 +  𝑋𝑋2                                 (13) 
When an indicated relation is used for the formula 

(13), the resisting moment which can be put behind 
foundation plasticity is expressed in the formula 

Fig.1 Trapezoid ground 
pressure distribution 

Fig.2 Triangle ground 
pressure distribution 

 

𝛔𝛔 𝐦𝐦
𝐚𝐚𝐦𝐦

 

𝛔𝛔 𝐦𝐦
𝐚𝐚𝐦𝐦
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(14). 

𝑴𝑴 = 𝑵𝑵�
𝐁𝐁
𝟐𝟐 −

𝟏𝟏𝟐𝟐𝒙𝒙𝟐𝟐𝟐𝟐 + 𝑿𝑿𝟐𝟐𝟐𝟐

𝟐𝟐𝟒𝟒𝒙𝒙𝟐𝟐
�                  (𝟏𝟏𝟒𝟒)   

 
The formula (15) reaches, and the moment which 

thinks a basic revolution occurs only by subgrade 
reaction in 𝑿𝑿𝟐𝟐 part and exerts a geometrical moment 
of inertia and a revolution at this time is the formula 
(16), and the rotation angle of the basis is expressed 
in the formula (17). 

𝑰𝑰𝑿𝑿𝟐𝟐 =
𝑿𝑿𝟐𝟐𝟑𝟑𝑫𝑫
𝟏𝟏𝟐𝟐              (𝟏𝟏𝟓𝟓)   

𝑴𝑴𝑿𝑿𝟐𝟐 =
𝑿𝑿𝟐𝟐𝟐𝟐𝑫𝑫𝒒𝒒𝒎𝒎𝒂𝒂𝒙𝒙

𝟏𝟏𝟐𝟐            (𝟏𝟏𝟔𝟔)   

𝒂𝒂 =
𝒒𝒒𝒎𝒎𝒂𝒂𝒙𝒙
𝑲𝑲𝒗𝒗𝒊𝒊𝑿𝑿𝟐𝟐

                   (𝟏𝟏𝟕𝟕)   

 
 

Relation of the  𝑴𝑴/𝑴𝑴𝟎𝟎~𝒂𝒂/𝒂𝒂𝟎𝟎  which can be 
put behind foundation plasticity is expressed in the 
formula (18) finally here.  

𝑀𝑀
𝑀𝑀0

=
𝑀𝑀2

𝑀𝑀0
−
𝐵𝐵3𝐷𝐷3𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚

3

16𝑁𝑁3 � 𝑎𝑎𝑎𝑎0
�
2                     (18)   

 
ESTIMATION OF THE NONLINEAR 
ROTATION ANGLE WHICH CONSIDERED A 
PLASTIC AREA 
 

We assumed that 
the rotation angle 
of the spread 
foundation which 
can be put behind 
foundation 
plasticity applies a 
regulation of 
energy to a relation 
of 𝑴𝑴/𝑴𝑴𝟎𝟎~𝒂𝒂/𝒂𝒂𝟎𝟎 
and presumes. This 
way of thinking is 
the way of thinking 
with which transformation of elastoplastic body 
proceeds until the occasion which thought a spring 
was linear and the transformable energy when a 
spring has the nature of the elastoplasticity, become 
equivalent（Vertical line area =  Slanted line area）. 
It's to apply a regulation of energy to a relation of 
the uplift curved line which prescribed the 𝑴𝑴𝑳𝑳 which 
shows a basic linear reply in alignment_large and 
considered the upper limit value of these linear reply 
and degree of subgrade reaction through the starting 
point and the point which is the uplift limit by this 
research, and I find the rotation angle. When it's 
possible to express this relation in the formula (19), 
and this is put in order, it's possible to get a quadratic 
equation of the form as shown in the formula (20). 
It's possible to get the rotation angle of the spread 

foundation which can be put behind foundation 
plasticity by solving the ceremony derived from the 
formula (20) using the formula of the solution (21).  

 

� �
𝒂𝒂
𝒂𝒂𝟎𝟎
�

𝒂𝒂𝑵𝑵
𝒂𝒂𝟎𝟎

𝟏𝟏
𝒅𝒅𝒅𝒅

𝒂𝒂
𝒂𝒂𝟎𝟎

= � �𝟑𝟑 − 𝟐𝟐�
 𝒂𝒂𝟎𝟎 
 𝒂𝒂 �

𝒂𝒂𝟏𝟏
𝒂𝒂𝟎𝟎

𝟏𝟏
𝒅𝒅𝒅𝒅

𝒂𝒂
𝒂𝒂𝟎𝟎

+ � �
𝑴𝑴𝟐𝟐

𝑴𝑴𝟎𝟎
−

𝑩𝑩𝟑𝟑𝑫𝑫𝟑𝟑𝒒𝒒𝒎𝒎𝒂𝒂𝒙𝒙𝟑𝟑

𝟏𝟏𝟔𝟔𝑵𝑵𝟑𝟑(𝒂𝒂/𝒂𝒂𝟎𝟎)𝟐𝟐�
𝒂𝒂𝑵𝑵
𝒂𝒂𝟎𝟎

𝒂𝒂𝟏𝟏
𝒂𝒂𝟎𝟎

𝒅𝒅𝒅𝒅
𝒂𝒂
𝒂𝒂𝟎𝟎

           (𝟏𝟏𝟗𝟗) 

𝛂𝛂�
𝒂𝒂
𝒂𝒂𝟎𝟎
�
𝟐𝟐

+ 𝜷𝜷�
𝒂𝒂
𝒂𝒂𝟎𝟎
� + 𝜸𝜸 = 𝟎𝟎                             (𝟐𝟐𝟎𝟎) 

 𝑎𝑎 =
−𝛽𝛽 + �𝛽𝛽2 − 4α𝛾𝛾

2α 𝑎𝑎0                          (21) 
 

FEM ANALYSIS OUTLINE 
 
  To find the ground pressure you can't estimate by 
a valuation plan of existence, to make the FEM 
analysis model which can express basic rising 
according to real ground, reproduction of level load 
testing is tried. Experiment was the one which added 
the horizontal force until considerable rising 
installed model foundation on the artificial ground, 
and formed, and subgrade reaction and the rotation 
angle were recorded. A flow of experimental 
reproduction by an FEM is indicated on figure 6. 
The plate bearing test put into effect targeted for the 
experimental artificial ground first is reproduced by 
a vertical loading analysis.  

 
 
VERTICAL LOADING ANALYSIS BY FEM 
 
  FEM analysis model is built so that a load 
sinking relation like flat plate loading test result may 
be indicated. 
(1) Analysis model outline 

An analysis model of a vertical load analysis is 
indicated on figure 7. The loading plate is made 
strength. The physical properties value of the ground 
model in an early stage is indicated in table 1. The 
physical properties value of the foundation is 
consulting an experiment and uses a correction R-O 
model for nonlinear characteristics. The system of 
the correction R-O model is shown as follows. 

𝐆𝐆
𝐆𝐆𝟎𝟎

= 𝐆𝐆
𝟏𝟏+𝛂𝛂|𝛄𝛄𝐆𝐆|𝛃𝛃

 (22) 

Fig.5 Estimation of the 
nonlinear rotation angle using 

a regulation of energy 

Fig.4 Ground reaction force from M₁ to M₂  

Fig.6 FEM Experimental Reproduction flow  
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𝛂𝛂 = � 𝟐𝟐
𝛄𝛄𝟎𝟎.𝟓𝟓𝐆𝐆𝟎𝟎

�
𝛃𝛃
 (23)      𝛃𝛃 = 𝟐𝟐𝟐𝟐𝐡𝐡𝐦𝐦𝐚𝐚𝐦𝐦

𝟐𝟐−𝟐𝟐𝐡𝐡𝐦𝐦𝐚𝐚𝐦𝐦
  (24) 

 
At this point, 𝐆𝐆 : modulus of rigidity, 𝐆𝐆𝟎𝟎 early 

stage modulus of rigidity, 𝛄𝛄 : The shearing strain, 
𝛄𝛄𝟎𝟎.𝟓𝟓: standard distortion（The shearing strain when 
𝐆𝐆 𝐆𝐆𝟎𝟎⁄  will be 0.5）,  𝐡𝐡𝐦𝐦𝐚𝐚𝐦𝐦 : biggest damping 
constant. Among these it's𝐆𝐆𝟎𝟎, 𝛄𝛄𝟎𝟎.𝟓𝟓, 𝐡𝐡𝐦𝐦𝐚𝐚𝐦𝐦 to have to 
establish it, and 𝐆𝐆𝟎𝟎  presumes from the early stage 
gradient of the flat plate loading test. 𝛄𝛄𝟎𝟎.𝟓𝟓, 𝐡𝐡𝐦𝐦𝐚𝐚𝐦𝐦 uses 
mean in a sandy soil. The boundary condition fixes a 
base of ground model and makes the side a vertical 
roller. A loading plate and a boundary in the ground 
include the nonlinear connection element even a 
lateral loading analysis uses. The input load of the 
vertical loading analysis is indicated in inside front. 
Incremental analysis is performed using 7 loads 
recorded by a test.  
 (2) Analysis result 

The settlement of the ground just below the load 

plate at each loading was determined and compared 
with the test results. Figure 3 shows a comparison 

between the test results and the analytical results. 
Since it was not possible to obtain the same 
subsidence curve with the properties shown in Table 
1 as in the flat-plate loading test, it was repeated by 
adjusting the values of 𝛄𝛄𝟎𝟎.𝟓𝟓  and 𝐡𝐡𝐦𝐦𝐚𝐚𝐦𝐦  were 
adjusted. Finally, the highest value of 𝛄𝛄𝟎𝟎.𝟓𝟓 =
𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎𝟐𝟐𝟏𝟏 and 𝐡𝐡𝐦𝐦𝐚𝐚𝐦𝐦 = 𝟎𝟎.𝟐𝟐𝟎𝟎𝟖𝟖 was obtained for the 
test results. Close load-settlement relationships are 
shown.  
 
HORIZONTAL LOADING ANALYSIS BY FEM 
  The foundation weight of 2.7t with a clear 
rotation angle is analyzed as Case 1, and the 
foundation weight of 3.4t with a recorded ground 
reaction force distribution is analyzed as Case 2. t as 
Case 1 and 3.4t as Case 2, where the ground reaction 
force distribution is recorded. Repeatability is 
checked by comparing the rotation angle and neutral 
axis position. 
(1) Outline of the analysis model 

The analytical model for horizontal loading 

analysis is shown in Figure 4. The model foundation 
is assumed to be rigid, and the physical properties of 
the ground are 𝛄𝛄𝟎𝟎.𝟓𝟓 , 𝐡𝐡𝐦𝐦𝐚𝐚𝐦𝐦  is obtained from the 
vertical loading analysis, and The boundary 
conditions are the same as in the vertical loading 
analysis, and the values in Table 1 are used in other 
cases. The boundary conditions are the same as in 
the vertical loading analysis, and Figure 5 shows the 
characteristics of nonlinear connecting elements at 
the boundary between the model foundation and the 
ground. The loadings in Case 1 and Case 2 are 
assumed to be horizontal loads. Table 3 shows the 
input loads for the horizontal loading analysis, 
where the loads in Case 1 and Case 2 are assumed to 
be the horizontal loads for the incremental analysis. 
do.  

 
 

 

 

 

 

 

 

 
 

item symbol unit physical 
property 

unit weight γ kN/㎥ 16.17 
modulus of 
elasticity 𝑬𝑬𝟎𝟎 MN/㎡ 20.05 

modulus of 
elasticity of shear 𝑮𝑮𝟎𝟎 MN/㎡ 7.71 

Poisson's ratio ν - 0.3 
adhesive power C kN/㎡ 20 
Internal friction 

angle Φ deg 28.8 

Reference strain 𝜸𝜸𝟎𝟎.𝟓𝟓 - 0.001 
Maximum 

attenuation constant 𝒉𝒉𝒎𝒎𝒂𝒂𝒙𝒙 - 0.21 

7000m
 

2500

P 

Fig.7 Vertical loading analysis 
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P 

Fig.9 Horizontal loading model 

Fig.8 Flat Plate Load Test Results and 
    

0

0.5

1

1.5

2

2.5

3

3.5

4

0.0 5.0 10.0 15.0 20.0

荷
重

（
k

gf
/㎠

）

沈下量（mm）

試験結果

初期解析結果

最終解析結果

0.1

1

10

0.1 1.0 10.0 100.0

荷
重

（
k

gf
/㎠

）

沈下量（mm）

試験結果

初期解析結果

最終解析結果

(a) arithmetic scale (b) logarithmic scale 

Table.1 Soil model characteristics (initial) 

Fig.10 nonlinear connection element 
characteristics 

(a) axial direction (b) shear direction 

Detachment 

closure 

Detachment 

Table.2 Lead straight load analysis of input 
 Step No. 1 2 3 4 5 6 7

⊿P(kN) 1.98 2.75 5.23 6.21 4.43 4.11 4.92
P(kN) 1.98 4.73 9.96 16.17 20.6 24.71 29.63



GEOMATE – Melbourne, Australia, 11-13 November 2020 

221 
 

 
 (2) Analysis results 

 
 

Table 3 shows a comparison of the experimental 
and analytical results. The distribution of ground 
reaction forces in the experiment is rough, recorded 
for each of the six pressure receiving plates, so a 
linear approximation was used to determine the The 
approximate neutral axis position was determined.  
Neutral axis and rotation angle were not close to the 
experimental values in the ground properties 
obtained by vertical loading analysis . 

The adjusted values in Table 4 are the nonlinear 
properties of the subgrade model modified so that 
the rotation angle matches the experimental values, 
and 𝐆𝐆𝟎𝟎 = 𝟏𝟏𝟐𝟐𝐌𝐌𝐁𝐁 𝐦𝐦𝟐𝟐⁄ , 𝛄𝛄𝟎𝟎.𝟓𝟓 = 𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎𝟐𝟐𝟏𝟏,𝐡𝐡𝐦𝐦𝐚𝐚𝐦𝐦 =
𝟎𝟎.𝟐𝟐𝟎𝟎𝟖𝟖. As a result of the investigation of the neutral 
axis by changing the physical properties of the 
ground, the neutral axis position of the FEM was 
lower than that of the experimental value. A 
tendency to decrease in size was observed. Based on 
the above, we give priority to reproduction by 
comparison of the rotation angle. Figure 7 shows the 
relationship between the experimental and FEM 
resistive moments and the rotation angle. 

 
 
 
 
 
 
 

 
We were able to create an analytical model that 

shows a rotation angle close to the experimental 
values, and we can say that the FEM was able to 
replicate the lifting of the foundation. 
 
COMPARISON OF EXPERIMENTAL AND 
FEM ANALYSIS AND SIMPLE 
CALCULATION METHODS 
 
 The ground pressure calculation method is a 
method to calculate the neutral axis by dividing the 
basement into arbitrary number of n compartments 
and solving the linear and cubic equations shown 
below. 

𝛄𝛄𝐲𝐲+ 𝐜𝐜 = 𝟎𝟎           (25) 

𝛂𝛂ｙ
𝟑𝟑

+ 𝛃𝛃𝐲𝐲𝟐𝟐 + 𝛄𝛄ｙ + 𝐜𝐜 = 𝟎𝟎       (26) 
where y: the distance from the opposite edge of the 
compressed edge to the neutral axis, 𝛂𝛂,𝛃𝛃,𝛄𝛄, 𝐜𝐜: from 
𝐚𝐚𝐧𝐧, 𝐛𝐛𝐧𝐧 and d coefficients (shown in Table 4), n: the 
number of foundation divisions, 𝐚𝐚𝐧𝐧,𝐛𝐛𝐧𝐧: the width of 
the nth division of the foundation and Depth, d: the 
distance from the compression edge to the location 
of eccentric load action. The solution to equation 
(25) is a trapezoidal distribution with the neutral axis 
outside the base, and the solution to equation (26) is 
a triangle with the neutral axis in the base 
Represents the ground pressure distribution. Ground 
pressure is obtained using formulas (7) and (8).  
  The calculation was carried out by dividing the 
bottom of the model foundation into 6 compartments 
of 150×900mm (n=6). Table 5 shows the calculation 
results of the neutral axis and maximum ground 
pressure at each load, the trapezoidal distribution at 
3.7kN, and the maximum ground pressure at 3.7kN. 
The distribution of ground pressure was triangular 
except for the following two points. Overall, the 
neutral axis of the ground pressure distribution was 
closer to the experimental data than the FEM results, 
but the ground pressure tended to be smaller than the 
experimental value, and the ground pressure was 
lower than the experimental value. The simple 
method was used to calculate the ground pressure 
distribution. In the experiments and FEM, the 
ground pressure tended to increase at the foundation 
end, and the simplified calculation method showed 
that the ground pressure distribution was higher than 
the ground pressure distribution at the foundation 
end. The neutral axis position is assumed to be 

linear, so the neutral axis position is considered to be 
small. 
 
CONSIDERATION OF GROUND PRESSURE 
CORRECTION VALUE 

 
Calculate the correction value of the maximum 

ground pressure to express the increase in the 
ground pressure at the edge using the simple 
calculation method. The correction factor is 
determined by comparing the ground contact 

Table.4  General formula for each 
coefficient in the basic division number n 

α β γ ｃ

Fig.11 
Case1.M-θ 

 

Table.3 Comparison of experimental and 
analytical results 

Table.5 Simplified calculation results 
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pressure distribution and the experimental ground 
reaction force distribution. Figure 12 shows the 
relationship between the ground pressure 
distribution and the corrected ground pressure 
distribution based on the results of the FEM 
analysis. Since the ground pressure distribution 
tended to increase from the position of 𝒂𝒂𝒄𝒄𝒄𝒄 =
𝟏𝟏 𝟔𝟔⁄ 𝑩𝑩, Figure 12 shows that the Assume that the 
change in ground pressure increases at the position 
of 𝒂𝒂𝒄𝒄𝒄𝒄 , as shown in the figure. Assuming that the 
correction factor for the maximum ground contact 
pressure 𝝈𝝈𝒎𝒎𝒂𝒂𝒙𝒙 at the compression side is p and the 
correction factor for the ground contact pressure 𝝈𝝈𝒄𝒄𝒄𝒄 
at the change point 𝒂𝒂𝒄𝒄𝒄𝒄  is q, and the corrected 
ground contact pressure distribution is balanced with 
the vertical load N, the following equation is 
obtained. 

𝒂𝒂𝒄𝒄𝒄𝒄𝝈𝝈𝒎𝒎𝒂𝒂𝒙𝒙𝐩𝐩+ (𝑩𝑩− 𝒚𝒚𝒆𝒆)𝝈𝝈𝒄𝒄𝐪𝐪 = 𝟐𝟐𝑵𝑵
𝒃𝒃𝟏𝟏

        (27) 

𝒂𝒂𝒄𝒄𝒄𝒄𝝈𝝈𝒎𝒎𝒂𝒂𝒙𝒙𝐩𝐩+ �𝒂𝒂𝟏𝟏 + 𝑩𝑩−𝒚𝒚𝒆𝒆−𝒂𝒂𝟏𝟏
𝑩𝑩−𝒚𝒚𝒆𝒆−𝒂𝒂𝒄𝒄𝒄𝒄

�𝒂𝒂𝟏𝟏 − 𝒂𝒂𝒄𝒄𝒄𝒄�� 𝝈𝝈𝒄𝒄𝒄𝒄𝐪𝐪 =
𝟐𝟐𝑽𝑽𝒆𝒆𝟏𝟏
𝒃𝒃𝟏𝟏

(28) 
Here, except for p and q, we use the simplified 

calculation method and experimental results. Using 
equations (27) and (28), the correction factor for 
Case2P=3.72kN and P=5.00kN is calculated and 
The p and q values of the two were close, 𝐩𝐩 ≒ 𝟏𝟏.𝟑𝟑𝟎𝟎 
and 𝐪𝐪 ≒ 𝟎𝟎.𝟗𝟗𝟕𝟕 . Verification of p and q values 
Therefore, the maximum corrected ground pressure 
at P=9.34 kN and the corrected neutral axis were 
found to be The ground pressure was 189 kN⁄m^2 
and the corrected neutral axis was 440 mm, and the 
neutral axis agreed with the experimental values. 
The neutral axis is consistent with the experimental 
values. Since the maximum ground contact pressure 
exceeded the limit bearing capacity at 70 kN, the 
maximum ground contact pressure after correction 
was also calculated in accordance with the actual 
condition. In addition, it can be said that the effect of 
ground stiffness and nonlinearity on the maximum 
ground contact pressure is small, as shown in Figure 
11. The ground pressure increase at the edge of the 
ground due to the ground pressure correction value 

𝐩𝐩 ≒ 𝟏𝟏.𝟑𝟑𝟎𝟎 and ,𝐪𝐪 ≒ 𝟎𝟎.𝟗𝟗𝟕𝟕, regardless of the physical 
properties of the ground It is possible to obtain the 
ground pressure distribution that takes into account 
 
EXPERIMENTAL DISCUSSION AND 
EVALUATION 
 

With regard to the rotation angle, the calculated 
value based on the estimation method obtained in (19)-
(21) and the rotation angle of the foundation obtained 
by the experiment We compared the calculated values 
by the inferred method with the experimental values. 
Before geotechnical soil stabilization, there is no 
significant difference between the experimental and 
calculated values of the existing estimation methods. 
After geotechnical plasticization, the difference 
between the experimental and the predicted values is 
large as the resistance moment increases. However, by 
applying the estimation method that takes into account 
the critical bearing capacity of the ground, it was found 
that after the ground was plastised, there was a 
tendency to become In addition, relatively high 
accuracy was recorded in (27) and (28).  

The equations (27) and (28) for the maximum 
ground pressure distribution are more accurate than the 
existing equations. 

 
CONCLUSIONS 
 
In the present study, the critical bearing capacity of 
the ground is taken into account to ensure the high 
accuracy of raising foundations even after ground 
plasticity. The nonlinear rotation angle and 
maximum ground pressure can be estimated. 
However, in this study, the dynamic inertia forces 
are calculated by replacing them with static loads, so 
the behavior of the earthquake Therefore, we believe 
there is room for improvement in the proposed 
estimation method. Therefore, we believe that there 
is room for improvement in the proposed estimation 
method. 
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THE EFFECT OF CEMENT ADDITIVE TO IMPROVE STRENGTH 
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ABSTRACT 

     Soft soils identified as soil with high compression and low strength in high water content. The various methods 
are carried out to decrease the compressibility and increase the carrying capacity. The use of Portland Cement 
(PC) as a soft soil stabilization material has been known for a long time. Although in terms of cost is higher than 
lime or waste material such as fly ash, but the content of the compound in cement is complete and the quality is 
more assured, thus cement is still very reliable. This research aims to investigate the improvement in the strength 
of soft soils after mix additives cement and changes in physical properties. Laboratory experiments will be carried 
out such as physical properties test, compaction, and CBR tests to determine semen content of 5%, 8%, 12%, and 
15%. Furthermore, triaxial and consolidation tests will also be conducted to investigate several aspects related to 
strength such as curing time and the percentage of improved soil on site. Based on the results of the triaxial test, 
there was an improvement in the shear strength of the soil with an increase in the friction angle in the soil but a 
decrease in cohesion. The shear strength and stiffness is directly proportional to the percentage of PC in the soil. 

Keyword: cement, remedial, soft soil, strength 

IINTRODUCTION 

Kedaung Wetan Village is a village that is part 
of the Grati sub-district, Pasuruan, East Java, 
Indonesia. Grati is one of the districts that is passed 
by the Gempol Pasuruan Toll Road (Fig.1) which is 
part of the Trans Java Toll Road on the toll road that 
connects Grati and Tongas which has a length of 
13.5 km.  

Fig. 1. Location of soil sample 

SPT data shows that soils up to 12 m deep are very 
soft soils and 12 m to 16 m are categorized as soft 
soils, where previously they were paddy fields. The 
soil require to be improved to sustain the pavement 
structure and vehicles. 

Soft soil problems are found in various places in 
the world, and the improvement technology is also 
developing very fast.  There are some alternatives 
methodology such as accelerate consolidation by 

using  PVD, remediation of soil to increase the 
strength. The PVD which is very much discussed by 
several experts [1-4]. PVD usage is discussed in the 
case of road structures with high embankment. 
Numerical analysis using finite element program to 
determine the behaviour of soft soils after PVD is 
installed by assume as a channel that have 
permeability coefficients. 

The method which is widely used to improve the 
bearing capacity of soils and reduce compressibility 
by using additive material. The additives that have 
been highly recommended are PC and lime. Some 
researchers conducted experiments to mix the lime 
for different soft soils such as in Malaysia [5] and 
Egipt [6-7]  . From this study it is known that curing 
time [8] is can significantly increase soil strength. 
The use PC to improve the stability of soft soils has 
also been widely investigated by researcher [7-10] 
which can be done on the improvement of shallow 
or deep soils by using the deep soil mixing (DSM) 
method[11]. 

The purpose of this study is to investigate 
physical and especially mechanical properties of 
cement improved soft soil  

EXPERIMENTAL INVESTIGATION 

Soil Sample 

Soil sample is hight-plasticity silt soils with low 
shear strength, which classified as soft soils. The 
properties of soil can be shown in Table 1[12] 

Sample 
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Table 1. Physical characteristic of soil sample 

Parameter Unit Value 

Liquid Limit % 56,12 
Plastic Limit % 43,36 
Shrinkage Limit % 11,86 
Saturated Density kN/m3 17,21 
Coefficient of Permeability cm/dt 0.00037 
Maximum Dry Density kN/m3 12,46 
Optimum Water Content % 31 
Coefficient Consolidation cm2/dt 0,001 
Coefficient  Compression 0.445 

Based on [12], the compressive strength of natural 
soil are depended on moisture content of soil in such 
as Eq. (1) 

  qu = -6.6  + 382.9      (kPa)    (1) 

where  is the water content in percent. The soil will 
be in soft condition (25 <qu <10 kPa) at 54.2 < 
<56.5% water content and in very soft condition (qu 
<10 kPa) at water content more than 56,5.2%.  

Methodology Testing 

Laboratory experiments conducted to investigate 
changes in the natural soil mixed with PC of 
physical and mechanical properties. The key to 
success in getting the maximum strength is to 
determine the percentage of additives that are most 
representative by considering various aspects that 
influence them. The compaction test was carried out 
to find out the optimum water content of each 
percentage of additive replacement that is 5%, 8%, 
10%, 12% and 15%. Every dosage of remedial soil 
will be investigated by plasticity, unconfine 
compressive, CBR and triaxial test. CBR 
experiments will be carried out under submerged 
and unsubmerged conditions to investigate whether 
the remedial soil is retained to the water. The triaxial 
and unconfined compression tests were run to 
obtain the shear strength parameter. The 
experiments were also carried out after the samples 
were treated for 4, 7, 14 and 28 days. 

RESULT AND DISCUSSION 

Pozzolanic effect on soil plasticity 

Three stages occur when the soil is mixed with 
cement, namely: absorption of water by calcium in 
cement which occurs quickly and gives the effect of 
heat and reduction of soil water content. The second 
stage is the replacement of ions where negatively 
charged soil will attract Ca in the cement quickly 
causing an increase in the cohesiveness of the soil 
grains. The third stage is the pozzolanic reaction 

where silica and alumina in the soil will react with 
calcium silicate hydrate. This formation occurs 
continuously in a long time and causes the soil to 
become hard. 

Pozzolan reaction is a chemical reaction that 
occurs in PC after the addition of pozzolan. 
Pozzolan reaction changes the conversion of silica-
rich precursors without cementing properties, to 
calcium silicate, with good cementing properties.In 
chemical terms, a pozzolanic reaction occurs 
between calcium hydroxide, also known as 
portlandite (Ca (OH)2), and silicate acid (written as 
H4SiO4 or as Si (OH)4) as Eq.2 : 

Ca (OH) 2 + H4SiO4 → CaH2SiO4 · 2 H2O  (2) 

or 

CH + SH → C-S-H 

Product CaH2SiO4 · 2 H2O is calcium silicate 
hydrate, also abbreviated C-S-H in the chemical 
notation of cement, 

Pozzolan reaction is a long-term reaction, which 
involves dissolved silicic acid, water and CaO or Ca 
(OH)2 or other pozzolan to form a strong 
cementation matrix. This process is often 
irreversible. A high amount of free calcium ions and 
high pH 12 and above is required to start and 
maintain a pozzolanic reaction. This is because at a 
pH of around 12, the solubility of silicon and 
allumina ions is high enough to support the 
pozzolanic reaction.  

Table 2. Soil Plasticity 

Soil 

Composition 

Liquid 

Limit 

Plastic 

Limit 

Plasticity 

Index  
 (%) (%) (%) 

Natural Soil 56,12 43,36 12,75 
5% 53,58 41,69 11,89 
8% 51,56 41,55 10,05 
10% 51,05 41,41 9,63 
12% 50,05 41,24 8,8 
15 % 46,18 41 5,18 

The presence of water in soil pores has an effect 
on the technical properties of fine-grained soils 
which are defined within the boundary that 
distinguishes the properties of the soil, namely the 
liquid limit as the lower limit of viscous flow, the 
plastic limit as the lower plastic limit and the 
shrinkage limit as the lower limit of changes in me. 
The addition of PC in soft soils reduce the liquid 
limit, plastic limit and also the plasticity index as 
shown in Table 2. as a result of the decline in soil 
plastic properties causes changes in soil type from 
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dominant clay( A-7-5) to soil dominated by silt (A5) 
based on AASHTO classification. 

Pozzolanic effect for strength of soil 

Remedial of clay soil with (PC) is a chemical 
process that can change the structure of the soil by 
forming larger aggregate grains that will have a very 
beneficial effect. Chemical events occur between 
soil and (PC), when both are mixed by adding an 
amount of water. 

CBR test results in Fig. 2 show the increase in 
the un-soaked and soaked CBR  with increasing PC 
content with the difference of curves insignificant. 

Fig.2. Percentage of PC versus CBR 

The value of the friction angle in moving up with the 
presence of a PC like Fig. 3, but the cohesiveness 
reduce after reach some value insignificant as show 
in Fig.4. 

Fig. 3. Influence PC to friction angle 

Fig. 4. Influence PC to cohesion 

Besides the strength, changes in soil stiffness due to 
the addition of PC need to be known by presenting 
the axial stress and strain relationships from 
unconfined  experiments like the Fig. 5. 
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Fig. 5. Axial stress and strain of variation PC 
improved soil 

 It was noted that the failure strain changed 
irregularly but the compressive stress and secant 
modulus increased with the addition of OPC content 
in the soil mixture as shown Table 3. 

Table 3. Mechanical Properties of stabilized soft soil 

PC Failure 
Strain 

Compressive 
Strength 

Secant 
Modulus 

% % kPa Mpa 
5 1,75 197,5 5,64 
8 1,5 219,7 7,32 
10 1,6 240,7 7,52 
12 1,75 271,6 7,76 
15 1,5 278,5 9,28 

Based on [13-14] there is a relationship between the 
ratio of water and PC content with compressive 
strength (qu) and secant modulus (Es), which  is the 
higher the PC content, the optimum water content of 
the mixture will be decreased. This relationship is 
presented in the power function in the form of Eq.(3) 
and (4): 

𝑞𝑢 =
𝐴

(𝑤 𝐶⁄ )𝐵  (3) 

𝐸𝑠 =
𝑀

(𝑤 𝑐⁄ )𝑁  (4) 

Where A, B, C and D are empirical constants. 
Result of the unconfined compressive test the 

relation between qu and w / c presented in the Fig.6 
and  Es and w/c in Fig. 7 , which formulation in Eq. 
5 and 6 as follows: 

𝑞𝑢 =
312,5

(𝑤𝑐 𝐶⁄ )0,285  ;  𝑅2 = 0,949  (5) 

Fig. 6 Fitted curve of strength development PC 
stabilized soil. 

Fig. 7. Fitted curve of secant modulus development 
PC stabilized soil 

𝐸𝑠 =
10,231

(𝑤𝑐 𝐶⁄ )0,343  ;  𝑅2 = 0,911  (7) 

Shear strength parameter prediction 

The hypotheses [15] of w/c as prime parameter 
to achieve phenomenological model for predicting 
the mechanical properties of specimen stabilized 
PC. From this research it is proposed formulation to 
predict the friction angle and cohesion based on  w/c 
parameter. 
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Fig. 8 Fitted curve of friction development PC 
improved soil 

Figure 8 and Eq. 8 estimated friction of w/c. 

𝜙 =
45,33

(𝑤𝑐 𝐶⁄ )0,654  ;  𝑅2 = 0,909  (8) 

If  the cohesion is related to the w / c parameter, 
the regression analysis that is different from the 
friction angle must be performed. The formulation 
represented the best curve fit is in the  Fig.9 and 
Eq.9. 

Fig. 9 Fitted curve of cohesion development in PC 
stabilized soil 

Formulations that can be used to predict cohesion of 
the w / c parameter are expressed in the equation. 

𝒄 = −𝟓, 𝟑 (
𝒘

𝒄
)

𝟐

+ 𝟑𝟗, 𝟒
𝒘

𝒄
+ 𝟓𝟓. 𝟑; 𝑹𝟐 = 𝟎, 𝟗𝟕 (9)

Influence of curing time for improved strength 

The results of data analysis determined that the 
optimum of cement content in the soil mixture is 
10%. The strength will be developed in 4, 7, 14 and 
28 days. 

Fig.  10 Effect curing time to the compressive 
strength 

It is took the time for pozolanic processes to 
reach  very significant high strength. An increase in 
the strength of soft soil after mixed with a PC at a 
percentage of 10% and immediately compacted 
optimally, an increase of up to 387%. If treatment is 
carried out 4, 7 and 14 days, then the increase in 
around 400% more and if the curing time takes 28 
days, the compressive strength reaches 646%. 

To find out whether the effect of water on the 
improved soil the soaked CBR test will be 
conducted. Fig11 shows the deviation of value of 
unsoaked and soaked CBR without treatment around 
6%. If curing is carried out more than 24 days, the 
improved soil becomes more stable.  
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Fig 11. Curing time to develop the strength 

CONCLUSION 

The water content of soft soils will affect the 
strength of soils in this case is a type of clayey silt 
soil. The use of additives such as PCs improved the 
physical and mechanical properties. Changes in 
physical properties can be found by the reduction in 
plastic.  

Based on the unconfined compressive test results 
the parameters qu and Es can be formulated by the 
ratio of water  and PC content (w / c).The addition 
of PC dosage will reduce w / c but increase qu and 
Es. The same phenomenon also applied to the 
friction angle  that it can be defined in a 
mathematical equation. 

 The cohesion define as polynomial second orde 
equation to define in w/c factor.  

When the curing time applied the improved soil 
will rise the strength l and also more stable because 
the  water intrusion from the environment. 
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ABSTRACT 

Internal erosion is one of the major causes of the failure of hydraulic structures, road pavement and the natural 

deposits ground as well. Except suffusion and piping, contact erosion is also a type of internal erosion that can 

mostly occur at the foundation of embankment dams and dikes, in the road pavement and the alluvial fan deposition 

valley. This phenomenon occurs when the seepage flow exists at the interface of fine and coarse soil layer where 

fine particles are detached and transported through the voids of coarse soil layer. During 2013-2017 numerous 

sinkholes have been observed in Armala area of Pokhara valley in central Nepal. The locations of the sinkholes 

were observed mostly at paddy fields in the alluvial fan deposit. Sinkhole affected area was investigated twice in 

a year of 2015, 2016 and 2017. Based on the subsurface ground condition and the location of hidden cavity, it is 

assumed that an internal contact erosion was occurred, and this phenomenon leads to the formation of subsurface 

hidden cavity and collapse sinkholes in the Armala area. Mechanics of contact erosion was studied in the laboratory 

by performing a series of small-scale parallel flow contact erosion test. Physical model of the experiment was 

prepared with the soil having the similar grain size and physical properties to the onsite granulometry. A cavity 

was observed at the interface when the DL clay is overlying the coarse sand. In addition, the amount of discharged 

soil decreases with the increase of overburden pressure. 

Keywords: Sinkhole, Bore-hole, Contact erosion, Flow velocity, Piping 

INTRODUCTION 

Internal erosion is one of the major causes of the 

failure of hydraulic structures, road pavement and the 

collapsed sinkholes in the natural deposits ground as 

well. Except suffusion and piping, contact erosion is 

also a type of internal erosion that can mostly occur 

at the foundation of embankment dams and dikes, in 

the road pavement and the alluvial fan deposition 

valley. This phenomenon occurs when the seepage 

flow exists at the interface of fine and coarse soil layer 

where fine particles are detached and transported 

through the voids of coarse soil layer. Various 

research has been conducted on contact erosion in the 

context of dikes [1], embankment dams [2], [3], [4] 

and road pavement [5]. Previous authors [1], [2], [3] 

[4] conducted a parallel flow contact erosion test 

simulating the internal contact erosion that most 

frequently encountered in the hydraulic structures. A 

perpendicular flow contact erosion test was 

performed to simulate the internal contact erosion 

below the pavement layers due to the fluctuation of 

water table [5]. For the significant occurrence of 

parallel flow internal contact erosion, two conditions 

should be fulfilled [1], [2], [3], [4].  First one is the 

geometrical condition where the size of the voids of 

coarse soil should be large enough than the grain size 

of the fine soil. So that all the fine particles can pass 

through the voids of coarse soil. Second, the 

hydraulic condition where the seepage velocity is 

high enough to scour and transport the fine particles 

through the void of coarse soil. In the past, the 

research mainly focuses on the mechanics of contact 

erosion and the threshold flow velocity for the 

initiation of contact erosion. This study focuses on the 

internal contact erosion to understand the 

phenomenon that leads to sinkhole formation using 

the soil material having the similar physical and 

geometrical properties of the onsite soil. The 

maximum grain size of the coarse soil used in this 

study is significantly finer than the coarse soils used 

by the previous researcher. The effect of overburden 

pressure on the erosion rate was studied. 

Background of The Research 

During November 2013 to 2017, numerous (more 

than 200) sinkholes have been observed in Armala 

area of Pokhara valley in central Nepal. The locations 

of the sinkholes were observed mostly at paddy fields 

in the alluvial fan deposit. An example of sinkhole in 

the Armala area is shown in the Fig. 1. The subsurface 

materials deposited in the sinkhole affected area are 

unconsolidated silty clay, sand, and gravel. Sinkhole 

affected area was investigated twice in a year of 2015, 

2016 and 2017 and the results obtained from the 

investigation were reported in [6], [7], [8]. During the 

investigation, a bore hole logging with standard 

penetration test (SPT) was conducted at one point 

near the observed sinkhole. A thick white silty clay 

layer was found at a depth of 4 m to the 20 m from 

the ground level [7], [8]. In addition, a hidden cavity 



GEOMATE – Melbourne, Australia, 11-13 November 2020 

230 

of 2.5 m height was discovered at a depth of 7.5 m to 

10 m from the ground level.  

Fig. 1 A sinkhole in the Armala area. 

To study the soil strata parallel to sinkhole cavity 

discovered from bore hole survey, some scarp located 

on the right bank of the nearby river (Kali Khola) also 

observed. It was identified from these scarp that a 

0.05 m thick sand seams layer lies in between the silty 

clay layers at a depth of 9 m from the ground surface 

which is the same level as the sinkhole cavity 

discovered from the borehole investigation. Figure 2 

shows the outcrops just after the shaping (left), 

ground water discharged after 5 minutes (center) and 

eroded silty clay in the form of slurry after 11 minutes 

(right). The orientation of the soil strata at the 

outcrops is illustrated in a schematic diagram in Fig. 

3. At the outcrops, groundwater discharged at the

interface of sand and silty clay layers was observed 

after the 5 minutes of shaping. Possibly, it is due to 

the presence of high permeable sand layer in between 

the silty clay layers. The discharge of groundwater 

was taking place at both the upper and lower interface 

of a sand layer which is attached with the silty clay 

layers. In addition, more amount of discharged water 

was observed at the upper interface of a sand layer i.e. 

silty clay layer overlaying a sand layer at the outcrops. 

However, internal erosion was observed at both the 

side of a sand layer and therefore, the presence of 

sand layer could be one of the factors to trigger may 

internal contact erosion on the site. Internal erosion 

not takes place at that location if there was only the 

presence of silty clay in the subsurface of Armala. 

The main source of groundwater flow in the 

sinkhole affected area is seepage flowing from the hill 

side to the main stream. According to the local 

residents, excavation of aggregates from the riverbed 

of the main stream was started from 1990’s for the 

commercial purpose. Due to the excavation of 

aggregate, the riverbed of the main stream was 

lowered with time. It increased the hydraulic gradient 

in the ground and the subsurface water velocity. The 

required hydraulic condition for the internal erosion 

is fullfilled and therefore, contact erosion causing 

cavities was accelerated. The path of seepage flow 

from the source to the exit shows that the groundwater 

flows parallel to the interface of soil layers. All these 

evidences show that, the presence of a sand seam 

within silty clay layers could be one of the factors to 

trigger parallel flow internal contact erosion and 

hidden cavity formation in the Armala area. 

Therefore, a series of small scale parallel flow contact 

erosion test was conducted in the laboratory to 

observe the contact erosion and its phenomenon to 

lead the cavity formation. Physical model of the 

experiment was prepared with the soil having the 

similar grain size and physical properties to the onsite 

granulometry. The maximum grain size of the coarse 

sand used in this study is 2.3 mm which is 

significantly finer than the coarse soils used by the 

previous authors [1], [2], [3], [4]. 

EXPERIMENTAL SETUP 

The schematic diagram of parallel flow contact 

erosion test apparatus is shown in Fig. 4. It consists 

of two water tanks, inlet and outlet connected to a U-

shape acrylic box containing a fine and coarse soil 

combination. The overall inner dimension of the U-

shape acrylic box is 30 cm long, 12 cm wide and 15 

cm high. Base plate, Porous plate, DL clay layer, sand 

layer, porous plate and piston is placed 

simultaneously from bottom to the top. In each test, 

10 cm thick DL clay layer is placed on the top of 1 

cm thick sand layer in the case of fine soil overlying  

the coarse soil and reverse configuration with the 

Fig. 2 Groundwater oozing from sand layer. 
         Fig. 3 Illustration of soil strata at the outcrops.
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same thickness of soil was made in the case of coarse 

soil overlaying the fine soil. An acrylic plate of 1 cm 

× 12 cm opening was placed between the soil 

chamber and inlet -outlet box so that the openings of 

the soil specimen box coincide with the cross section 

of the coarse sand layer. Steel mesh of sieve No. 150 

was placed at the opening of the plate. So that only 

DL clay can pass through the mesh. When the valve 

is open, water is flowing through the coarse sand 

layer and parallel to the fine soil surface. A bellofram 

cylinder is connected to the piston through a load cell 

to apply the given overburden pressure to the soil 

sample to reproduce the overburden pressure on the 

site.  

Fig.4 Schematic diagram of parallel flow contact 

erosion test apparatus. 

A series of experiment was performed with the 

stepwise increase in water head difference at the time 

interval of 30 minutes at constant overburden 

pressure. With the increase of water head difference, 

the flow velocity increases as well. Flow velocity, 

𝑉 (𝑐𝑚 𝑠⁄ )  is calculated by using the formula 𝑉 =
𝑄 𝐴𝑐⁄  where 𝑄  ( 𝑐𝑚3 𝑠⁄ ) is the discharged water

measured which depends on coarse sand permeability 

and 𝐴𝑐 (𝑐𝑚2) is the cross section area of the coarse

sand which is same as the cross section of the opening. 

Turbidity of the discharged water was measured in 

every 5 minutes of each interval to find the 

concentration of DL clay in the discharged water. 

TESTED SOILS 

The white silty clay located in the hidden cavity is 

a non-plastic silty clay composed of 79% silt, 16% 

clay and 5% sand. Grain size distribution of this white 

silty clay was analyzed by conducting hydrometer test 

and sieve analysis method. The 𝐷10 , 𝐷30  and 𝐷60

grain size of this silty clay soil are 0.0014 mm, 0.005 

mm, 0.023 mm respectively. Test material used in this 

study comprised of DL clay, which is the commercial 

name of the soil and silica sand No.3 and silica sand 

No.5. DL clay is a non-plastic silt composed of 90% 

silt and 10% clay which shows the similar properties 

and grain size of silty clay found in the Armala area. 

In this study, DL clay was considered as fine soil 

whereas silica sand No. 3 and silica sand No. 5 were 

considered as coarse material. Figure 5 shows the 

gradation curve of the tested soils. The median grain 

size of silica sand No. 3, silica sand No. 5and DL clay 

are 1.6 mm, 0.6 mm, and 0.028 mm, respectively. The 

maximum grain size of the coarse sand is 2.3 mm 

which is significantly finer than the coarse soils used 

by the previous researchers for the contact erosion 

test. The geometrical and physical properties of the 

tested soils are given in Table 1. 

Fig.5 Particle size distribution of tested soils. 

Table 1 Geometrical and physical properties of soils. 

Properties Unit DL 

clay 

Silica 

Sand#3 

Silica 

sand#5 

𝜌𝑠 g/cm3 2.654 2.56 2.56 

𝜌𝑑𝑚𝑎𝑥 g/cm3 1.538 1.462 1.543 

𝜌𝑑  
𝐷15

𝐷50

𝐷85

𝐶𝑢

𝐶𝑐

𝐾𝑠

g/cm3 

mm 

mm 

mm 

- 

- 

m/s 

1.384 

- 

0.0280 

0.0395 

1.935 

1.168 

6×10-7 

1.388 

1.3 

1.6 

- 

1.417 

0.961 

5×10-4 

1.383 

0.45 

0.6 

- 

1.553 

0.927 

1×10-4 

Where,  𝜌𝑠  – density of the particle, 𝜌𝑑𝑚𝑎𝑥  – 

maximum dry density, 𝜌𝑑 – dry density, 𝐷15 – 15 %

percentile of soil grain size, 𝐷50 – median grain size

of soil, 𝐷85 – 85 % percentile of soil grain size, 𝐶𝑢 –

coefficient of uniformity, 𝐶𝑐  – coefficient of

curvature, 𝐾𝑠 – coefficient of permeability

In 1984, Sherard proposed 𝐷15 𝑑85⁄  ratio as a

filtering criterion, where 𝐷15 (mm) is the 15%

percentile of the coarse soil grain size and 𝑑85 (mm)

is the 85% percentile of the fine soil grain size. Based 

on the experiments, they found that filtering criteria 

are 𝐷15 𝑑85⁄ ≤ 4 and 𝐷15 𝑑85⁄ ≤ 9 depending on the

fine soil [9], [10]. The tested soils, in this study does 
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not validate this criterion. It means, the void size of 

the sand used in the test have large enough to pass the 

totally or partially the grain of DL clay. 

Fine soil was prepared at optimum water content 

and compacted five successive layers of 2 cm thick 

on the soil chamber to achieve the 90% of the 

maximum density by static compaction method. The 

corresponding dry density of fine soil at 90% degree 

of compaction is 1.384 𝑔 𝑐𝑚3⁄ . Coarse sand was

placed manually at the relative density of 50% and its 

corresponding dry density of silica sand No. 3 and 

silica sand No. 5 are 1.388 𝑔 𝑐𝑚3⁄  and 1.383 𝑔 𝑐𝑚3⁄
respectively. The permeability of the fine soil 

6.68×10-7 m/s is significantly smaller than the 

permeability of coarse soil 1.26×10-4 m/s. So that 

water will flow only thorough the coarse soil layer. 

EXPERIMENTAL PROGRAM 

In this study, six parallel flow contact erosion tests 

were performed, considering the configuration of fine 

and coarse soil combination, types of coarse material 

and the applied overburden pressures. Two types of 

soil configuration, coarse sand overlaying the DL 

clay and DL clay overlaying the coarse sand, were 

used in the tests. The collapse sinkholes that 

discovered in the Armala area were usually shallow 

depth of range 1 to 5.5 m. To reproduce the same 

depth of cavity and sinkhole discovered at the site, 40 

kPa and 70 kPa overburden pressure were applied in 

the tests. Test conditions are summarized in Table 2. 

Table 2 Test conditions 

Test 

No. 

Soil configuration Overburden 

pressure (kPa) 

1 *SS #3 ⁄ DL clay 40 

2 SS #3 / DL clay 70 

3 

4 

5 

6 

DL clay / SS #3

DL clay / SS #3

DL clay / SS #5

DL clay / SS #5

40 

70 

40 

70 
*SS-Silica sand 

EXPERIMENTAL RESULTS 

Observation of Erosion at the Interface 

When the valve is open, water flows through the 

coarse sand at the interface of DL clay and sand layers. 

All the experiments were started with a small flow 

velocity. At low flow velocity, no erosion at the 

interface was observed. Also, the measured turbidity 

value of the discharged water corresponding to the 

small flow velocity was small. It means, the shear 

force generated by the water flow is smaller than the 

stress exerted by the fine particles at the interface. So 

that, the fine soils are in stable state and shows non-

erosion behavior at low flow velocity. With the 

increase of flow velocity, continuous erosion was 

observed at the interface.  

In the case of coarse sand overlying the DL clay, 

collapse of the coarse sand grain was observed even 

in small erosion rate. Probably, it is due to the non-

cohesive behavior of coarse sand. At the time of 

continuous erosion, both the fine and coarse soils 

particles at the interface are in unstable state. Fine 

particles at the interface were detached and 

transported through the voids of coarse material due 

to flow. At the same time, the rate of erosion tended 

to increase but the unstable coarse particles are not 

able to transform the overburden stress. Indeed, the 

unstable coarse particles were collapsed due to the 

effect of gravity and clogging effect was observed. So, 

the amount of eroded soil may have been affected by 

this clogging effect. The observation result shows that, 

the contact erosion phenomenon in this configuration 

leads the surface settlement if the coarse material is a 

non-cohesive soil. The propagation of erosion with 

time is shown in Fig. 6. 

In the case of DL clay overlying the coarse sand, 

a cavity was observed at the interface. The 

propagation of erosion with time when DL clay 

overlaying the silica sand is shown in Fig. 7. The arch 

of the cavity formed by the erosion was seems to be 

stable due to the cohesion of DL clay. During the 

continuous erosion, the fine soil at the interface was  

(a) t = 1 min (0.47 cm/s)      (b) t = 90 min (0.9 cm/s)  (c) t = 92 min (1 cm/s)  (d) t = 120 min (1 cm/s) 

Fig. 6 Propagation of erosion with time (Coarse sand overlying the DL clay). 

(a) t = 1 min (0.55 cm/s)      (b) t = 120 min (1.16 cm/s)  (c) t = 131 min (1.3 cm/s)    (d) t = 120 min (1.3 cm/s) 

Fig. 7 Propagation of erosion with time (DL clay overlying the coarse sand). 
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flowed out with water where a piping phenomenon 

was observed. The density of the DL clay decreases  

at the interface with continuous erosion and resulting 

the concentration of flow at one location. With the 

passage of time, the flow concentrated at the unstable 

part and the cavity propagate in the horizontal and 

vertical direction. The observation result shows that, 

the contact erosion phenomenon in this configuration 

leads the formation of subsurface cavity and finally 

collapse sinkhole.  

Concentration of DL Clay in the Discharged 

Water and Critical Flow Velocity 

Concentration of the soil particles in the 

discharged water is the key factor to analyze the 

behavior of erosion with time. The flow velocity 

corresponding to the non-zero turbidity considered as 

threshold velocity to initiate the contact erosion of 

fine soil [2], [3], [4]. Turbidity of the discharge water 

was measured in every 5 minutes of each interval of 

30 minutes. The relationship between the turbidity 

and the concentration of DL clay was obtained from 

the several measurements of turbidity by sampling 

from predetermined quantities of soil particles. The 

eroded fine particles may sediment in the discharge 

pipe which can affect the turbidity measurement and 

the erosion rate. The tendency of flow velocity and 

the eroded mass in the discharged water was also 

measured through sampling to cross check the 

validity of turbidity measurement. In this method, 

discharge sample was collected in every 5 minutes of 

each interval for 5 seconds. The weight of all the 

samples are measured and placed in an electric oven 

for dried. The result of flow velocity, eroded mass 

measured through sampling and turbidity with time at 

different overburden pressure are shown in Fig. 8 and 

Fig. 9. 

Fig. 8 Measurement of flow velocity, turbidity, and 

eroded mass with time. (DL clay / silica sand #3). 

The concentration of the DL clay in the 

discharged soil was zero at low flow velocity. The 

concentration increases significantly with the 

increase of flow velocity from certain threshold value. 

This threshold flow velocity is called the critical flow 

velocity. The turbidity value and the sampling eroded 

mass shows that continuous erosion initiated after 120 

minutes that correspond to the flow velocity of 1.3 

cm/s for the coarse silica sand No. 3 and 0.91 cm/s for 

the silica sand No.5. The critical flow velocity 

depends on the grain size of coarse soil and its value 

decreases with the decrease in grain size of coarse 

material [1]. The fluctuation pattern of measured 

eroded mass and the turbidity of the discharged water 

are similar. 

Fig. 9 Measurement of flow velocity, turbidity, and 

eroded mass with time. (DL clay / silica sand #5). 

The critical flow velocity obtained from 

experimental results was slightly smaller than the 

critical flow velocity proposed by Guidoux in 2010 

refer to “Eq. (1)” [2]. Probably, it is due to the effect 

of coarse soil grain size and the properties of DL clay. 

The coarse soil grain size used in this study has 

significantly smaller than the material used by 

previous researcher.   

𝑢𝑐𝑟 = 0.7𝜂𝐹√(
𝜌𝑠−𝜌𝑤

𝜌𝑤
)𝑔𝑑𝐻(1 +

𝛽

𝑑𝐻
2 )          (1) 

Where, 𝑢𝑐𝑟  (m/s) - critical flow velocity, 𝜂𝐹  -

porosity of coarse soil, 𝜌𝑠  (kg/m3) - density of fine

soil grains, 𝜌𝑤 (kg/m3) - density of water, 𝑔  (m/s2) -

gravity acceleration, 𝑑𝐻  (m) - effective diameter of

fine soil, 𝛽 (m2) - adhesive properties of particles. 

Effect of Overburden Pressure on Erosion Rate 

Amount of discharge water in each interval was 

collected in a container to measure the eroded mass. 

The effect of overburden pressure on the amount of 

erosion or erosion rate was clearly seen from the 

graph of cumulative eroded mass in Fig. 10. It is seen 

that the amount of erosion is less in the case of 70 kPa 

compared to the 40 kPa overburden pressure in all 

cases of experiments. In real, coarse soil layer is 

compressed with the increase of overburden pressure. 

The contact surface between fine soil and coarse soil 

increases with compression.  It means, the total 



GEOMATE – Melbourne, Australia, 11-13 November 2020 

234 

volume of voids in the coarse soil layer decreases. It 

results in the less amount of the fine particles 

transported through the voids. The permeability of the 

coarse soil also decreases with the compression. 

Therefore, overburden pressure has an inverse effect 

on the erosion rate. 

Fig. 10 Cumulative eroded mass with flow velocity. 

Possible Mechanism of Internal Erosion in 

Armala 

In fact, contact erosion was initiated at the 

interface of silty clay and sand seam in the Armala 

area. When the groundwater flowing through the sand 

seam, not only the sand but the surficial part of the 

white silty clay at the interface gets saturated. The 

saturated part of the silty clay loses their stability and 

is detached and transported through the coarse sand 

seam. Experimental results show that, the contact 

erosion is highly accelerated with piping formation 

when the fine soil overlying the coarse sand. Similar 

phenomenon was anticipated in the Armala area. 

Large amount of subsurface fine materials was eroded, 

and subsurface cavities were formed. With time, the 

subsurface cavities increase width and height and 

finally collapse as a sinkhole. 

CONCLUSIONS 

A series of contact erosion tests was conducted 

and the mechanism of internal erosion in Armala area 

was studied. Following conclusions were drawn from 

the study. 

1) At low flow velocity, fine and coarse soil particles

at the interface are in stable state and thus contact

erosion is insignificant. Erosion is significant when

the flow velocity is greater than certain threshold

velocity called as critical flow velocity.

2) A cavity was observed at the interface when the DL

clay layered above the coarse sand layer. Contact

erosion following piping phenomenon was

observed in this configuration which leads the large

amount of erosion rate.

3) The surface area prone to erosion and total volume

of voids decreases with increase of overburden

pressure. Thus, overburden pressure has an inverse

effect on the erosion rate.
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ABSTRACT 

At present, underground geological disposal at depths greater than 300 m are considered a viable disposal 

option for high-level radioactive waste generated from the reprocessing of spent fuel used in nuclear power plants. 

In geological disposal, bentonite is employed as the primary component of buffer material filling gaps between 

waste and geologic rock. Bentonite has remarkable water absorption swelling capability and low permeability 

characteristics. Bentonite buffers are generally mixed with silica sand to improve workability and reduce costs. 

However, specification details have yet to be completely determined. It is anticipated that the buffer material will 

be exposed to high temperature due to the heat generated by the vitrified solid. In this study, uniaxial compression 

tests were carried out on specimens made of a mixture of bentonite and silica sand. The purpose of this study is to 

clarify the mechanical properties of bentonite silica sand mixed specimens by comparing the results of this study 

with those of the previous study [1~5]. In addition to using the temperature change by water tank curing, as carried 

out in the previous study, the uniaxial compression test was also carried out while continuously applying 

temperature to the specimen. 

Keywords: Bentonite, Geological disposal , temperature, Uniaxial compression test 

1. INTRODUCTION

At present, the use of bentonite as a buffer 

material for geological disposal is being examined. 
Bentonite fills gaps due to its water intake swelling 

properties and low permeability, thus preventing the 

leakage of groundwater contaminated with high 

levels of radiation. In Japan, various tests, such as 

swelling pressure tests and uniaxial compression tests, 

have helped to characterize swelling performance and 

mechanical properties of bentonite [6]. During the 

disposal period, the bentonite buffer is exposed to 

various conditions, It is feared that backfill materials 

and buffer materials may permeate and saturate from 

the surrounding bedrock due to heat generation from 

the vitrified material and infiltration and saturation of 

groundwater during the disposal period. In this study, 

in order to understand the mechanical properties of 

bentonite buffer materials, the uniaxial compression 

test was carried out with varying degrees of saturation 

and specimen temperatures. In addition to tests using 

temperature change by the water tank curing, tests 

with continuously applied temperature were also 

carried out. 

2. TEST METHOD

The initial conditions were set at a dry density of 

1.6 Mg/m3 and a saturation of 30% and 90%. 
Temperatures of 30 ℃, 50 ℃, 70 ℃ and 90 ℃ were 

applied to bentonite (Kunigel V1) with No. 5 silica 

sand ratios of 30%. The test with 90% saturation was 

carried out at 30 ℃, 60 ℃ and 90 ℃. Table 1 

summarizes the physical and chemical properties of 

Kunigel V1 and silica sand. 

Table 1  Physical and chemical properties of  Kunigel 

V1 and silica sand 

Kunigel V1 

Silica sand No.5 

soil particle 

density(Mg/m3) 
2.61 

Montmorillonite 

content(%) 
51 

Silica sand No. 5 
particle 

density(Mg/m3) 
2.62 

Silica sand No. 5 

particle size(mm) 
0.3~0.8 
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2.1  Sample Preparation Method 

A mixed sample of bentonite and silica sand was 

prepared at  a ratio of 7:3 for Kunigel V1 and silica 

sand particle size no. 5. The properties of each sample 

are shown in Tables 2, 3, and 4. Equation (1) was used 

for the effective clay density[7] of JAEA. 

𝜌𝑒 =
𝜌𝑑(100 − 𝑅𝑠)

(100 −
𝜌𝑑𝑅𝑠

𝜌𝑠
)

 (1) 

(1) where, 𝜌𝑒 : effective clay density，𝜌𝑑 :dry

density，𝜌𝑠：soil particle density of silica sand，

𝑅𝑠：silica sand mixing ratio

Table 2 Properties of each sample at the 7:3 mixing 

ratio 

silica sand No. No.5 

Mixed soil particle 

density(Mg/m3) 
2.610 

Void ratio 0.631 

Effective clay density(Mg/m3) 1.371 

2.2  Methylene Blue Adsorption Test 

   The montmorillonite content of bentonite in Table 

1 was measured with reference to the Methylene blue 

adsorption measurement method [8] of AIST.  

The methylene blue adsorption test is a test to 

estimate surface area and cation adsorption capacity 

using the adsorption of methylene blue by 

montmorillonite, which is a main component of 

bentonite. In this test method, methylene blue is 

added to a solution in which bentonite is dispersed, 

and a drop of the solution is dropped on filter paper 

to make a dark blue spot of 1 cm in diameter. Fig.1 

shows the adsorption amount of methylene blue. 

When the amount of added methylene blue is large, 

blue bleeding, called a halo, appears around the spot. 

The halo is considered to be the methylene blue that 

the bentonite could not adsorb. In this study, the 

appearance of a halo is judged to be the maximum 

adsorption of methylene blue on bentonite. 

The calculation of the amount of adsorbed 

methylene blue is given by the following equation:  

 Adsorbed amount of methylene blue (MB) per 100 g 

of sample [mmol] = concentration of MB solution 

[mmol/l] × amount of MB solution added [ml] × 

(1/1000) × (100 [g]/Weight of the sample [g]) 

As a result of the test, the montmorillonite content 

of the Kunigel V1 used in this study was 51%. 

Fig. 1 Methylene blue adsorption test 

2.3  Water Content Adjustment 

The water content of the mixed samples was 

adjusted to a saturation of 30% and 90%. The 

procedure is shown below.  

(1) The sample was mixed using a spray and mixer 

as shown in Fig. 2 (1).  

(2) For the water content adjustment at high 

saturation, the water content of the sample was 

adjusted using a humidifier and a tent to shorten 

the time, as shown in Fig. 2 (2). 

(3) The water content was measured using a 

microwave oven (500 W, 15 min) to shorten the 

time. 

(1) Mixer and sample (30%)  (2) Humidifier and 

sample 

Fig. 2 Water content adjustment 

2.4  Specimen Molding 

The sample was divided into five layers, each 

placed in the mold and compacted. Afterwards, static 

compaction (40 MPa, 10 min) was applied with a 

hydraulic jack to produce the test specimen.  

Equations (2) and (3) were used for the mass of the 

specimen, assuming that the volume of the specimen 

was constant. 

Humidifier
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e =
𝜌𝑠

𝜌𝑑

− 1  (2) 

S𝑟 =
𝑤𝜌𝑠

𝑒𝜌𝑤

 (3) 

(2) where, e : void ratio,  𝜌𝑠 : soil particle

density, 𝜌𝑑: dry density : (3) and where, Sr : degree

of saturation, w : water content, 𝜌𝑠 : soil particle

density e : void ratio, 𝜌𝑤 : water density (1.00Mg/m3).

2.5 Temperature Change 

(1) Temperature change by water tank curing 

In order to avoid water contact with the specimen, 

the temperature change was applied to the specimen 

by attaching an impervious sheet to the specimen and 

curing for 24 hours in the water tank (at 30℃, 50℃, 

70℃, 90℃), during which time the temperature was 

kept constant. After curing, the impervious sheet was 

removed from the specimen; the volume was 

measured again; the compression auxiliary 

equipment was installed; and the uniaxial 

compression test was carried out. Figure 4 shows the 

temperature curing of the specimen in the water tank. 

Fig. 3 Temperature change by water tank curing 

(2) Uniaxial compression test in a temperature 

environment 

A rubber sleeve was attached to the specimen to 

prevent water from coming into contact with the 

prepared specimen. Next, a water tank container 

capable of keeping the temperature constant was 

installed in the main body of the uniaxial compression 

tester, and the test piece with the compression assist 

device was installed in the water tank container for 25 

minutes to reach the set temperature (30℃, 50℃, 

70℃, 90℃). After this, the uniaxial compression test 

was carried out under continuous heating. It was 

confirmed that the curing time allows the specimen to 

reach the set temperature in advance. 

Figure 4 shows the uniaxial compression test with 

continuous temperature.  

Fig. 4 Uniaxial compression test in a temperature 

environment 

2.6  Uniaxial Compression Test 

       The compression test was carried out at a fixed 

loading speed of 0.4 (mm/min). An electric screw 

jack system of 10 kN capacity was employed as a 

testing machine. The test method was carried out 

referring to the uniaxial compression test method of 

the JIS standard.[8] 

3. TEST RESULTS AND DISCUSSION

     Figure 5 shows the results of the uniaxial 

compression test in which the temperature was 

changed by curing in a water tank, and Fig. 6  shows 

the results of the uniaxial compression test in a 

temperature environment. Figure 7 shows the 

distribution of water content by curing in a water tank, 

and Fig. 8 shows the distribution of water content in 

a test conducted under a temperature environment. 

3.1 Results of Tests in Which the Method of 

Applying the Temperature Change was Varied 

     Figures 5 and 6 confirm that the maximum 

compressive strength decreased linearly in the water 

tank curing in the uniaxial compression test in which 

the temperature was changed. In the uniaxial 

compression test under the temperature environment, 

it was confirmed that the compressive strength tended 

to decrease rapidly with the rise in temperature from 

specimen

water tank

specimen

Water tank with heater
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a certain threshold. With the rise of the temperature, 

the factors causing the reduced compressive strength 

appear to be multiple. The first factor is the expansion 

of specimen volume. It is possible that pore water and 

air expanded by heat were difficult to discharge due 

to the low permeability and air permeability of 

bentonite. According to Charles's law, as the volume 

of gas is proportional to temperature, the expansion 

of air is about 1.07 times at 50℃, about 1.13 times at 

70℃, and about 1.20 times at 90℃, compared to a 

temperature of 30℃. The volume expansion of water 

is about 1.01 times at 50℃, about 1.02 times at 70℃, 

and about 1.03 times at 90℃, based on the density of 

water at 30℃. Therefore, it is considered that the 

occurrence of minute cracks due to the expansion of 

water and air reduce strength characteristics. In 

addition, the effects of cracks generated by the drying 

shrinkage of the specimen surface is also considered. 

Figure 7 shows the distribution of water content 

before and after the test in the water tank. In addition, 

Fig. 8 shows the distribution of water content in the 

test conducted under the thermal environment. In 

both cases, it was confirmed that the water content 

after the test tended to decrease with increasing 

temperature. It is considered possible that the higher 

the temperature applied to the specimen, the higher 

the evaporation from the surface or the inside of the 

specimen and the lower the strength characteristics 

due to the cracking caused by drying shrinkage. At 

this time, cracking in the inside of the specimen could 

not be confirmed, but cracks by drying shrinkage 

were confirmed in the test after curing on the surface. 

Fig. 5  Uniaxial compression test by water tank 

curing 

Fig. 6 Uniaxial compression test in a temperature 

environment 

Fig. 7 Distribution of water content in water tank 

curing test 

Fig. 8 Distribution of moisture content in the test in 

a thermal environment 
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3.2 Results of Uniaxial Compression Tests at High 

Saturation  

Figure 9 shows the results of uniaxial 

compression tests with varying temperature and 

saturation. Figure 10 shows the stress-strain curve at 

30℃, and 90% saturation, and Figure 11 shows the 

stress-strain curve at 90℃ and 90% saturation. Figure 

12 shows the distribution of water content. 

Figure 9 shows that the results of the  uniaxial 

compression test under a saturation degree of 90% 

could not confirm increasing strength with a rise in 

temperature. However, the stress-strain curves in Figs. 

10 and 11 demonstrate different fracture patterns. 

Ductile fracture with large plastic deformation until 

fracture is observed in Fig. 10, and brittle fracture 

with rapid fracture is observed in Fig. 11. The change 

in water content is likely related to the cause of such 

fractures. The water content distribution in Fig. 12 

confirms that the water content before and after the 

test did not change under the condition of 30℃, but 

the water content tended to decrease rapidly under the 

condition of 90℃. The test environment of 90℃ is 

considered to have become a factor in decreasing the 

water content, and the fracture form exhibited brittle 

fracture with the lowering of the water content. 

In addition, according to the uniaxial 

compression test conducted by Nishimura under 

high-temperature action, uniaxial compression 

strength was reported not to change with temperature 

rise. 

These results suggest that the uniaxial 

compressive strength of bentonite specimens at high 

saturation did not change with increasing temperature. 

Fig. 9 Uniaxial compression tests varying 

temperature and saturation 

Fig. 10 Stress-strain curve (30℃) 

Fig. 11 Stress-strain curve (90℃) 

Fig. 12 Distribution of water content 
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4. CONCLUSION

In this study, the uniaxial compression test of 

bentonite mixed with silica sand was carried out 

considering temperature and degree of saturation. The 

findings from this study are as follows: 

(1) The maximum compressive strength of 

bentonite-silica sand mixed specimens 

decreased linearly with increasing temperature. 

(2) Since the water content of the specimen 

decreased after the test, cracks likely occurred 

on the surface and interior of the specimen, 

leading to the decrease in strength. 

(3) In the uniaxial compression test at high 

saturation, the effect of the strength by 

temperature could not be confirmed, but the 

difference in the fracture form was apparent. 

In future studies, the uniaxial compression test 

in which the degree of saturation is varied will be 

continuously carried out, and the data will be 

collected cumulatively. 
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ABSTRACT 

Vertical cutoff walls using low permeable materials are often constructed at contaminated sites to contain the 

contaminants and to prevent their migration in the aquifer. The purpose of this study is to develop the soil-

bentonite vertical cutoff walls with earthquake-proof performance. The soil-bentonite vertical cutoff wall which 

is developed in this study is a rather flexible material compared with other typical barrier materials such as soil-

cement mixing material. In this study, laboratory-scale fundamental tests and in-situ full scale test were 

performed to evaluate the hydraulic performance and the quality of cutoff wall. The following findings were 

obtained from this study. Firstly, the hydraulic conductivity showed the high value and decreased with the 

confining pressure from the triaxial hydraulic conductivity tests. The hydraulic conductivity values of soil-

bentonite cutoff wall have the excellent correlation with the confining pressures due to overburden pressures. 

Secondly, according to the in-situ full scale test, it is confirmed from the results of CPT that the soil-bentonite 

vertical cutoff wall which is developed in this study can be constructed the constant quality along to the depth 

direction by using TRD (Trench cutting Re-mixing Deep wall) method. In addition, it is examined that the soil-

bentonite vertical cutoff wall has the high hydraulic conductivity from hydraulic conductivity test for the core 

sampling specimen of in-situ full scale test. 

Keywords: Vertical cutoff wall, Earthquake-proof performance, Hydraulic conductivity, CPT test 

INTRODUCTION 

Vertical cutoff walls using low permeable 

materials are often constructed at contaminated sites 

to contain the contaminants and to prevent their 

migration in the aquifer. It is also needed to the 

leakage control of river embankment and regulating 

pond. Figure 1 summarizes the concept of 

applicability on vertical cutoff walls. The usual 

countermeasure for the migration and the leakage 

control is to construct the soil-cement cutoff wall. 

However, it is pointed out that the soil-cement cutoff 

wall is damaged when the earthquake happens. 

Moreover, the barrier performance of cutoff wall 

decreases as the crack of cutoff wall occurs.  

The purpose of this study is to develop the soil-

bentonite vertical cutoff walls with earthquake-proof 

performance. The soil-bentonite vertical cutoff wall 

which is developed in this study is a rather flexible 

material compared with other typical barrier 

materials such as soil-cement mixing material. There 

are some previous researches to examine the 

performance of soil-bentonite cutoff walls [1]–[3]. 

These researches are subjected to construct the 

vertical cutoff walls by mixing powdered bentonite 

and in-situ soil. The results of previous researches 

are reported as follows; 

1. It is possible to construct the low permeable

cutoff walls as bentonite and in-situ soil are mixed. 

2. The damage of cutoff walls does not occur when

the large deformation happens in the ground. 

3. Corrosion and degradation does not occur because

it is stable that the major component of bentonite is 

inorganic substance such as montmorillonite  

4. Sludge amount due to the construction of cutoff

walls decreases as bentonite and in-situ soil are 

mixed in the construction process. 

In this study, the construction of vertical cutoff 

walls is supposed by mixing of heavily 

concentarated specialty bentonite slurry and in-situ 

soil. The laboratory-scale fundamental tests and in-

situ full scale test were performed to evaluate the 

(a) Containment of waste soil 

Cutoff wall

Industrial  waste

Permeable soil 
layer

Impermeable soil 
layer

▽G.W.L

(b) Leakage control of regulating pond 

Cutoff wall

Permeable soil
layer

Impermeable soil
layer

▽G.W.L

Fig. 1 Concept of vertical cutoff walls. 
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hydraulic performance and the quality of cutoff wall. 

CONSTRUCTION METHOD OF SOIL-

BENTONITE CUTOFF WALLS 

The vertical cutoff wall with earthquake-proof 

performance is constructed by TRD (Trench cutting 

Re-mixing Deep wall) method as shown in Fig. 2. 

Figure 3 also indicates the construction machinery 

which is applied the construction of vertical cutoff 

wall. The construction process is described as 

follows; 

1. The agitated auger which is chainsaw type shape

connects the base machinery and this auger inserts 

into in-situ ground. 

2. The specialty bentonite slurry injects into the in-

situ ground and the chainsaw type auger agitates in-

situ ground as the chainsaw type auger moves to 

horizontal direction. 

It may be suggested that the homogeneous cutoff 

wall is constructed by using TRD method. 

LABORATORY-SCALL TESTS 

The laboratory-scale tests are carried out to 

confirm the fundamental performance of cutoff wall 

in this chapter. The fundamental study which is 

described in this chapter is used the artificial cutoff 

wall material to clarify the performance. 

Making Process of Cutoff Wall Material 

The compounding condition of artificial cutoff 

wall material is proposed in Table 1. The 

constitutional materials are sand (Silica sand No. 5), 

Kaolin clay (only Case 2), Ca-bentonite, water and 

ion-exchange material. The making process of cutoff 

wall is described as follows; 

1. The predetermined sand and water are mixed

homogeneously by the rotary-type mixer. (i.e. model 

ground material) Here, the predetermined Kaolin 

clay is added in the Case 2. 

2. The predetermined Ca-bentonite and water are

mixed homogeneously. (i.e. injection liquid) 

3. The predetermined ion-exchange material and

water are mixed homogeneously. (i.e. injection 

activating agent) 

4. The injection liquid and injection activating agent

are added to the model ground material. 

Physical Properties 

The physical properties of vertical cutoff wall 

material are shown in Table 2. The plastic index of 

material for Case 2 is smaller than that for Case 1. 

Figure 4 indicates the grain size distribution of 

vertical cutoff wall material. According to Fig. 4, the 

fine content of Case 2 dominates that of Case 1. 

Water Absorption Expansive Pressure Test 

The water absorption expansive pressure test for 

the vertical cutoff wall material is carried out to 

evaluate the confining pressure for the triaxial 

compression test and the triaxial hydraulic 

conductivity test. The confining pressure which is 

acted in the triaxial compression test and the triaxial 

hydraulic conductivity test is considered based on 

Fig. 2 Concept of vertical cutoff walls. 

Vertical
cutoff wall

Specialty
bentonite
slurry

Specialty bentonite slurry

Table 1 Compounding condition. 

Fig. 3 Construction machinery for TRD method. 

Soil

type

Sand

 (g)

Kaolin

clay

(g)

Water

(g)

Ca-

bentonite

(g)

Ion-

exchange

material (g)

Case 1
Sandy

soil 1713
-

480.4 122.6 4.4

Case 2
Composite

soil
1486.6 165.2 541.6 122.6 4.4

Table 2 Physical properties of vertical cutoff wall. 

Liquid limit wL (%) 47.1 Liquid limit wL (%) 38.8

Plastic limit wp (%) 16.0 Plastic limit wp (%) 10.6

Plastic index Ip 31.1 Plastic index Ip 28.2

Case 2Case 1

Fig. 4 Grain size distribution. 
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the expansive pressure obtained from this test. The 

time history curves of expansive pressure are 

suggested in Fig. 5. From Fig. 5, the expansive 

pressure does not occur in both Case 1 and Case 2. 

Therefore, it is said that the target confining pressure 

is acted in the triaxial compression test and the 

triaxial hydraulic conductivity test. 

Triaxial Compression Test 

The triaxial compression tests are carried out to 

obtain the strength and deformation characteristics 

of the vertical cutoff wall material. The condition of 

triaxial compression tests are CU bar (Consolidated 

Undrained) and strain rate 0.1%/min. Three kinds of 

confining pressure such as r’=50, 100 and 200kPa 

are adopted in the triaxial compression tests.  

The results of triaxial compression tests are 

shown in Fig. 6 and Fig. 7 including the 

relationships between deviator stress and axial strain 

and the relationships between pore water pressure 

and axial strain. According to Fig. 6 and Fig. 7, the 

maximum deviator stress increases as the confining 

pressure increases. The trend indicates that the 

deviator stress reaches the maximum value in the 

Case 1. However, it is said that the deviator stress 

increases because the deviator stress does not 

reaches the maximum value in Case 2.  The pore 

water pressure shows the negative pressure in the 

Case 1 and the positive pressure in the Case 2 

respectively. The strength parameters are evaluated 

from the results of triaxial compression tests as 

described as follows; 

Case 1: c=124.1 (10.9) kN/m2, =33.1 (37.1) deg. 

Case 2: c=3.7 (1.4) kN/m2, =24.5 (32.6) deg. 

Where, c: cohesion, : internal friction angle. 

Here, the strength parameters are shown by total 

stress and effective stress. The values shown in 

parentheses are obtained from effective stress.  

Triaxial Hydraulic Conductivity Test 

The triaxial hydraulic conductivity tests are 

Fig. 5 Time history curves of expansive 

pressure. 
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carried out to estimate the effect of confining 

pressure on the hydraulic conductivity for the 

vertical cutoff wall material. The triaxial apparatus 

is used to prevent the water leakage from the side 

surface of the specimen. The results of hydraulic 

conductivity obtained from the triaxial hydraulic 

conductivity tests are suggested in Fig. 8. According 

to Fig. 8, the trend indicates that the hydraulic 

conductivity decreases as the confining pressure 

increases. It is observed that the obtained 

experimental values are fitted as the function of 

confining pressure. The hydraulic conductivity 

values of soil-bentonite cutoff wall have the 

excellent correlation with the confining pressures 

due to overburden pressures. 

IN-SITU FULL SCALE TEST 

The vertical cutoff wall in this in-situ full scale 

test is constructed by using TRD method. The details 

of construction method and process are described in 

the chapter of CONSTRUCTION METHOD OF 

SOIL-BENTONITE CUTOFF WALL. The in-situ 

full scale test is carried out to evaluate the quality of 

constructed cutoff wall and the applicability of RI-

CPT (Radio Isotope-Cone Penetration Test) for the 

quality management after construction. 

Condition of In-situ Full Scale Test 

The condition of in-situ full scale test is shown 

in Fig. 9. The constructed cutoff wall is also inserted 

in Fig. 9. The ground consists of buried soil, loam, 

tuffaceous clay and fine sand. The dimensions of 

each tested cutoff wall are 8000mm in length, 

550mm in width and 20m in depth. The 

compounding condition of injection slurry is 

changed at the middle section of cutoff wall in the 

planer direction. Thus, the quality of cutoff wall is 

confirmed two different conditions on the one cutoff 

wall. Table 3 shows the compounding conditions of 

injection slurry.  

RI-CPT is carried out to examine the quality of 

cutoff wall and the applicability of quality 

management. RI-CPT can be measured wet density 

of ground and three components (tip resistance, shaft 

resistance and pore water pressure). In this in-situ 

full scale test, the measurement of RI-CPT along the 

depth direction is carried out at the middle section of 

cutoff wall. Moreover, the core sample along the 

depth direction is obtained from the wall of No. 1 to 

examine the performance of cutoff wall. 

Results of RI-CPT and Laboratory Test 

Figure 10 indicates the results of RI-CPT 

obtained from the in-situ full scale test. The values 

which are shown in Fig. 10 (a)~(c) increase in the 

depth direction as the effective stress increases. It is 

confirmed that the values of tip resistance and shaft 

friction at the depth of GL-6.0 shows the large 

values in the Case 1. It is also observed that the tip 

resistance and the shaft friction increase rapidly at 

the depth of GL- 4.0, 6.0, 9.0, 12.0 and 15.0m in the 

Case 2. This fact implies that there is the thin soil 

layer which includes the sand component at the 

relevant depth as mentioned the above sentence. The 

inclined angle distribution as shown in Fig. 10 (d) 

indicates the large value at the deeper depth. 

However, it is seen that the vertical accuracy of RI-

Fig. 8 Relationships between hydraulic 

conductivity and confining pressure. 
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No.1 50 30 5 0.33
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(%)
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Table 3 Compounding condition. 
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CPT is kept along the depth direction because the 

values of inclined angle is small. Figure 10 (e) plots 

the wet density distribution obtained from the RI-

CPT and the laboratory test of core sample. Here, 

the solid lines and the circular plots indicate the 

value of RI-CPT and the value of laboratory test 

respectively. It is observed that the wet density is the 

almost constant value along the depth direction. 

Compared to the results of RI-CPT and that of 

laboratory test, the wet density from the RI-CPT 

agrees almost with that of laboratory test. Thus, it 

may be concluded that the quality of cutoff wall 

which is constructed by TRD method indicates the 

constant quality in the depth direction.  

Fig. 10 Results of RI-CPT 
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Figure 11 suggests the hydraulic conductivity 

distribution for the core sampling specimen obtained 

from the test cutoff wall. The triaxial hydraulic 

conductivity test is carried out the specimen No. 1 

and No. 2. On the other hand, the one dimensional 

hydraulic conductivity test which is injected the 

pressured water is carried out the specimen No. 3. In 

Fig. 11, the obtained hydraulic conductivity values 

show the ranges of 6.1x10-11~1.7x10-9 (m/s). 

Therefore, it is said that the constructed test cutoff 

wall is impermeable and that has the high barrier 

performance.  

The results of unconfined compression test for 

the core sampling specimen is plotted in Fig. 12. The 

values of unconfined compression test indicate the 

ranges of 12~28kN/m2. This fact implies that the 

cutoff wall is constructed the constant quality in the 

depth direction. 

CONCLUSIONS 

The purpose of this study is to develop the soil-

bentonite vertical cutoff walls with earthquake-proof 

performance. The soil-bentonite vertical cutoff wall 

which is developed in this study is a rather flexible 

material compared with other typical barrier 

materials such as soil-cement mixing material. In 

this study, laboratory-scale fundamental tests and in-

situ full scale test were performed to evaluate the 

hydraulic performance and the quality of cutoff wall. 

The following findings were obtained from this 

study. 

1) The hydraulic conductivity showed the high

value and decreased with the confining pressure 

from the triaxial hydraulic conductivity tests. The 

hydraulic conductivity values of soil-bentonite 

cutoff wall have the excellent correlation with the 

confining pressures due to overburden pressures. 

2) According to the in-situ full scale test, it is

confirmed from the results of CPT that the soil-

bentonite vertical cutoff wall which was developed 

in this study was constructed the constant quality 

along to the depth direction as TRD (Trench cutting 

Re-mixing Deep wall) method was used. In addition, 

it is examined that the soil-bentonite vertical cutoff 

wall has the high hydraulic conductivity from 

hydraulic conductivity test for the core sampling 

specimen of in-situ full scale test. 
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ABSTRACT 

The diaphragm wall construction method is used as the retaining wall in the large excavation and the adjacent 

construction because the diaphragm wall has the high stability in the excavation. It is important to be stable the 

trench of diaphragm wall in the construction process from the excavation to the concreting. There are some 

previous studies on the trench stability of diaphragm wall. However, it is needed to evaluate the trench stability 

on the complicated conditions such as the adjacent construction. The purpose of this study is to evaluate the 

trench stability of the diaphragm wall on the simple construction condition. The centrifuge model tests and the 

numerical analysis were carried out to evaluate the trench stability of the diaphragm wall. In the centrifuge 

model tests, the model ground was prepared the medium dense sandy ground (Relative density Dr=40 and 60%). 

All the tests were conducted under 50G. It is examined that the failure mode of trench is influenced by the model 

ground conditions. The FEM numerical analysis was carried out to simulate the failure mode based on the 

centrifuge model tests. The SSR (Shear Strength Reduction) method was used to the numerical analysis. 

According to the numerical analysis, it is concluded that it is possible to simulate the failure mode which was 

obtained from the centrifuge model tests. 

Keywords: Diaphragm Wall, Trench Stability, Centrifuge Model Test, FEM, Shear Strength Reduction Method 

INTRODUCTION 

The diaphragm wall method is used as a 

retaining wall in the large excavation and the 

adjacent construction because the diaphragm wall 

has the high stability during the excavation. Figure 1 

indicates a series of construction process for the 

diaphragm construction method. The diaphragm 

wall method is also shown in Photo 1. It is important 

to be stable the trench of diaphragm wall in the 

construction process from the excavation to 

concreting. There are some previous studies on the 

trench stability of the diaphragm wall. The 

diaphragm wall is generally stable that the fluid 

pressure such as the slurry in the trench supports the 

earth pressure of ground around the trench 

summarized in JGS (1988) [1]. The previous 

evaluation methods of stability on the trench 

proposed by Sato et al. (1975), Kanatani et al. 

(1984) and Higuchi et al. (1994) based on the above 

described concept [2]–[4]. The global safety factor 

of trench stability is calculated by the limit 

equilibrium method assuming the slip surface. 

However, there is the difference of calculated global 

safety factor because the assumed slip surface on the 

trench according to the trench evaluation method 

differs. The different evaluation method is used in 

the practical engineering because the shape of slip 

surface on the trench of diaphragm wall is unclear. 

The centrifuge model test is adopted as experimental 

approach to solve the problems as mentioned the 

above sentence. The purpose of centrifuge model 

test is to simulate the equivalent stress and strain 

field for the actual ground under the centrifugal 

acceleration field. Katagiri et al.(2000) carried out 

the centrifuge model tests to confirm the trench 

stability of diaphragm wall [5]. They suggested that 

the stability condition of slurry trenches was 

dependent on the length of trench, and the lateral 

confining force around the sliding brock decreased 

at the yield condition. Ishii et al. (2001) carried out 

the three dimensional elasto-plastic FEM 

simulations including the shear strength reduction 

method to examine the trench stability of diaphragm 

wall based on the centrifuge model tests [6]. It may 

be concluded that the global safety factor which was 

obtained from FEM simulation could be evaluated 

accurately. However, this study is subjected to the 

partially stability problem such as only the 

excavation process.  

The purpose of this study is to develop the 

evaluation method for the trench stability by the 

experimental approach and the numerical approach. 

The centrifuge model tests were carried out to 

examine the failure mechanism. Moreover, the shear 

strength reduction FEM (here after, SSR-FEM) was 

performed to simulate the experimental results and 

to confirm the applicability of SSR-FEM for the 

trench stability of diaphragm wall.  

CENTRIFUGE MODEL TEST 

The centrifuge model test which can be 

simulated the equivalent stress and strain field for 
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the actual behavior by considering the similarity  

laws is the experimental approach to apply this study. 

The beam type centrifuge apparatus was used to 

this study. The beam type centrifuge apparatus 

consists of the whirling arm, the driving device, the 

measuring device installed in the arm and the system 

to record the video. 

Method of Centrifuge Model Test 

The test name of centrifuge model test such as 

Case 1 and Case 2 show the test case of relative 

density Dr=40% and Dr=60% respectively. The 

purpose of centrifuge model test is to grasp the 

effect of model ground conditions on the trench 

stability for the model diaphragm wall. The 

centrifuge model tests were carried out by using two 

kinds of model ground conditions such as the 

relative density Dr=40 and 60% to focus the failure 

mechanism of model trench.  
The schematic view of centrifuge model is 

proposed in Figure 2. The shape of model trench has 

the three-dimensional shape with a width 48mm, a 

length 80mm, and a height 500mm. It is possible to 

observe the deformation behavior when the ground 

deformation occurs in the experiment because the 

front of soil container which is installed model 

trench is made by the acrylic window.  

The centrifuge model tests were conducted under 

50G of centrifuge acceleration field. The model 

stable liquid in the model trench decreases when the 

target centrifuge acceleration of 50G reaches. The 

mud membrane to stable the model trench is 

simulated by plastic package which has a thickness 

of 0.1mm. The model stable liquid which is poured 

in the model trench is used the salty water (Specific 

gravity, 1.05). Here, the specific gravity of stable 

liquid used in the experiment is equivalent to that of 

actual stable liquid such as bentonite slurry. Silica 

sand No.7 was used in the centrifuge model test. 

Figure 3 shows the grain distribution curve of Silica 

sand No. 7, and the physical properties of that are 

shown in Table 1. The model ground was prepared 

by air-pluviation method using Silica sand No. 7 to 

achieve a relative density of Dr=40% and Dr=60% 

when the model trench equipped with the spacer 

between the plastic package and the model ground 

was installed in the soil container. The thin soil layer 

made by color Silica sand No. 7 was installed at 

every 50mm intervals of depth direction in the 

model ground to observe the failure mode. Moreover, 

the target in front of the soil container such as the 

acrylic window  to conduct the image analysis for 

the observation of ground deformation was installed 

around the model trench. After preparing the model 

ground, it is poured the model stable liquid into the 

model trench approximately 20mm above the 

ground surface. Then, the model ground is saturated 

by pouring the water from the bottom of soil 

container.  The spacer between the model trench and 

the model ground is pulled out when the model 

ground is saturated. Here, the stable 

(a) Excavation process (b) Concreting process 

Fig.  1  Construction process for the diaphragm construction method 

Photo 1 Diaphragm wall method 

Excavation

Excavation 

machine

Slurry

Install the reinforced cage
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Concrete

Tremie pipe
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liquid can be drained by controlling the solenoid 

apparatus. The pore water pressure transducer was 

used  to measure the stable liquid level in the model 

trench.  The laser displacement transducer was used 

to measure the settlement of ground surface.   

Results of Centrifuge Model Test 

In this chapter, the results of centrifuge model 

tests are described in the prototype scale. 

Figure 4 indicates the relationships between 

settlement and stable liquid level in model trench. 

Here, the result as shown in Figure 4 (a) is Case 1 

such as the case of relative density Dr=40%, and that 

as shown in Figure 4 (b) is Case 2 such as the case 

of relative density Dr=60%. The measurement 

locations at the ground surface are 1.0m and 4.0m 

from the model trench respectively. According to 

Figure 4, the settlement on the ground surface 

increases as the stable liquid level in the model 

trench decreases. Especially, Figure 4 (a) has a 

pronounced tendency to decrease, and the settlement 

on the ground surface begin to increase since 

immediately after the drawdown of model stable 

liquid, the settlement of ground surface eventually 

showed a large increase of approximately 2m.     

Compared with Case 1 and Case 2, it is seen that 

the settlement of Case 1 occurs when the stable 

liquid level in the model trench is small. This result 

implies that the relative density of Case 1 is small. 

The settlement and the stable liquid level in the 

model trench are almost alike up to 1.3m decrease as 

proposed in Figure 4(b). After that the settlement of 

Case 1 shows a large increase.   

The target to obtain the deformation of model 

(b) 4m from model trench 

Fig. 4 Relationships between settlement and 

stable liquid level in model trench 
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Table 1 Physical properties 

Soil particle density ρ s (g/cm
3
) 2.654

Mean diameter D 50 (mm) 0.185

Maximum void ratio e max 1.193

Minimum void ratio e min 0.698

Fig.  2 Schematic view of centrifuge model 
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ground was installed along the acrylic window, and 

the image analysis was carried out by tracking the 

target movement sequentially. Figure 5 shows the 

results of image analysis. According to Figure 5, it is 

pointed out that the settlement at the location of 

50mm in the X-direction from the model trench 

shows the large displacement in both Case 1 and 

Case 2.  Compared with Case 1 and Case 2, Case 1 

shows a large displacement near the model trench. It 

is said that the ground deformation of model ground 

near the model trench become noticeable in Case 1 

because the relative density is small and model 

ground is loose. In this experiment, the failure of 

model ground was observed at near the ground 

surface because the self-weight of model ground 

above the water level acts to the model ground as the 

surcharge pressure due to the change of the ground 

water level.  

FEM NUMERICAL ANALYSIS 

The SSR-FEM which is the elasto-plastic FEM 

simulations including the shear strength reduction 

method can be evaluated the global safety factor 

which is defined by limit equilibrium methods 

without assuming slip surface. In addition, there are 

some advantages to deal with the complicated 

conditions and to be considered the confining 

pressure which acts to a sliding earth mass naturally 

because the elasto-plastic FEM simulations take up 

deformation problems in SSR-FEM. 

Method of FEM Numerical Analysis 

The purpose of this analysis is to simulate the 

results of centrifuge model tests as described the 

previous chapter. The SSR-FEM simulation of Case 

2 was carried out by using Midas GTS-NX. The 

model trench is one fourth of the trench in the 

prototype scale by considering symmetry on the 

trench. The failure criterion of soil is defined by 

Mohr Coulomb's equation. The iteration process is 

based on the modified Newton Raphson method. 

The upper value of iterations is set in 500. The 

convergence criterion is given by the ratio divided 

displacement increment by the total displacement, 

10-5 is set in this study. It is judged the FEM is 

diverged when the criterion is not achieved less than 

10-5 within 500 iterations. Figure 6 indicates the 

schematic view of numerical analysis 

model, ∆H=+1.0m is set as the initial state. Here, 

∆H=+1.0m means the stable liquid level is 1.0m 

higher than the groundwater level (i.e. the ground 

surface). The stable liquid level decrease 0.5m 

intervals of depth direction at every analytical step 

from the initial state. The deformation behavior was 

also confirmed by calculating the global safety 

factor at every analytical step. Table 2 shows the 

scales on the analytical model which are classified 

Table 2 Scales on analysis model 

Scales Ground model Trench model Guide wall

x (width) 45.5 2.4 0.5

y (depth) 4 4 4

z (height) 25 25 2.5

Unit: (m)

Fig. 6 The schematic view of the numerical 

analysis 
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as model ground, model trench and model guide 

wall in the prototype scale. Here, the guide wall to 

prevent the failure of model trench is used to the 

actual construction site. The X, Y and Z in Table 2 is 

width, depth and height respectively. Figure 7 

indicates the mesh division and the model trench 

located at left side in the finite element mesh. The 

mesh division in X direction was finely at the model 

ground near the model trench, but the other 

directions are equally divided. The analytical 

parameter of ground and stable liquid are shown in 

Table 3. The material parameters of cohesion c’, 

internal friction angle φ’ and elastic modules E50 is 

determined based on the triaxial compression tests. 

The cohesion c' obtained from the triaxial 

compression tests is 2.90kN/m2. However, cohesion 

c' used in numerical analysis is set as 0kN/m2 

because the results of centrifuge model test are 

considered. The elastic modulus regarding the 

ground sand have characteristics which depend on 

confining pressure. However, the elastic modules in 

this analysis is adopted as the constant value such as 

the smallest value in the triaxial test. The Poisson's 

ratio is obtained from the result on K0 consolidation 

test. The density of model ground is calculated by 

using void ratio e and specific gravity Gs. In the 

boundary condition, the displacement on the bottom 

surface, back surface and right side surface is 

confined in the all direction (X, Y and Z). The 

displacement in front of mesh is confined in the only 

the X direction. The pressure difference between the 

stable liquid and the groundwater act to the left side.  

Results of FEM Numerical Analysis 

The results of numerical analysis are described in 

the prototype scale in this chapter.  

Figure 8 (a) and (b) show the contour of X-

direction displacement when the difference of water 

level ∆H is +0.0m and -1.0m. Both Figure 8 (a) and 

(b) show the deformation immediately after the 

failure. According to the contour of X-direction 

(a)  Displacement(x) ∆H=+0.0m 

(c) Maximum solid shear strain ∆H=+0.0m 

(b)  Displacement(x) ∆H=-1.0m 

(d) Maximum solid shear strain ∆H=-1.0m 

Fig. 8 Displacement (X) and maximum solid shear strain 

Fig. 7 Finite element mesh used for simulation 

ｘ

ｚ ｘ

ｚ

Plan view

Elevation view
Table 3 Analytical parameter of ground and stable 

liquid 

Properties Ground Stable liquid

Density, ρ  (g/cm
3
) 1.90 1.05

Elastic modules, E'  (kPa) 8837

Poisson's ratio,  ν 0.277

Cohesion, c'  (kPa) 0

Ιnternal friction angle,  φ '  (deg) 38.8

Dilatancy angle,  ψ ' (deg) 38.8
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displacement, the deformation toward to the trench 

was confirmed at the shallow location on the ground 

near the trench. In addition, the deformation toward 

to the ground was also examined at the deeper zones 

of the ground near the trench. Figure 8 (c) and (d) 

show the contour of maximum shear strain analyzed 

when the difference of water level ∆H is +0.0m and 

-1.0m.  According to Figure 8 (c) and (d), it is seen 

that the noticeable deformation occurs at the shallow 

location near the ground surface. The purpose of the 

SSR-FEM is simulated the ground on relative 

density Dr=60%. It corresponds to Figure 5 (b) of 

the results on image analysis.  According to Figure 5 

(b), the similar behavior was obtained at the shallow 

location near the ground surface. Therefore, it is 

suggested that the deformation behavior for the 

centrifuged model test can be simulated by SSR-

FEM as described in this chapter.  

The relationships between global safety factor 

and the difference of the water level ∆H are shown 

in Figure 9. Here, the difference in the water level 

∆Η means the difference between the water level 

and the groundwater level. From the results of 

Figure 9, the global safety factor decrease as the 

stable liquid decrease. These relationships can be 

expressed the secondarily approximated equation. 

The global safety factor is equal to approximately 

1.0 when the difference in the water level ∆H is 

+0.0m. After that, the global safety factor has a 

pronounced tendency to decrease. In the centrifuge 

model test, it was confirmed the ground failure at the 

state among approximately ∆H=-0.5m. Therefore, it 

was guessed that the global safety factor can also be 

simulated. 

CONCLUSIONS 

The purpose of this study is to confirm the trench 

stability of diaphragm wall by the centrifuge model 

test and  the numerical analysis. The following 

findings were obtained from this study. 

1) The centrifuge model tests were carried out to

examine the difference of model condition. 

Compared with Case 1 and Case 2, Case 1 such as 

Dr=40% shows a large displacement. It is concluded 

that the ground deformation of model ground near 

the model trench become noticeable in Case 1 

because the relative density is small and model 

ground is loose. 

2) It is seen that the noticeable deformation occur at

the shallow location near the ground surface in both 

the centrifuge model tests and the numerical analysis. 

It is suggested that the deformation behavior for the 

centrifuge model test can be simulated by the 

numerical analysis of SSR-FEM. 

3) The global safety factor is equal to approximately

1.0 when the difference in the water level ∆H is 

+0.0m. After that, the global safety factor has a 

pronounced tendency to decrease. It was guessed 

that the global safety factor can  be also simulated 

by the numerical analysis of SSR-FEM. 
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ABSTRACT 

 
The expansive soils are predominant in arid and semi-arid regions, and they are highly moisture sensitive. The 

investigation of the climate-ground interaction of expansive soils is extremely important to understand the hydro-
mechanical responses of such soils. During the past decade, the low cost and simple methods to reliably monitor 
the soil volumetric water content have been popular among the geotechnical practitioners. As a result, EC-5 
moisture sensors have been widely used in agricultural and scientific projects due to the minimized salinity and 
textural effects on the final volumetric water content readings. The changes in soil volumetric water content profile 
can be effectively monitored using soil-specifically calibrated EC-5 sensors. However, due to the temperature 
sensitivity of EC-5 sensors, a suitable correction factor is essential to determine the actual volumetric water content 
of the expansive soil. In this study, the authors present a simple and practical approach to calibrate EC-5 sensors 
incorporating the temperature effect. This simple calibration approach enhances the accuracy of the EC-5 moisture 
profiling and eventually leads to safe decision making of geotechnical practitioners. 
 
Keywords: Unsaturated soil, Soil moisture, Temperature correction, EC-5 moisture sensors 
 
 
INTRODUCTION 

 
The unsaturated soil behaviour and the soil 

properties are significantly dependent on the soil 
moisture conditions [1-4]. Therefore, it is imperative 
to identify accurate methods and instrument to 
investigate the moisture variations in soil profiles [1-
7]. These investigations include laboratory-based 
element tests, model tests and field-based 
investigations. The moisture sensitivity of expansive 
clays are considerably greater compared to non-
reactive soils and hence, much attention has been 
given to these soils lately [3-11]. 

Expansive soils are widely distributed in arid and 
semi-arid regions in the world [8-9]. The surface soils 
in Queensland, Australia alone consists of more than 
40% of these reactive soils. The swell-shrink 
characteristics of expansive soils when subjected into 
alternate wet-dry cycles have caused severe 
repercussions for the light-weight structures founded 
on these clays [10-11]. Therefore, the geotechnical 
practitioners and researchers have identified the 
importance of the climate-ground interaction in 
expansive soils and investigated their behaviour 
under field and laboratory conditions during the past 
2 decades [8-14]. Based on the current research, the 
variations in soil moisture causes changes in soil 
suction which eventually results in surface and sub-
soil movements in expansive soil strata [8-10], [15-
16]. Therefore, it is utmost important to determine the 
changes in soil moisture profile to investigate the 
expansive soil behaviour under different climatic 
conditions [8,9,15]. 

The monitoring of the soil water content in 
expansive soils has been conducted based on both 
destructive and non-destructive methods; however, 
the non-destructive methods are widely accepted due 
to minimum disturbance to long-term in-situ 
monitoring [17-19]. The radioactive non-destructive 
methods such as gamma-ray attenuation and neutron 
scattering have been mostly avoided due to possible 
health hazards. As a result, the non-destructive 
methods based on the dielectric constant of the media 
have been trending during the past decade to monitor 
the volumetric water content profile in expansive 
clays [20-23]. EC-5 moisture sensors can be 
identified for its wide application in research as non-
destructive, dielectric sensors based on capacitance 
principle. The simplicity, cost and the ability to take 
point measurements due to small size have been 
beneficial for geotechnical practitioners when 
compared to the other commercially available options 
[24-28]. 

According to Decagon, EC-5 sensors use 70 MHz 
frequency which minimizes the textural and salinity 
effects [8,9,15,16]. The volumetric water content 
measurement of EC-5 sensors depend on the 
surrounding soil volume of the probes. The change in 
volumetric water content in expansive clays occurs 
due to the volume changes in both the surrounding 
soil and water [8,9,29,30]. Therefore, additional 
considerations for embedment and calibration of EC-
5 sensors are required. Generally, these sensors 
capable of measuring the volumetric water contents 
of saturated soils up to 60%; however, is highly 
dependent on the soil [10,11,15,18,20,22]. 
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EC-5 sensors are mostly soil-specifically 
calibrated for volumetric water content without 
incorporating the temperature effect due to the 
complexities involved in expansive soils [31-34]. 
This study presents a simple and practical approach 
to determine the temperature correction function for 
a given expansive clay. These findings may be useful 
for geotechnical practitioners and researchers to soil 
specifically calibrate EC-5 sensors maintaining high 
accuracy and thereby obtain a reliable moisture 
profile for their project-related decisions. 

 
 

TEST MATERIAL  
 
Natural expansive grey clay collected from 

Sherwood, Queensland, in Australia was used in this 
study. These grey Vertosol soils are widespread in the 
south-east Queensland region and representative of 
subsoil conditions in Brisbane. Infiltration in these 
soils is moderate-to-low and known for swell-shrink 
responses due to climate changes [35]. For laboratory 
model and element tests, 250 kg (dry soil mass) of 
expansive grey Vertosol was extracted and carefully 
transported to Queensland University of Technology 
(QUT) with in-kind support from ‘The SoilTesters’. 

The basic soil classification of the test material 
was conducted according to Australian Standards (AS 
1289.3. 6.3, 2003; AS 1289.3.5.1, 2006; AS 
1289.3.4.1, 2008; AS 1289.3.1.1, 2009a; AS 
1289.3.2.1, 2009b; AS 1289.3. 6.1, 2009c). The grain 
size distribution of the test material was obtained 
from the combination of sieve and hydrometer 
analyses. It contains 77.3% fines (particles finer than 
75 microns) and 50.2% of clay (particles finer than 2 
microns). Other basic properties of the clay, including 
liquid limit (LL), plasticity index (PI), linear 
shrinkage (LS), and the specific gravity were 
determined in accordance with Australian Standard 
test methods, and they were 67%, 37.2 %, 13.4%, and 
2.68, respectively [29-34]. The soil was classified as 
CH (Clay of High Plasticity) according to the Unified 
Soil Classification System (USCS). The compaction 
properties (MDD = 1.75g/cm3, OMC = 18%) were 
determined from the modified proctor compaction 
test. X-ray diffraction (XRD) analysis carried out on 
the test material identified smectite minerals, which 
predominantly contribute to the expansive nature of 
the soil. 

 
 

METHODOLOGY 
 

EC-5 sensors are ideal to measure soil moisture 
content in localized areas due to the small sensor 
length (50 mm) and its small area of influence. These 
sensors need to be properly calibrated for the 
temperature variations to obtain a precise 
representation of the sensor output due to the 

moisture variations within the range of 0-60% vwc. 
The independency to salinity and soil texture 
accompanied with low cost build-up makes EC-5s 

Fig. 2 – EC5 moisture sensor embedment in 
expansive soil 

Fig. 1 – EC5 moisture sensor calibration and data 
acquisition 



GEOMATE – Melbourne, Australia, 11-13 November 2020 

255 
 

preferable to use in research subsequent to rigorous 
soil specific calibration, resulting in 1-2% accuracy. 

In this study, soil samples of five different known 
gravimetric moisture contents (i.e. 15%, 20%, 25%, 
30% & 35%) were static compacted to achieve dry 
density of 1.2g/cm3. The entire sensor body of EC-5 
sensors were embedded on the compacted soil as 
shown in fig. 1. The minimum sample height for the 
sensor calibration was maintained more than that of 
sensor body (i.e. 50 mm) to ensure the entire area is 
contacted by the soil to obtain a precise correlation  
between volumetric water content (%) and the sensor 
output voltage as shown in fig. 2. 

Since EC-5 moisture measurements are very 
sensitive to temperature, temperature correction 
factors were developed by measuring soil moisture at 
different temperatures. Calibrated temperature sensor 
(Therm-EP) was embedded to acquire the 
temperature variation throughout the measuring 
duration. Soil moisture was maintained constant 
during the experimentation by applying a thick grease 
layer on the topsoil surface. Final gravimetric 
moisture content of the soil was measured by oven 
drying the test sample to make sure the moisture is 
successfully maintained. Likewise, the same 
procedure was adopted for all the moisture contents 
to derive a correlation between the volumetric water 
content (%), temperature (°C) and the sensor voltage 
output (V).  

 
 
RESULTS & DISCUSSION 
 

The results of this study investigate the volumetric 
water content variations of grey Vertosol at different 
temperature conditions. Figure 3 illustrates the 
variation of EC-5 moisture sensor responses under 

controlled temperature variation inside the 
environmental chamber. Relative humidity inside the 
chamber was maintained at a reasonable value of 60% 
during the investigation. The experimental results 
indicated a significant variation of dielectric 
responses of EC-5 moisture sensors (vwc) when the 
temperature varies from 15°C to 33°C during heating 
and cooling cycles. 

 
 
The volumetric water content of grey Vertosol at 

a given soil temperature can be derived with respect 
to 20 °C. Equations 1 and 2 demonstrate the 
representative calibration equation for EC-5 moisture 
sensor. 

 
 

𝛉𝛉𝐓𝐓 =  𝛉𝛉𝟐𝟐𝟐𝟐 −  𝛆𝛆𝐓𝐓(𝐦𝐦,∆𝐓𝐓)   Eq. 1 
 
𝛉𝛉𝐓𝐓 = (𝟏𝟏.𝟑𝟑𝟑𝟑𝟑𝟑 × 𝐀𝐀𝐄𝐄𝐄𝐄𝐄𝐄 − 𝟏𝟏.𝟐𝟐𝟑𝟑𝟎𝟎𝟑𝟑)− [𝐦𝐦× (𝐓𝐓 −
𝟐𝟐𝟐𝟐)]     Eq. 2 

 
Where; 
𝛉𝛉𝐓𝐓 = Volumetric water content at T° C temperature 
 
𝛉𝛉𝟐𝟐𝟐𝟐= Volumetric water content at 20° C temperature 
 
𝛆𝛆𝐓𝐓(𝐦𝐦,∆𝐓𝐓) = Temperature correction factor 
 
m = Change in volumetric water content for unit 
change in temperature corresponds to volumetric 
water content of sample at 20° C 
 
 

Fig. 3 – EC5 moisture sensor responses with 
temperature variations 

Fig. 4 – Sample slope variation with respect to the 
volumetric water content at reference temperature 
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The temperature calibration was conducted with 
respect to T = 20° C and ‘m’ value for Eq. 3 can be 
determined from Fig. 4 provided that volumetric 
water content of the soil at 20°C is known. Equation 
3 presents the statistical relationship obtained 
between the ‘volumetric water content of soil at 20°C’ 
and ‘change in vwc for unit change in temperature’ 
that can be used to derive Eq. 4; temperature 
calibrated volumetric water content of EC5. 
 
 
𝐦𝐦 = 𝟐𝟐.𝟐𝟐𝟐𝟐𝟎𝟎𝟎𝟎 × 𝛉𝛉𝟐𝟐𝟐𝟐 + 𝟐𝟐.𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐  Eq. 3 
 
θT = (1.383 × AEC5 − 1.0868)− [{0.0074 × θ20

+ 0.0002} × (T − 20)] 

θT = (1.383 × AEC5 − 1.0868)− [{0.0074 ×

(1.383 × AEC5 − 1.0868) + 0.0002} × (T − 20)]

     Eq.4 

Where; 

AEC5 = Sensor voltage output from Soil DAQ 

 
CONCLUSIONS 
 

The climate-ground interaction of expansive 
clays is imperative to monitor to understand the soil 
responses due to climate variations. The volumetric 
water content of expansive soils has been identified 
as one of the critical parameters to investigate the 
stress state variables (i.e. soil suction and 
displacement) in such soils. The use of EC-5 moisture 
sensors to monitor the changes in volumetric water 
content profile has been trended due to low cost and 
simplicity of the sensors. However, the use of these 
sensors for expansive soil investigations requires the 
incorporation of temperature calibration. The 
complexities involved in the current calibration 
methods have restricted the use of these low-cost 
sensors.  

This study introduced a practical and simple 
approach to accurately calibrate EC-5 sensors by 
incorporating the temperature effect. The method has 
been successfully validated for grey Vertosol and can 
be used to soil specifically calibrate any EC-5 sensor 
embedded in expansive clays. This approach 
enhances the applicability of low-cost EC-5 moisture 
sensors to accurately monitor the volumetric water 
content profile in expansive soils. Consequently, the 
quality of the data acquired can be maintained at a 
reliable state for the decision making of the end-user 
(i.e. geotechnical practitioners). As a result, the 
quality of the geotechnical application and eventually, 
the safety of human lives may be improved. 
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ABSTRACT 

 
Palu Mw 7.5 earthquake on 28 September 2018 caused extra ordinary geotechnical event in the world. Not only 

building damage, tsunami caused by submarine landslide, but also the most dramatically event was huge scale of 
flow liquefaction. In the area studied, flow movement was more than 100 meters. Another location, the flow was 
more than 1,000 meters. This must be extra ordinary phenomena of liquefaction, which never happen at other sites 
in the world so far. Geological formation of Palu city has been formed from young alluvial fan which have sourced 
from mountain at east-west of the city. The formation is dominated by loose non-cohesive material, and fully 
saturated due to very shallow ground water table. Sedimentation has been occurred layer by layer for long time 
process, then it formed layers with variety of density and hydraulic properties. Moreover, during these processes 
there were chance of weathering, and this could form series of layer with low permeability called silt seam. In 
order to find out presence of silt seam layer inside deposit we have conducted trenching observations. There were 
three pits of trenching, with depth 5-meters and 30-meters length in one location of flow liquefaction called Lolu 
Village. Appreciation for non-commercial map application which can help make superimpose before-after 
earthquake map with quite good precision. By the superimpose this trenching successfully dug cross between flow 
and non-flow liquefaction area and cut one sand boil structure. So that we could differ layers of soil between these 
areas correctly by finding existence of silt seam interlayer. By using void redistribution/water film theory from 
Kokusho [24], this report will explore possibility facts as triggering huge magnitude of flow liquefaction. 
 
Keywords: Palu Earthquake 2018, Liquefaction, Trenching, Silt Seam 
 
 
INTRODUCTION 

 
Mw 7.5 earthquake struck Palu and Donggala City, 

Central Sulawesi, Indonesia on 28 September 2018, 
as consequence of releasing energy of Palu-Kore fault 
where aligned west side of Palu City. This event 
created several catastrophic disasters, and caused 
large number of casualties, destroyed housings, 
buildings, and many infrastructures such roads, 
power lines, bridges, and water channels, etc. 
Tsunami, ground shaking, landslide arrived almost at 
the same time and the most extreme liquefaction 
disaster ever on earth caused by earthquake.  

Indonesia Meteorology, Climatology and 
Geophysical Agency [4] reported that epicenter of the 
mainshock was about 72 km north of the city with 
depth 10 km. Series of significant foreshocks (Mw > 
4.4) occurred four hours before and main shock 
arrived with magnitude Mw 7.5, and it was followed 
also by series of aftershocks (Mw >5.7) for the period 
of 48 minutes since main shock. Epicenters of 
significant foreshocks-mainshock-aftershocks were 
documented sweep over area Palu City (fig. 1). 

BMKG and JICA (Japan International 
Corporation Agency) [1] have released time history 
data of ground acceleration of mainshock from one 
survival seismograph station near Palu City (Balaroa 
Station) as fig. 2. Unfortunately, for other shocks 
writer have no access to get them. If we studied series 

of earthquake magnitude data in table fig. 3 from 
BMKG, other ground accelerations record should be 
significantly contributed for generating extreme 
disaster, especially liquefaction. BMKG web site 
(link: http://shakemap.bmkg.go.id) shown spread out 
earthquake magnitude data (as table at fig. 3). 
Recognition from level of catastrophic occurred [2], 
USGS reported a much larger peak ground motion 
acceleration and reached magnitude of 0.7g and this 
value might be possible (fig. 2). 

Before the Palu 2018 earthquake -for example 
devastating liquefaction in Niigata, Japan (1964) and 
Alaska, USA (1964)-, lateral spreading had 
magnitude of teen meters or even less and prompted 
some differential settlement which generated tilting 
of buildings or houses. However, Palu earthquake 
generated not only common liquefaction occurred, 
but also hundred meters either lateral spreading or 
soil mass flow which brought all objects moving 
downslope with very gentle grade (2-3 %). 
Liquefaction itself so far has never made fatalities, 
but the liquefaction spawned thousand fatalities, 
buried, and revolved them under deposit of sand 
which changed from solid transformed to mud 
(liquid) for some period.  

Palu City, Indonesia is located at complex tectonic 
formation where collision of three plates comprising 
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Eurasian, Indo-Australia, and Philippines Sea. 
Besides. There were at least three features of Palu city 
associated to liquefaction disaster:  
1.  Palu city is just located across Palu-Kora fault, 

aligned from north to south of the city. This fault 
has slip rate around 58 mm/year [13]. This 
tectonic landscape will make Palu city become 
very susceptible to high earthquake event..  

2.  Palu low land mostly consist of young alluvium 
formed by sediment transport from east and west 
side of mountains [2]. In general, deposit mostly 
originate from boulder, gravel, and sand with 
loose consistency. Natural water stream called 
Palu river divide the city at centre with slope of 
valley around 1-6 %. 

3.  The valley area is located at middle of mountains; 
annual rain intensity is extremely low at most 500-
mili meter annually. Conversely, ground water 
table was very shallow and there were some water 
springs blown up ground surface and possibility 
artesian spring. There was unlined water irrigation 
canal system at eastern part of the city which has 
been operating since 80’, many experts alleged 
that this canal had contributed significantly 
saturated sand deposit at east side of Palu [1], [5], 
[12]. 
 

LIQUEFACTION 
 

Liquefaction is a phenomenon where saturated 
soil deposit reduces stiffness and strength due to the 
generation of high excess pore pressures during 
earthquake shaking. In certain condition the excess 
could be the same with total overburden pressure 
(ru=1), and then effective pressure practiced zero, it 
means solid soil deposit for the time being behaves as 
liquid. Evidence of liquefaction in the event had been 
onsite, we found number of sand boils footprint (fig. 
5). Sand boil structure is formed by sand ejecta from 
sand deposit of underlayer as releasing excess pore 
water pressure which brought some fraction of sand. 

 

 
Fig. 3 Magnitude of foreshock, mainshock and 

aftershock of Palu earthquake 2018 [4] 
  
As Bradley [12] reported that mostly downhill 

area of unlined canal occurred lateral spreading 
(figure 4) with variation of magnitude. The crown of 
slide was generally along irrigation canal, however, 
at uphill of canals were still good, no evidence either 
liquefaction or lateral spreading at all.  However, in 
several areas such as at Petobo, Lolu Village and Jono 
Oge (Sidera) where occurred in hundred-meter of 
spreading and it engendered huge number of 
casualties especially at Petobo area (fig. 4). 

Basic mechanism could be the same for all 
locations -even though the thesis is being still 
debatable-. It started with fluidization of certain area 
of sand deposit which initiated by liquefaction, with 
gentle slope of land commenced a long-distance 
lateral spreading caused by gravitational force. At the 
upper part of the area started to retrogressive collapse 
which caused by lost their counterweight at toe, Fig. 1 Epicenter of the earthquake [2] 

Fig. 2 Time history of ground acceleration   
BMKG&JICA (2018) [1] & USGS PGA data [2] 
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underwent high excess pore water pressure created 
water sprang out (seepage) huge volume of water on 
surface and perhaps followed by land subsidence as 
consequently of sand deposit contraction process. 
Water mixed with fine sand-silt formed mud flow and 
sparked more destructive process. Finally, all eroded 
and debris material with very high-water content 
glided to downstream or stacked create deposition fill. 
The hypothetic mechanism has not firmed yet, many 
researchers are still working to discover accurate one. 

 
 

 
Fig.  4 Disaster footprints: (a) Balaroa, (b) Petobo, 

(c) Petobo Irrigation Canal, (d) South Sibalaya, 
 (e) Jono Oge, (f) Lolu Village 

 
The above mechanism proposed by writer was 

similar with Manson [2]. This suggestion is without 
any contribution of breakage of confined aquifer. 
Since JICA [9] suggested that there was contributed 
of confined aquifer breakage which maintenance 
excess pore water pressure kept high, this was argued 
by Ishihara [11] as well. This hypothesis must be 
quite difficult to be proven, even though that will be 
possibility happened. However, all the above mention 

researchers have agreed including Watkinson and 

Hall [5] and Bradley [12] that construction and 
operation an unlined agriculture canal (fig. 4 & fig.6) 
had played a large role in the slope failure. Yearly 
water seepage from the canal increased height of 
water table accordingly saturated the underlaying 
loose soil layer and caused of it making them 
liquefaction prone. 

To know magnitude of lateral displacement, we 
also have measured magnitude of lateral spreading 
use Google Earth Pro. At time being, we have been 
only focusing at Lolu Village site with some reason 
which will be discussed later. We use figure 
published by Bradley [12], to help describe 
magnitude of lateral spreading. The longest distance 
was 155-meters (yellow arrow line), and relative long 
distance occurred at northern part of area. At southern 
part, displacement distance was average 70-meters. 
At eastern part or upper hill, lateral displacement was 
average 25-meters. Outside landslide area, many 
objects were measured as well where lateral 
movement with magnitude less than 10-meters. 
 
TRENCHING OBSERVATIONS 
 

There must be distinct onsite sand deposit 
characteristic to make as discussed above could 

happen. Understanding of this mechanism is 

Fig. 5 One of sand boil at Lolu Village site 

BH-10 BH-6 BH-3 
BH-1 
PTPP 
BH-4 
BH-5 BH-9 

stopper zone stacking 
zone 

raft-initiation zone retrogressive zone tension zone 

Fig. 6 Alienation of flow and affected area 

trenching location 

Irrigation canal 
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important since the flow liquefaction areas were most 
deadly compare to outside area. It should be valuable 
for mitigation hazards purposes for next communal 
settlement planning.  Lolu Village was exceptional 
site and thought as main mechanism of purely 
liquefaction without any involvement from other 
force such as water inundating from breakage of main 
water canal. Except Balaroa, other big lateral 
spreading including Petobo, Jono Oge and South 
Sibalaya, all of them involved huge volume of water 
from breakage canal since top-crown of landslides 
were also started at breakage of canal. Understanding 
at Lalo Village will be useful to recognize mechanism 
for other areas, because magnitude moving objects at 
ground surface were triggered purely by liquefaction.   

We have divided Lolu Village liquefaction area 
into two area; called “flow area” and “affected area”. 
Flow area is inside blue line (fig. 5) where lateral 
spreading generated more than 10-meters till 
maximum 153 meter and affected area is outside 
where less than 10-meter. As discussed above about 
basic mechanism argued by writer at long direction 
(east to west), the area has been alienated into several 
zones (fig. 6): tension, retrogressive, raft-initiation, 
stacking and stopper zone. 

 
In order to understand basic mechanism between 

two kind of area, we have conducted trenching 
observation to recognize layering of soil at two areas.  
Trenching were excavated of three pits at raft-
initiation zone (fig. 6). First was at flow area 
alongside with movement direction called trenching 
#1. Second was at affected area called trenching #2 
and third was perpendicular with slide movement, 
cross flow and affected area called trenching #3. 
These trenching were excavated in April 2019 or six 
months aftermath. Dimension of trenching pit were 
approximately 5-meters wide, 5-meters depth and 30 
meters long. Orientation of trenching plotted over 
area can be seen at fig. 7.  

Log clustering of trenching wall have been done 
soon after preparing clear surface. After trenching 
excavation with heavy equipment (excavator), wall 

surface was carefully cleaned to have clearer surface 
with smaller equipment such as brush, hoe, trowel, 
and geology hammer. Kind of deposit based on grain 
composition are defined to ease clustering with either 
eye or hand feeling. We created grid line 50x50 cm 
over the wall surface with synthetics rope, these grids 
will help to draw cluster according to grain 
composition. We have defined into seven fractions: 
sand-gravel-boulder (SGB), sand-gravel (SG), 
course-sand (SC), fine-sand (FS), sandy-silt (SS), 
clay-silt-plastics (CSP), and top-soil (TS). Perhaps 
these clustering were not precisely caused defined 
only by eye or hand-feeling. Even though, this 
method needs extra work and extra care to draw 
cluster correctly, if we only define from photo taken, 
stratigraphy created by excavator bucket will confuse 
to differ one cluster with another cluster. 

 
We fortunately disclosed cross section of sand 

boil footprint which had reservoir of deposit started at 
sand-gravel-boulder (GB layer), please refer to fig. 8. 
At first one meter, composition of sand boil at throat 
was still the same with reservoir resource. And then 
next 0.5-0,75 bigger grain fraction had left 
underneath only finer sand was able to be flowed up, 

Fig.  7 Orientation of trenching at Lolu Village 
slide area 

Fig.  8 Interpreted trench log trenching#1 south wall 

Fig. 9 Interpreted trench log trenching#2 south wall 
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1-meter rest was fully of fine sand at vent and created 
crater at surface. 

This log fig. 9 is at affected area, we did not find 
a continue clay silt plastic layer. Layering of deposit 
was observed not too regular if it compares to flow 
area. Clay-silt-plastics fraction was also presence, 
however not too significant, and formed in-regular 
formation. Mostly the deposit consists of sand gravel 
and some interbedded sandy silt. Possibility this 
deposit experienced random movement instead of 
block (raft) movement.  Unfortunately, we did not 
discover any sand boil at this section, even this area 
also had number of sands boil. But if we look at 
layering deposit form of sand gravel (SG) which 
punched the above layer indicated there was high 
excess pore water pressure which try to push up to 
surface. 

At cross section between flow area and affected 
area, at slide surface there was a thin fine sand path 
started from reservoir of sand-gravel-boulder 
continue till surface (fig. 10). The footprint of this 
phenomena can be seen from photo taken (fig. 11), 
along the boundary there were huge quantity of fine 
sand which blown up and spread over this boundary 
line. During releasing excess pore water pressure, this 
zone supposed to be conduit “long sand boil”. 

From our trenching work, we have concluded that 
at elevation -3-meters from ground surface on we 
have found clay silt plastic layer which have 
permeability much lower than both above and under 
their layer with thickness 0.3 up to 0.5-meters on both 
area of trenching at the same level.  We predict that 
thickness of significant movable layer was about 3.0-
meter at this trenching point, it is also just confirmed 
by fact result at trenching #1. However, if we look 
magnitude of lateral deformation at southern part of 
flow area with longer distance and then the thickness 
of movable layer could be much thicker. 
 
DISCUSSION 

 
Kokusho [24] has proposed useful theory to 

explain such kind of phenomena. Series of laboratory 
and onsite research work done by him contribute 

significantly to understand this mechanism. Void 
redistribution which generated during and after 
shaking will become basic theory to develop other 
factors. Trenching observation has been conducted as 
advise from him to knowing what real mechanism 
inside sand deposit.   

Simple mechanism for the stable water film 
generation schematically indicated in fig. 12. The 
series of test results clearly indicates that a water film 
is readily formed just after the onset of liquefaction 
beneath a sandwiched sublayer with smaller 
permeability and stays there much longer than the re-
sedimentation time of the liquefied sand particles. 
This indicates that the liquefied sand is actually in the 
drained condition locally, allowing the void 

redistribution to occur. Soil layering structures 
providing this mechanism seems to be abundant in the 
field, introducing multiple water films at different 
depths [24]. 

 

 
Fig.  12 Water film/void redistribution generation 

mechanism [24] 

Fig. 10 Interpreted trench log trenching #3 east wall 

 

 

 
b a 

Fig.  11 Long continue sand boil at boundary line 
affected area and flow area (a) one day aftermath  

(b) four months aftermath 
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From three pit trenching observations which have 
explored already, we argue that void redistribution/ 
water film had been engendered during or especially 
just after earthquake shaking. This argument has been 
proven by presence of seam silt or clay silt plastics at 
elevation -3 meters from ground surface. We cannot 
explore more deeper layer because either stability of 
trenching consideration or we had reached ground 
water level.  

We realized that trenching has successfully 
explored only small and shallow part of either huge 
movement part or right mechanism, it still could be 
cannot catch up whole mechanism yet. However, 
from trenching data taken can be concluded an 
important point: that seam silt was exist at least single 
layer at elevation app. 3-meters and this is become 
one of boundary the releasing excess pore water 
pressure trap. During earthquake and aftermath, there 
were possibility that underneath this layer generated 
thick water film which have zero shear strength, this 
layer was being one of slide surface of the deposit. If 
there were series of silt seam, and all of them were 
creating series of water film layer at the same time, 
and then it can be understood that long distance 
gliding of mass soil could be happen.  

If we learned from sand fraction inside conduit of 
sand boil, we have speculated there was a big excess 
water pressure bult up under silt seam layer. Because 
not only fine fraction which forcing up but also gravel 
also flown up from reservoir of sand-gravel-boulder 
(SGB) underneath. Deeper elevation of liquefied 
layer should have higher excess pore water pressure 
and stayed inside the deposit for long time caused 
many “obstacles” from silt seam for releasing 
pressure and created water film for long time as well. 
This condition had maintained deposit in liquid phase 
for relative long period and gave enough time to glide 
or flow long distance of displacement to downhill.   
 
CONCLUSION 
 

Liquefaction disaster caused by Palu Earthquake 
2018 have been still generating questions for many 
researchers in the world. Geology and geotechnical 
mechanism have been developing to know what 
exactly occur inside the sand deposit. Writer have 
tried also contributing to enrich knowledge by 
conduct trenching observations and other series of 
series to explore possibility scenario.  This report has 
concluded some important as follow thought: 
1. Presence of silt-clay-plastics layer have played 

important contribution to product long distance of 
lateral spreading, and by trenching observation 
this thesis has been proven at location we conduct 
the test. 

2. From interpretation log, there are some cluster of 
sand-silt, this content called non-plastic fine grain. 
Existence of such kind of deposit as proposed by 
Kokusho [24] cause soil deposit underwent 

contraction during shear loading. Contraction 
inside saturated sand deposit will generate excess 
pore water pressure. High excess pore water 
pressure will maintain soil in liquid phase.  

3. Trenching observations has provided new term of 
liquefaction. Sand boil so far only have point of 
crater, however now we recognize long continue 
sand boil plane where fine sand blown up along 
the boundary line of sliding.  

4. Many “obstacles” from silt seam for releasing 
excess pore pressure. This condition had 
maintained deposit in liquid phase for relative 
long period and gave enough time to glide or flow 
long distance of displacement to downhill till 
deposit came back to solid state and stopped.  

5. Because limitation depth of trenching with 
consideration of safety and elevation of ground 
water level, the exact presence of silt seam is only 
limitation in range of 5 meters depth. For other 
depth we need other method, CPT will be reliable 
test to know in detail presence of silt seam at other 
depths.  
Writer advice that further research should be 

conducted to understanding more accurate regarding 
the mechanism. As fact found at this trenching, writer 
recommend other method to get un-disturb sample. If 
possible, a continue sample so that we will know 
exactly presence of silt-seam at other depths let say 
till 20- or 30-meters depth. Because with long 
magnitude of lateral movement must involve very 
thick liquefied layer of deposit.  
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ABSTRACT 
 

According to government statistics, there are currently about 19 thermal power plants under operation, 
emitting about 20 million tons of fly ash annually which is classified as hazardous waste, an urgent 
environmental problem. In the context of lack of construction materials, this research aiming at promoting 
consumption of the fly ash through application of CFG (cement - fly ash - gravel) pile - a type of pile using a 
mixture of cement, fly ash, aggregate to handle the foundation for construction works that may help consume 
part of the fly ash. This paper introduces the results of an experimental research on the influence of distance 
between CFG piles on soft soil treatment. The optimal fly ash component is about 25% of binder content, and the 
reasonable distance between the piles is from 4d to 6d (d- diameter of the pile). This can be an effective solution 
for soft soil treatment since it is reasonable both in terms of price and construction time. It is also easy for quality 
control in Vietnam. 
 
Keywords: CFG (cement fly ash gravel); composite foundation, experimental research, distance effect  
 
INTRODUCTION 
 

As a developing country, Vietnam has been 
facing the shortage of electricity and there will more 
and more new thermal power plants in order to 
satisfy the related increasing demands. These 
thermal power plants have been emitting a large 
number of hazardous waste, ash (comprising 75% of 
fly ash), which causes environmental pollution. This 
is considered one of the consequences of the 
development, causing a headache for Vietnamese 
authorities [1]. In this circumstance, the researches 
on applying fly ash as a construction material have 
been conducted since 80s of this century. However, 
the objective of those studies was mainly for 
generating high-quality fly ash mixture as an 
adhesive for concrete. Recently, studies in Vietnam 
have focused on the consumption of fly ash, such as 
putting into roadbed [2], geopolymer concrete [3], 
and pervious concrete [4]. In this trend, the 
application of a large amount of fly ash to produce 
low-cost, low-strength concrete mixture for 
foundation treatment is very necessary.   

The CFG (Cement Flying-ash Gravel) pile is a 
type of pile using mixture of cement, fly ash, 
aggregate of stone (gravel) to form a low-strength 
concrete pile for foundation treatment in basic 
construction works. Through pile length, distance 
between piles and pile cap cushion layer as well as 
the right mixture ratio of pile materials, the pile can 
satisfy the required load capacity of treated 
foundation, achieving high load capability, small 
variation and simple construction. The low-cost 
CFG piles have been applying in mass construction 
works in some countries in the world. However, 

there is no theoritical study and experiments in 
Vietnam on CFG pile application on foundation 
treatment in construction works. So with advantages 
in foundation treatment in construction works and 
large amount of fly ash consumption for thermo 
electricity plants, CFG piles application is perfectly 
efficient and suitable for works in cost saving and 
simple construction, quality assurance and easy in 
quality control while fly ash pollution is mitigated, 
solving the waste issue for thermal power plants.   

Hence, the research on CFG application in 
foundation treatement in basic construction works 
plays pivotal role with high practical and feasible 
meaning in order to improve quality as well as to 
reduce cost of basic construction works in Vietnam. 
 
CFG PILES IN SOFT SOIL FOUNDATION 
TREATMENT 
 
CFG Development 
 

CFG pile application is classified as an 
embankment measure on pile system according to 
the list of embankment treatement methods on soft 
soil. CFG piles together with soil between piles and 
pile cap cushion layer form a combination 
foundation to ensure stability for embankment 
foundation on soft soil.  

In 1985, Foundation Institute of China Academy 
of Building Research studied CFG pile application 
based on foundation with ballast pile added in 
cement and fly ash to generate high-strength piles. 
CFG piles were made by specialized machine and 
mixture of CFG pile materials were poured in place 
into pre-drilled empty tube and finally the piles were 
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formed in the ground. With advantages of high load 
capability, small variation, simple construction and 
low cost, this method has been popularly applied for 
construction of houses, car roads, railways and yards 
in China and some other countries in the world. 
Researches in China on theorical models, calculation 
theory, technical requirements on materials and 
construction technology have been conducted.  
 
Structure, Specifications and Working Principle 
of CFG piles 
 

CFG piles with diameter from 350mm to 600mm. 
By changing cement content and ratio in the CFG 
pile mixture, pile strength varies from C10 to C25, 
forming the intermediate piles between two forms of 
hard and soft piles [5], [6]. CFG piles works with 
soil in between through its cap cushion arrangement, 
which form the combined foundation so that the 
foundation can utilize load capability of soil between 
piles and also transport the embankment load down 
to good geological layer to increase stability and 
reducing settlement risk for the embankment, 
bringing in high technical and economic efficiency. 
Furthermore, the pile mixture takes good use of fly 
ash from thermal power plant without reinforcement 
steel frame to save material cost, extending higher 
economic efficiency.  

CFG pile method is calculated and designed 
based on working principle of the combined 
foundation. The main factors covering ingredients 
and ratio of pile materials, pile length, distance 
between piles, size of pile cap, structure and 
thickness of pile cap cushion and construction 
technique need carefully calculating, designing, 
experimenting, analyzing to satisfy requirements of 
foundation strength treatment.  

 
 
Fig. 1 Stress of embankment on the combined 
foundation. 

 
Distance between piles must be defined through 

load capability of the combined foundation, physical 
characteristics of geological layers and construction 
techniques. The experimental studies on centrifugal 
acceleration model show that the distance between 
piles should be equal to 3-6 times of pile diameter 
[7]. In order to reduce cost, distance between piles 
should be set as largest as possible, however, there is 
no experiment study on the distance between piles 
which is equal to 6 times of pile diameter. 

Length of pile is designed to touch the geological 
layer with good load capability to transport down the 
load from embankment. In other cases, pile length 
can be calculated according to the friction load. 
Because pile strength is larger than embankment 
strength so the stress on piles is also higher than the 
one on soil between piles (Figure 1). 

The pile cap is usually designed with concrete in 
order to distribute more load from embankment on 
pile, sizing down pile diameter, increasing distance 
between piles and saving more materials. Size of 
pile cap affecting the load distribution capability of 
cap cushion layer is designed to be around 10% ~ 
30% working area of piles [7]. 

The cushion layer on pile cap is designed to 
adjust stress of piles and soil between piles, reducing 
stress at pile cap, reinforcing load capability of 
foundation. Design of cushion layer is an important 
technique in treatment for the CFG combined 
foundation, which is pivotal task to ensure the load 
capability of piles and foundation. Structure of 
cushion layer comprises medium size sandstone, 
coarse-grained sand, selected sand, ballast aggregate 
or pebble gravel with size of sand stone no larger 
than 30mm. A geotextile layer can be spread on pile 
cap to form a cushion to distribute load on piles. The 
cushion layer should be 150÷500mm thick, 
compression strength is not greater than 0.9. The 
thickness of this cushion layer increases in par with 
the rise of pile diameter and distance between piles 
[8]. 

Based on theoretical study and in laboratory 
experiment on design CFG pile for foundation 
treatment with distance between piles which is equal 
to 6 times of pile diameter, authors have done 
experiment on site to verify the working ability of 
combined foundation and piles, of which, distance 
between piles is set to be equal 4d and 6d of piles (d 
is pile diameter) for embankment foundation model 
with height of 4m.   
 
EXPERIMENT IN ROOM DEFINES RATIO 
OF FLY ASH IN COMBINED CFG MIXTURE 
 
Aggregate Design for CFG Mixtures 
  

Authors has conducted experiments in laboratory 
with three different fly ash types from Pha Lai 
thermal power plant, Nghi Son thermal power plant, 
and Ninh Binh introgenous fertilizer plant to mix 
aggregate to find proper ratio of fly ash/adhesives in 
CFG mixtures. 

Within experiment scope, authors selected the 
ratio water/cement =0.65 to study. The designed 
aggregate is 7 and ratio of fly ash replacing adhesive 
content from 0%~35%. Through absolute volume 
calculation method, calculation for aggregate for 
1m3 CFG mixtures as follow: 
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Table 1 Calculation result of aggregate concrete 
using fly-ash additives for 1m3 
 

F/C 
(%) 

Cement 
(Kg) 

Fly 
Ash 
(Kg) 

Sand 
(Kg) 

Stone 
(Kg) 

Water 
(Liter) 

0 280 0 802.67 989.33 194.67 
10 252 28 799 982.67 194.67 
15 238 42 796 980 194.67 
20 224 56 793.33 977.33 194.67 
25 210 70 790.67 974.33 194.67 
30 196 84 788.67 972.67 194.67 
35 182 98 786 970.67 194.67 

 
Experiment Result 
 

Experimental sample number is prepared in 
accordance with standard “TCVN 3118:1993 
Concrete – Compression strength” [9]. 

Number of samples: 6 cube samples: 10 x 10 x 
10 (cm) to define compression strength Rn; 
Combined samples 7x6x3=126.  
 
Aggregate Design Result   
 

The selected compression strength value is the 
average values from 6 samples. Rn values at 3 days; 
7 days, 14 days and 28 days. Experimental results 
show that the CFG mixtures using fly ash from Nghi 
Son plant and other fly ash with replacing ratio of 
35% the adhesive objects still satisfy compression 
strength value Rn >10MPa, which are suitable to be 
used in CFG pile construction.  

 
Table 2. Compression Strength Rn values at 28 

days of fly ash from Nghi Son plant. 
  
F/ 
C 

Ri at 28th day (MPa) 
Rntb6 

Rn1 Rn2 Rn3 Rn4 Rn5 Rn6 
0% 15.5 15.7 15.8 15.6 15.9 15.7 15.7 

10% 14.6 14.8 14.7 14.8 14.9 14.7 14.7 
15% 13.2 13 13.1 13.2 13 13.2 13.1 
20% 11.7 11.6 11.5 11.6 12 12 11.7 
25% 10.9 10.8 10.6 10.7 10.8 10.9 10.8 
30% 10.6 10.7 10.8 10.6 10.7 10.5 10.7 
35% 10.6 10.7 10.5 10.8 10.5 10.6 10.6 
 

Hence, from selected materials (PC40 But Son 
cement, Red River black sand, fly ash from Pha Lai,  
Nghi Son thermal power plants, and Ninh Binh 
introgenous fertilizer plant; gravel and water), 
authors aim to figure out optimal aggregate ratio, 
ensuring cost effectiveness in manufacturing CFG 
pile production for foundation treatment in 
construction works.  
 

EXPERIMENT ON SITE CFG PILE 
CONSTRUCTION  
   
Experimental Site and Geological conditions 
 

Experimental site is at the Experiment Site 
within the National University of Civil Engineering 
at Ha Nam province. 

Using approved geological parameters [10], in 
accordance with the geological survey report 
LKBS02, surveyed depth at 15m with geological 
layers: Soil covering layer: Pond and field mud, 
brown gray and dark gray (1). 0.5m thickness; 
Mixed clay layer with organic soil, gray-brown and 
soft clay (2) 3.9m thickness; Mixed clay layer with 
fine sand bed brown gray, dark gray, soft clay (3) 
7,3m thickness; Mixed sand layer, brown gray, dark 
gray and soft clay (3) thickness covering the rest of 
surveyed height. Use of data of physical properties 
of soil layers follows its appendix. Depth of 
underground water: 0.00m. 

Density of embankment material: 1.8 T/m3 
(compacted black sand embankment with K85). 
 
Technical Scale of Experiment 
 

Section 1: Design with different load capacity, 
each 20m section with pile arrangement as shown in 
the photo, pile diameter 0.5m, lenght 12m, pile cap 
diameter 1.1m with distance between piles 3m, 
average embankment height 4m. 

 Section 2: Design with larger load capability of 
section 1 with length of 15m for the works to be 
used as container warehouse, foundation for low-rise 
buildings (5 storeys and below), pile diameter 0.5m 
and length 12.0m, pile cap diameter 1.1m with 
distance between piles of 2m and average 
embankment height 4m. 

 

 
 
Fig. 2 ½ Section 1 experiment embankment cross-
section 
 
Construction Technique  
 
Construction Materials 
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CFG pile material: gravel 1x2, from Ha Nam 
quarry, Red River black sand, Nghi Son thermo 
electricity plant fly ash and But Son PC40 cement;  

Pile cap cushion material: Aggregate gravel type 
2 from Ha Nam quarry; Geotextile with tensile 
strength 50kN/m. Embankment material: Red River 
black sand γ = 1.8 T/m3. Other materials: Gene 
tubes; Settlement plate. 
 
CFG Pile Aggregate Construction  
 

The design parameters of CFG piles are results 
of survey with fly ash/adhesive ratio (Fly-
ash/cement) with replacing fly ash content ratio of 
25%, Water/cement ratio is 0.65 
 
Table 3. Selected aggregate for CFG pile 
construction  
 
F/C 
(%) 

Cement 
(Kg) 

Fly ash 
(Kg) 

Sand 
(Kg) 

Stone 
(Kg) 

Water 
(Liter) 

25 210 70 790.67 974.33 194.67 
 
CFG Pile Construction Technique 
 

 
 
Fig. 3  CFG pile construction process 
 

 
 
Fig. 4  Pile site after construction 
 
Based on the geological survey results, authors 
decided to select the mini drilling stuffing technique 
to conduct construction and form piles according to 
the design. 

Installation of measuring equipment 
 

Authors arranged 6 soil pressure cells with 
2.0MPa cell at pile cap, 0.2 MPa at soil between 
pipe cap. Cell position as show as diagram below. 

 

 
 

Fig. 5 Soil Pressure Cell diagram at 2m pile distance 

 
Fig. 6 Soil Pressure Cell diagram at 3m pile distance 
 
ANALYSIS OF EXPERIMENT RESULT  
 
Settlement Monitoring Result by Settlement Plate 
  

Settlement monitoring result is shown in the 
below tables: 
  
Table 4. Settlement monitoring results at 2m pile 
distance position   

Plate 
Settlement Value by Day (cm) 

Day 
1 

Day  
3 

Day  
5 

Day  
10 

Day  
30 

Day  
60 

#1 1.7 2.3 2.3 2.3 2.4 2.4 
#2 5.2 6.3 6.4 6.5 6.5 6.5 

Findings: 
Foundation is completely stable, settlement 

measurement results show the settlement value at 
soil between piles is higher than the one on pipe. 
Settlement measurement results at 3m pile distance 
is higher than the ones at the 2m pile distance.  

Settlement values of soil between piles are small 
at beginning and gradually increasing. After the 3rd 
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days, the values become stable, reaching maximum 
at 9.2cm. 

 

 
 
Fig. 7 Settlement measurement results at 2m pile 
distance position 
  
Table 5. Settlement measurement results at 3m pile 
distance position 
  

Plate 
Settlement Value by Day (cm) 

Day  
1 

Day   
3 

Day  
5 

Day  
10 

Day  
30 

Day   
60 

#3 2.2 3.2 3.2 3.3 3.4 3.5 

#4 6.2 8.8 8.9 9.0 9.1 9.2 

 

 
Fig. 8 Settlement mesurement results at 3m pile 
distance position   
 
Pressure Measurement Results at Pile Cap and 
Soil between Piles 
 

Pressure measurement results at pile cap and soil 
between piles as show in table 6: 
 
Table 6. Pressure measurement results at pile cap 
and soil between piles at 2m distance   
 

Cell 
Pressure value (MPa) 

CP CP CP Day 1 Day 3 
142945 0.028 0.042 0.077 0.108 0.119 
142921 0.022 0.033 0.061 0.054 0.058 
142948 0.015 0.019 0.03 0.027 0.029 

Cell 
Pressure value (MPa) 

Day 5 Day 
10 

Day 
30 Day 60 / 

142945 0.13 0.141 0.143 0.144 / 
142921 0.053 0.05 0.048 0.049 / 
142948 0.028 0.027 0.026 0.026 / 
Cons.Process (CP) 

 
Pressure measurement values on soil and soil 

between piles show that the value didn’t vary clearly 
at the beginning of construction process until the 
embankment reached height of 4m where the values 
vary significantly and pressure of load gradually 
shift to piles through pile cap cushion layer. The 
maximum value at pile cap is 0.143MPa, minimum 
value at soil between 4 piles is 0.026MPa. 
Foundation works on principle of combination and 
on vertical then pressure also varies and gradually 
stable. 

 

 
Fig. 9 Soil pressure results at 2m pile distance 
position 
 
Table 7. Pressure measurement results at pile cap 
and soil between piles at 3m distance  
  

Cell 
Pressure value (MPa) 

CP CP CP Day 
1 

Day 
3 

534082 0.016 0.039 0.069 0.097 0.107 
142970 0.024 0.049 0.066 0.067 0.068 
142956 0.017 0.036 0.071 0.074 0.077 

Cell 
Pressure value (MPa) 

Day 
5 

Day 
10 

Day 
30 

Day 
60 / 

534082 0.119 0.131 0.136 0.137 / 
142970 0.066 0.064 0.062 0.064 / 
142956 0.075 0.072 0.07 0.07 / 

Cons.Process (CP) 
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Fig. 10 Soil pressure results at 3m pile distance 
position 
 
CONCLUSION AND SUGGESTIONS  
 
Conclusion 
 

Through experiment in room and on site the soft 
foundation treatment by CFG pile with different 
distance between piles, the following findings have 
been gained: 

1) Authors designed CFG mixtures using fly ash 
from 3 different sources, experiment results show 
the fly ash ratio in the mixture between 20%~35% 
then adhesive can assure quality for CFG to 
contribute to the consumption of fly ash emissions 
from thermal power plants.  

2) CFG pile is the low-strength concrete 
C10~C15 with the designed pile distance of 
2.0m~3.0m equal to 4d~6d, combining with the pile 
cap covering 12%~27% pile working area then the 
method can handle soft foundation with high 
stability at small settlement value. 

3) Soft foundation treatment method with CFG 
pile brings economic-technical efficiency and easy 
control in quality as well as help contribute to 
consumption large amount of fly ash and this 
method should continue researching and evaluating 
in the coming time.  
 
Recommendations 
 

The following recommendations are raised 
during experiments: 

Foundation treatment with CFG pile for 
construction works can be popularly deployed in 
Mekong Delta region where thermal power plants 
with a high amount of fly ash emission exist. The 
treatment method should be piloted in the region 
before application. 

With the advantages of low cost and easy quality 
control comparing with normal ballast piles, it is 
suggested that standards for design and construction 
of foundation treatment with CFG pile should be 
developed to serve as a basis for mass infrastructure 
construction in Vietnam.  
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ABSTRACT 

 
Gabion structure is a set of stacked prefabricated cages filled with rocks. Theses gabion cages are made of 

prefabricated steel wire, polypropylene or polyethylene or nylon. Rearranging theses gabion cages mainly follows 
the suppliers’ guidelines or governmental design drawings. Designing this gabion structure, at a minimal, must 
satisfy many design criteria in passing external stability in sliding, overturning or eccentricity, and bearing capacity. 
Good gabion design should also balance the toe bearing stress and heel bearing stress. By nature of this multi 
criteria objectives in designing this gabion structure, this paper proposes a goal programing. Mixed integer 
optimization model is also combined with goal programing to set optimization models in designing gabion 
structures. A 3-meter gabion retaining wall is used to compare the design of using the proposed optimization 
approach with the design provided by an available online supplier guideline. The finding of this paper shows that 
using goal programming techniques that is multicriteria in nature gives better optimum results in designing gabion 
structure than using only optimization technique with only one objective. 
 
Keywords: Gabion, Goal programming, Multi criteria decision making, Retaining wall 
 
 
INTRODUCTION 

 
Gabion 
 

Gabions are cages made of hexagonal mesh fabric 
or steel wire mesh. These cages or boxed are widely 
used in construction works as a retaining structure, an 
erosion protection, coastal protection, pipe protection, 
and other usages such as Araki & Hirakawa, 2019 [1] . 
As a gravity retaining structure, this gabion retaining 
structure uses its self-weight to resist the lateral earth 
pressure behind it and also support vertical surcharge 
resting on top of the gabion structure.  

The gabion cages typically are 2 meters long, 1 
meter wide, and 1 meter high as shown in Fig 1. 
ASTM A975 [2] provides gabion sizes with 1 meter 
in width, varying lengths of 2, 3, 4 meters, and 
varying heights of 1, 0.5, 0.3 meters. BS8002 [3] also 
gives gabion shapes in 0.5 meter box in lengths of 2 
m to 6 m, 1 m to 2 m widths and  0.3 m, 0.5 m and 1 
m in depths.  

     
 
Fig. 1 Gabion (left) and Revet Mattress (Right), 
ASTM A975-97 [2] 
 
Gabion Structures 
 

Arranging different sizes of gabions can facilitate 
the design of gabion wall. The gabion wall can be 
shaped in front slope, rear slope, or trapezoidal shape 
as shown in Fig.2. Flexibility in gabion shapes and 
sizes leave a room to utilized optimization techniques 
in setting gabion wall. 

 

                 
 
    Front Slope          Rear Slope    Trapezoidal  
 
Fig. 2. Gabion Wall Shapes, BS8002 [3] 
 
Designing Gabion Structures 

 
Designing gabion structure as a gravity wall as 

shown in Fig. 2 needs to meet external stability in 
sliding, bearing, and overturning. There is no need in 
internal stability checking except using gabion as a 
facing unit and combined with other reinforcements. 
The reinforcement can be geogrid or even anchors as 
shown in Fig. 3. Global stability checking is also 
omitted since the global stability depends on the 
actual site location and the global stability can be 
checked either using limit equilibrium method (LEM) 
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or finite different method (FEM) by using softwares. 
 

   
Fig. 3 Gabion Facing with Geogrid Reinfocement 
(left), FHWA-NHI-10024 [4] Compared with 
Traditional Gabion Gravity Wall (right) [FHWA-
SA-96-038 [5] 
 
Optimization Techniques used in Designing 
Gabion Structures 
 

Hence, designing a gabion structure is a 
constrained optimization problem by nature since the 
design needs to be the most economical as possible 
while needs to satisfy all stability constraints.  

Also designing gabion structure faces many 
mutiticriteria by nature as aforementioned. Of course, 
the first objective is the design the most economically. 
Another objective, for example, is to equalize the 
vertical stress at toe and the vertical stress at heel of 
the gabion structure as recommended by 
Environmesh 2007 [6].  

Some papers apply optimization techniques in 
designing retaining walls such as Saribas 1996 [7] 
that uses nonlinear optimization model in designing 
reinforced concrete-cantilever retaining walls.  
Basudhar 2008 [8] applies nonlinear cost 
optimization model in designing mechanically 
stabilized earth (MSE) walls by using Sequential 
Unconstrained Minimization Technique (SUMT) 
instead of directly solving nonlinear optimization 
model which may not give the exact solution. 
However, there is no paper directly using 
optimization technique in designing gabion wall.  

This paper proposes mixed integer nonlinear 
programming combined with goal programing 
approach to solve gabion design problem which is a 
multicriteria problem in nature.   
 
DESIGN EXAMPLE 
 

Environmesh, 2007 [6] gives a design example of 
3.1 gabion wall with a total cross section of 3.87 m2 
as shown in Fig. 4.  
 

 
Fig. 4. Dimension of Gabion Structure from 
Environmesh Designed Example  [Enviromesh, 
2007]) 
 
Design Parameters 
 

From Environmesh [6] example, the design 
parameters are as follows.  

 
Geometry 
Slope Wall height, H = 3.1 m where 𝒚𝒚𝟏𝟏 = 1.0 meter, 
𝒚𝒚𝟐𝟐 = 𝒚𝒚𝟑𝟑 = 𝒚𝒚𝟒𝟒 = 0.7 meter and 𝒃𝒃𝒘𝒘 = 1.7 meter, 𝒃𝒃𝟐𝟐 = 
1.4 meter, 𝒃𝒃𝟑𝟑 = 1.0 meter, 𝒃𝒃𝟒𝟒 = 0.7 meter. 
Slope angle of the retained soil, 𝜺𝜺, is 15 degree.  
Wall inclination, 𝜶𝜶, is 10 degree. 
 
Materials 
Soil friction angle, φ, is 28 degree.  
Soil density, 𝜸𝜸 = 19 kN/m3. 
Gabion density, 𝜸𝜸𝒈𝒈= 16 kN/m3. 
Foundation soil density,  𝜸𝜸𝒇𝒇= 19 kN/m3. 
Foundation soil internal friction angle, ∅𝒇𝒇, is 30 
degree.  
Bearing capacity parameters,  
𝑵𝑵𝒒𝒒 = 𝒆𝒆𝝅𝝅𝝅𝝅𝝅𝝅𝝅𝝅∅𝝅𝝅𝝅𝝅𝝅𝝅𝟐𝟐(𝟒𝟒𝟒𝟒 + ∅/𝟐𝟐) = 18.4      (1.1) 
𝑵𝑵𝒄𝒄 = 𝒄𝒄𝒄𝒄𝝅𝝅∅(𝑵𝑵𝒒𝒒 − 𝟏𝟏) = 30.1         (1.2) 
𝑵𝑵𝜸𝜸 = �𝑵𝑵𝒒𝒒 − 𝟏𝟏�𝝅𝝅𝝅𝝅𝝅𝝅𝟏𝟏.𝟒𝟒∅ = 15        (1.3) 
 
Loading 
Surcharge, P0 = 10 kN/m2.  
 
Earth Pressure  
 

 
Fig. 5. Coulomb Active Earth Pressure 
Environmesh, 2007[6] 
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Fig. 6. dh and bv, Environmesh, 2007 [6]  
 
Inclination angle to vertical plane, 𝜷𝜷, is 94.46 
degree.  
Retained Wall friction reduction by geotextile, δ, is 
28 degree where δ = φ if no geo-textile or 0.9φ with 
geotextile.  
Active earth pressure coefficientม Bowles [9]), Ka = 
0.364 from 
𝑲𝑲𝝅𝝅 = 𝒔𝒔𝒔𝒔𝝅𝝅𝟐𝟐(𝜷𝜷+𝝓𝝓)

𝒔𝒔𝒔𝒔𝝅𝝅𝟐𝟐𝜷𝜷𝐬𝐬𝐬𝐬𝐬𝐬 (𝜷𝜷−𝜹𝜹)�𝟏𝟏+�𝐬𝐬𝐬𝐬𝐬𝐬 (𝝓𝝓+𝜹𝜹)𝐬𝐬𝐬𝐬𝐬𝐬 (𝝓𝝓−𝜺𝜺)
𝐬𝐬𝐬𝐬𝐬𝐬 (𝜷𝜷−𝜹𝜹)𝐬𝐬𝐬𝐬𝐬𝐬 (𝜷𝜷+𝜺𝜺)�

      (2.1) 

The triangular pressure acting on the wall, Pa = 43.4 
kN  
𝑷𝑷𝝅𝝅 = 𝟎𝟎.𝟒𝟒𝑲𝑲𝝅𝝅𝜸𝜸𝑯𝑯𝟐𝟐 + 𝑷𝑷𝟎𝟎𝑲𝑲𝝅𝝅𝑯𝑯.             (2.2) 
Horizontal component Ph = 39.8 kN, as shown in 
Fig. 5.      
𝑷𝑷𝒉𝒉 = 𝑷𝑷𝝅𝝅𝐜𝐜𝐜𝐜𝐬𝐬 (𝟗𝟗𝟎𝟎 − 𝜷𝜷 + 𝜹𝜹)   
     (2.3) 
Vertical component Pv = 17.3 kN from 
 𝑷𝑷𝒗𝒗 = 𝑷𝑷𝝅𝝅𝐬𝐬𝐬𝐬𝐬𝐬(𝟗𝟗𝟎𝟎 − 𝜷𝜷 + 𝜹𝜹).          (2.4) 
 
Variables 
Vertical distance to Pa, dh = 0.852 meter. From 
 𝒅𝒅𝒉𝒉 = 𝑯𝑯/𝟑𝟑(𝑯𝑯 + 𝟑𝟑𝑷𝑷𝟎𝟎/𝜸𝜸)/(𝑯𝑯 + 𝟐𝟐𝑷𝑷𝟎𝟎/𝜸𝜸) − 𝒃𝒃𝒘𝒘𝒔𝒔𝒔𝒔𝝅𝝅𝜶𝜶 
𝒅𝒅𝒉𝒉 = 𝒅𝒅𝒉𝒉′ − 𝒃𝒃𝒘𝒘𝒔𝒔𝒔𝒔𝝅𝝅𝜶𝜶       (3.1) 
 as shown in figure 4. This is from moment 
equivalent, ((𝟏𝟏/𝟐𝟐)𝜸𝜸𝒔𝒔𝑯𝑯+ 𝑷𝑷𝟎𝟎)𝒅𝒅𝒉𝒉′ = (𝟏𝟏/𝟐𝟐)𝜸𝜸𝒔𝒔𝑯𝑯(𝑯𝑯/
𝟑𝟑) + 𝑷𝑷𝟎𝟎(𝑯𝑯/𝟐𝟐).  
Horizontal distance from toe to Pa, 𝒃𝒃𝒗𝒗 = 1.741 meter 
as shown in Fig. 4. 
𝒃𝒃𝒗𝒗 = 𝒃𝒃𝒘𝒘𝒄𝒄𝒄𝒄𝒔𝒔𝜶𝜶 − 𝒅𝒅𝒉𝒉/𝝅𝝅𝝅𝝅𝝅𝝅𝜷𝜷   
     (3.2) 
Horizontal distance to 𝑾𝑾𝒈𝒈 as shown in Fig. 6. 
 𝑿𝑿𝒈𝒈 = 𝒙𝒙𝒈𝒈𝒄𝒄𝒄𝒄𝒔𝒔𝜶𝜶+ 𝒚𝒚𝒈𝒈𝒔𝒔𝒔𝒔𝝅𝝅𝜶𝜶     
     (3.3) 
Resisting moment, 
 𝑴𝑴𝒓𝒓 = 𝑷𝑷𝒗𝒗𝒃𝒃𝒗𝒗 + 𝑾𝑾𝒈𝒈𝑿𝑿𝒈𝒈.       (3.4) 
Overturning moment, 
 𝑴𝑴𝒄𝒄 = 𝑷𝑷𝒉𝒉𝒅𝒅𝒉𝒉.              (3.5) 
Safety factor against overturning, 
𝑭𝑭𝑭𝑭𝑶𝑶 = 𝑴𝑴𝒓𝒓/𝑴𝑴𝑶𝑶.        (3.6) 
Normal Force on plane of sliding 
𝑵𝑵 = 𝑾𝑾𝒈𝒈 + 𝑷𝑷𝒗𝒗.        (3.7) 
Tangential Forces, 
𝑻𝑻 = 𝑷𝑷𝒉𝒉.         (3.8) 
Sliding resistance 

𝑭𝑭𝒓𝒓 = (𝑵𝑵𝒄𝒄𝒄𝒄𝒔𝒔𝜶𝜶 + 𝑻𝑻𝒔𝒔𝒔𝒔𝝅𝝅𝜶𝜶)𝝅𝝅𝝅𝝅𝝅𝝅𝝓𝝓.      (3.9) 
Driving force, 
𝑭𝑭𝒅𝒅 = 𝑻𝑻𝒄𝒄𝒄𝒄𝒔𝒔𝜶𝜶 −𝑵𝑵𝒔𝒔𝒔𝒔𝝅𝝅𝜶𝜶.     (3.10) 
Safety factor against sliding, 
 𝑭𝑭𝑭𝑭𝒔𝒔 = 𝑭𝑭𝒅𝒅/𝑭𝑭𝒓𝒓.      (3.11) 
Reaction eccentricity, 
 𝒆𝒆 = 𝒃𝒃𝒘𝒘

𝟐𝟐
− 𝑴𝑴𝒓𝒓−𝑴𝑴𝒄𝒄

𝑵𝑵
.      (3.12) 

e is a free variable which is unrestricted in sign. 
Note that negative eccentricity causes reverse 
overturning to the back side (earth filled) of the wall. 
Vertical stress at toe, 
𝝈𝝈𝝅𝝅 = 𝑵𝑵

𝒃𝒃𝒘𝒘
�𝟏𝟏 + 𝟔𝟔𝒆𝒆

𝒃𝒃𝒘𝒘
�      (3.13) 

where vertical stress at heel,  
𝝈𝝈𝒉𝒉 = 𝑵𝑵

𝒃𝒃𝒘𝒘
�𝟏𝟏 − 𝟔𝟔𝒆𝒆

𝒃𝒃𝒘𝒘
� .      (3.14) 

Allowable soil bearing stress,  
𝒒𝒒𝝅𝝅 = 𝑷𝑷𝟎𝟎𝑵𝑵𝒒𝒒 + 𝟎𝟎.𝟒𝟒𝜸𝜸𝒔𝒔𝒃𝒃𝒘𝒘𝑵𝑵𝜸𝜸.  
   (3.15) 
Safety factor against bearing, 
𝑭𝑭𝒃𝒃 = 𝝈𝝈𝝅𝝅/𝒒𝒒𝝅𝝅.    
   (3.16) 
 
Design Output 
 

In fact, Environmesh [6] provides two 
approaches in designing gabion systems. One is 
called “gabion 27 system”. Another is called “gabion 
39 system”. For this 3-meter height gabion structure 
example. The 27 system has 4 layers and the 39 
system has 3 layers. In fact, the gabion 27 system with 
4 layers is already illustrated in the calculation 
previously. The output for these two systems is 
compared and later shown in table 1. 
 
OPTIMIUZATION MODELS 

 
Optimization techniques are applied here. Three 

model are proposed. The first model is a mixed 
integer nonlinear programming (MINP) model. The 
other two are goal programming models. One is 
preemptive goal programming model and another is 
weighted goal programming model. The design 
parameters for the three models are as follows: 
 
Design Parameters  
 
Geometry Constants and Soil Parameters 

 
Environmesh [6] design example is borrowed 

here. The example is a 3.1 meter gabion structure. 
The following constants are used here. 
Slope angle of the retained soil, 𝜺𝜺, is 15 degree.  
Inclination angle to vertical plane, 𝜷𝜷, is 94.46 
degree.  
Soil cohesion, c is 0 kPa. 
Soil friction angle, φ, is 28 degree.  
Soil density, 𝜸𝜸 = 19 kN/m3. 
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Retained Wall friction reduction by geotextile, δ, is 
28 degree. 
Wall inclination, 𝜶𝜶, is 10 degree. 
Surcharge, P0 = 10 kN/m2.  
Instead of using original Environmesh example with 
4 layers gabion as mentioned before, this model uses 
6 gabion layers with 𝒚𝒚𝟏𝟏 = 𝒚𝒚𝟐𝟐 = 𝒚𝒚𝟑𝟑 = 𝒚𝒚𝟒𝟒 = 𝒚𝒚𝟒𝟒 = 𝒚𝒚𝟔𝟔 
= 0.5 meter 
 
Calculated Constants 
 
Active earth pressure coefficient, Ka = 0.364. 
The triangular pressure acting on the wall, Pa = 43.4 
kN. 
Horizontal component Ph = 39.8 kN. 
Vertical component Pv = 17.3 kN.  
Bearing capacity parameters, 𝑵𝑵𝒒𝒒= 18.4, 𝑵𝑵𝒄𝒄 = 30.1, 
𝑵𝑵𝜸𝜸= 15. 
Vertical centroid 
𝒚𝒚𝒚𝒚𝟏𝟏 = 𝒚𝒚𝟏𝟏/𝟐𝟐 = 0.25,         (4.1)  
𝒚𝒚𝒚𝒚𝟐𝟐 = 𝒚𝒚𝟏𝟏 + 𝒚𝒚𝟐𝟐/𝟐𝟐 = 0.75        (4.2) 
𝒚𝒚𝒚𝒚𝟑𝟑 = 𝒚𝒚𝟏𝟏 + 𝒚𝒚𝟐𝟐 + 𝒚𝒚𝟑𝟑/𝟐𝟐 = 1.25       (4.3) 
𝒚𝒚𝒚𝒚𝟒𝟒 = 𝒚𝒚𝟏𝟏 + 𝒚𝒚𝟐𝟐 + 𝒚𝒚𝟑𝟑 + 𝒚𝒚𝟒𝟒/𝟐𝟐 = 1.75 
      (4.4) 
𝒚𝒚𝒚𝒚𝟒𝟒 = 𝒚𝒚𝟏𝟏 + 𝒚𝒚𝟐𝟐 + 𝒚𝒚𝟑𝟑 + 𝒚𝒚𝟒𝟒 + 𝒚𝒚𝟒𝟒/𝟐𝟐 = 2.25      (4.5) 
𝒚𝒚𝒚𝒚𝟔𝟔 = 𝒚𝒚𝟏𝟏 + 𝒚𝒚𝟐𝟐 + 𝒚𝒚𝟑𝟑 + 𝒚𝒚𝟒𝟒 + 𝒚𝒚𝟒𝟒 + 𝒚𝒚𝟔𝟔/𝟐𝟐 = 2.75   
(4.6) 

 
Mixed Integer Nonlinear Programing 
 

Mixed integer nonlinear programming (MINP) 
model minimizes the minimum gabion weight while 
satisfying the external stability constraints in sliding, 
overturning, and bearing stability. This is done by 
adjusting the decision variables  
 
Objective Function 
 

Min 𝑊𝑊𝑔𝑔             (O 1: MIP) 
 
 
Decision Variables 
 
The decision variables are as follows: 
 
𝒃𝒃𝒘𝒘: gabion width (m) at the base layer 
𝒃𝒃𝒔𝒔 : gabion width (m) at layer i, i = 2, 3, 4, 5, 6 
𝒙𝒙𝑭𝑭𝒔𝒔: offset (m) of gabion at the front at layer i, i = 2, 
3, 4, 5, 6 
𝒙𝒙𝑩𝑩𝒔𝒔: offset (m) of gabion at the back at layer i, i = 2, 
3, 4, 5, 6 
𝒔𝒔𝒘𝒘: positive integer variable of gabion wall width at 
the base. 
𝒔𝒔𝒔𝒔: positive integer variable of gabion wall width at 
layer i, i = 2, 3, 4, 5, 6 
 
Constraints  

 
Width Constraint Group 
𝒃𝒃𝟐𝟐 = 𝒃𝒃𝒘𝒘 − 𝒙𝒙𝟐𝟐𝑭𝑭 − 𝒙𝒙𝟐𝟐𝑩𝑩    (C 1.1: layer 2) 
𝒃𝒃𝟑𝟑 = 𝒃𝒃𝟐𝟐 − 𝒙𝒙𝟑𝟑𝑭𝑭 − 𝒙𝒙𝟑𝟑𝑩𝑩   (C 1.2: layer 3) 
𝒃𝒃𝟒𝟒 = 𝒃𝒃𝟑𝟑 − 𝒙𝒙𝟒𝟒𝑭𝑭 − 𝒙𝒙𝟒𝟒𝑩𝑩   (C 1.3: layer 4) 
𝒃𝒃𝟒𝟒 = 𝒃𝒃𝟒𝟒 − 𝒙𝒙𝟒𝟒𝑭𝑭 − 𝒙𝒙𝟒𝟒𝑩𝑩   (C 1.4: layer 5) 
𝒃𝒃𝟔𝟔 = 𝒃𝒃𝟒𝟒 − 𝒙𝒙𝟔𝟔𝑭𝑭 − 𝒙𝒙𝟔𝟔𝑩𝑩  (C 1.5: layer 6) 
 
Integer Width Group 
𝒃𝒃𝒘𝒘 = 𝟎𝟎.𝟒𝟒𝒔𝒔𝒘𝒘              (C 2.1: 
base width) 
𝒃𝒃𝟐𝟐 = 𝟎𝟎.𝟒𝟒𝒔𝒔𝟐𝟐          (C 2.2: layer 
2 width) 
𝒃𝒃𝟑𝟑 = 𝟎𝟎.𝟒𝟒𝒔𝒔𝟑𝟑          (C 2.3: layer 
3 width) 
𝒃𝒃𝟒𝟒 = 𝟎𝟎.𝟒𝟒𝒔𝒔𝟒𝟒          (C 2.4: layer 
4 width) 
𝒃𝒃𝟒𝟒 = 𝟎𝟎.𝟒𝟒𝒔𝒔𝟒𝟒           (C 2.5: 
layer5 width) 
𝒃𝒃𝟔𝟔 = 𝟎𝟎.𝟒𝟒𝒔𝒔𝟔𝟔           (C 2.6: 
layer6 width) 
 
Non-negativity Integer Width Group 
𝒃𝒃𝒘𝒘 ≥ 𝟏𝟏, 𝒃𝒃𝟐𝟐 ≥ 𝟏𝟏, 𝒃𝒃𝟑𝟑 ≥ 𝟏𝟏, 𝒃𝒃𝟒𝟒 ≥ 𝟏𝟏, 𝒃𝒃𝟒𝟒 ≥ 𝟏𝟏, 𝒃𝒃𝟔𝟔 ≥ 𝟏𝟏   
              (C 3.1 - 3.6: integer width) 
 
Weight Constraint 
𝑾𝑾𝒈𝒈 = 𝜸𝜸𝒈𝒈(𝒚𝒚𝟏𝟏𝒃𝒃𝒘𝒘 + 𝒚𝒚𝟐𝟐𝒃𝒃𝟐𝟐 + 𝒚𝒚𝟑𝟑𝒃𝒃𝟑𝟑 + 𝒚𝒚𝟒𝟒𝒃𝒃𝟒𝟒 + 𝒚𝒚𝟒𝟒𝒃𝒃𝟒𝟒 +
𝒚𝒚𝟔𝟔𝒃𝒃𝟔𝟔)           (C 4: gabion weight) 
 
Horizontal Centroid Constraint Group 
𝒙𝒙𝒙𝒙𝟏𝟏 = 𝒃𝒃𝒘𝒘/𝟐𝟐             (C 5.1: base layer) 
𝒙𝒙𝒙𝒙𝟐𝟐 = 𝒙𝒙𝟐𝟐𝑭𝑭 + 𝒃𝒃𝟐𝟐/𝟐𝟐    (C 5.2: layer 2) 
𝒙𝒙𝒙𝒙𝟑𝟑 = 𝒙𝒙𝟐𝟐𝑭𝑭 + 𝒙𝒙𝟑𝟑𝑭𝑭 + 𝒃𝒃𝟑𝟑/𝟐𝟐     (C 5.3: layer 3) 
𝒙𝒙𝒙𝒙𝟒𝟒 = 𝒙𝒙𝟐𝟐𝑭𝑭 + 𝒙𝒙𝟑𝟑𝑭𝑭 + 𝒙𝒙𝟒𝟒𝑭𝑭 + 𝒃𝒃𝟒𝟒/𝟐𝟐    (C 5.4: layer 4) 
𝒙𝒙𝒙𝒙𝟒𝟒 = 𝒙𝒙𝟐𝟐𝑭𝑭 + 𝒙𝒙𝟑𝟑𝑭𝑭 + 𝒙𝒙𝟒𝟒𝑭𝑭 + 𝒙𝒙𝟒𝟒𝑭𝑭 + 𝒃𝒃𝟒𝟒/𝟐𝟐  
      (C 5.5: layer 5) 
𝒙𝒙𝒙𝒙𝟔𝟔 = 𝒙𝒙𝟐𝟐𝑭𝑭 + 𝒙𝒙𝟑𝟑𝑭𝑭 + 𝒙𝒙𝟒𝟒𝑭𝑭 + 𝒙𝒙𝟒𝟒𝑭𝑭 + 𝒙𝒙𝟔𝟔𝑭𝑭 + 𝒃𝒃𝟔𝟔/𝟐𝟐  
      (C 5.6: layer 6) 
 
Horizontal Moment Group 
𝒙𝒙𝒙𝒙𝒙𝒙𝟏𝟏 = 𝒚𝒚𝟏𝟏𝒃𝒃𝒘𝒘𝒙𝒙𝒙𝒙𝟏𝟏             (C 6.1: base layer) 
𝒙𝒙𝒙𝒙𝒙𝒙𝟐𝟐 = 𝒚𝒚𝟐𝟐𝒃𝒃𝟐𝟐𝒙𝒙𝒙𝒙𝟐𝟐      (C 
6.2: layer 2) 
𝒙𝒙𝒙𝒙𝒙𝒙𝟑𝟑 = 𝒚𝒚𝟑𝟑𝒃𝒃𝟑𝟑𝒙𝒙𝒙𝒙𝟑𝟑      (C 
6.3: layer 3) 
𝒙𝒙𝒙𝒙𝒙𝒙𝟒𝟒 = 𝒚𝒚𝟒𝟒𝒃𝒃𝟒𝟒𝒙𝒙𝒙𝒙𝟒𝟒      (C 
6.4: layer 4) 
𝒙𝒙𝒙𝒙𝒙𝒙𝟒𝟒 = 𝒚𝒚𝟒𝟒𝒃𝒃𝟒𝟒𝒙𝒙𝒙𝒙𝟒𝟒      (C 
6.5: layer 5) 
𝒙𝒙𝒙𝒙𝒙𝒙𝟔𝟔 = 𝒚𝒚𝟔𝟔𝒃𝒃𝟔𝟔𝒙𝒙𝒙𝒙𝟔𝟔      (C 
6.6: layer 6) 
 
Vertical Moment Group 
𝒚𝒚𝒚𝒚𝒙𝒙𝟏𝟏 = 𝒚𝒚𝟏𝟏𝒃𝒃𝒘𝒘𝒚𝒚𝒚𝒚𝟏𝟏              (C 7.1: base layer) 
𝒚𝒚𝒚𝒚𝒙𝒙𝟐𝟐 = 𝒚𝒚𝟐𝟐𝒃𝒃𝟐𝟐𝒚𝒚𝒚𝒚𝟐𝟐      (C 
7.2: layer 2) 
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𝒚𝒚𝒚𝒚𝒙𝒙𝟑𝟑 = 𝒚𝒚𝟑𝟑𝒃𝒃𝟑𝟑𝒚𝒚𝒚𝒚𝟑𝟑      (C 
7.3: layer 3) 
𝒚𝒚𝒚𝒚𝒙𝒙𝟒𝟒 = 𝒚𝒚𝟒𝟒𝒃𝒃𝟒𝟒𝒚𝒚𝒚𝒚𝟒𝟒      (C 
7.4: layer 4) 
𝒚𝒚𝒚𝒚𝒙𝒙𝟒𝟒 = 𝒚𝒚𝟒𝟒𝒃𝒃𝟒𝟒𝒚𝒚𝒚𝒚𝟒𝟒        (C 
7.5: layer 5) 
𝒚𝒚𝒚𝒚𝒙𝒙𝟔𝟔 = 𝒚𝒚𝟔𝟔𝒃𝒃𝟔𝟔𝒚𝒚𝒚𝒚𝟔𝟔      (C 
7.6: layer 6) 
 
Center of Gravity 

𝒙𝒙𝒈𝒈 = 𝒚𝒚𝟏𝟏𝒃𝒃𝟏𝟏𝒙𝒙𝒙𝒙𝟏𝟏+𝒚𝒚𝟐𝟐𝒃𝒃𝟐𝟐𝒙𝒙𝒙𝒙𝟐𝟐+𝒚𝒚𝟑𝟑𝒃𝒃𝟑𝟑𝒙𝒙𝒙𝒙𝟑𝟑+𝒚𝒚𝟒𝟒𝒃𝒃𝟒𝟒𝒙𝒙𝒙𝒙𝟒𝟒
𝒚𝒚𝟏𝟏𝒃𝒃𝒘𝒘+𝒚𝒚𝟐𝟐𝒃𝒃𝟐𝟐+𝒚𝒚𝟑𝟑𝒃𝒃𝟑𝟑+𝒚𝒚𝟒𝟒𝒃𝒃𝟒𝟒

  
              (C8.1: horizontal centroid) 

𝒚𝒚𝒈𝒈 = 𝒚𝒚𝟏𝟏𝒃𝒃𝟏𝟏𝒚𝒚𝒚𝒚𝒚𝒚𝒚𝒚𝟏𝟏+𝒚𝒚𝟐𝟐𝒃𝒃𝟐𝟐𝒚𝒚𝒚𝒚𝟐𝟐+𝒚𝒚𝟑𝟑𝒃𝒃𝟑𝟑𝒚𝒚𝒚𝒚𝟑𝟑+𝒚𝒚𝟒𝟒𝒃𝒃𝟒𝟒𝒚𝒚𝒚𝒚𝟒𝟒
𝒚𝒚𝟏𝟏𝒃𝒃𝒘𝒘+𝒚𝒚𝟐𝟐𝒃𝒃𝟐𝟐+𝒚𝒚𝟑𝟑𝒃𝒃𝟑𝟑+𝒚𝒚𝟒𝟒𝒃𝒃𝟒𝟒

  
      (C8.2: vertical centroid) 

𝒙𝒙𝒙𝒙𝒈𝒈 = 𝒙𝒙𝒈𝒈𝒄𝒄𝒄𝒄𝒔𝒔𝜺𝜺+ 𝒚𝒚𝒈𝒈𝒔𝒔𝒔𝒔𝝅𝝅𝜺𝜺 (C 8.3: centroid) 
 
Sliding Stability 
𝑵𝑵 = 𝑾𝑾𝒈𝒈 + 𝑷𝑷𝒗𝒗   (C 9.1: reaction) 
(𝑵𝑵𝒄𝒄𝒄𝒄𝒔𝒔𝜶𝜶+𝑷𝑷𝒉𝒉𝒔𝒔𝒔𝒔𝝅𝝅𝜶𝜶)𝝅𝝅𝝅𝝅𝝅𝝅𝝓𝝓

𝑷𝑷𝒉𝒉𝒄𝒄𝒄𝒄𝒔𝒔𝜶𝜶−𝑵𝑵𝒔𝒔𝒔𝒔𝝅𝝅𝜶𝜶
≥ 𝟏𝟏.𝟒𝟒   

        (C 9.2: sliding factor of safety) 
 
Overturning Stability 
𝒅𝒅𝒉𝒉 = 𝑯𝑯/𝟑𝟑(𝑯𝑯 + 𝟑𝟑𝑷𝑷𝟎𝟎/𝜸𝜸𝒔𝒔)/(𝑯𝑯+ 𝟐𝟐𝑷𝑷𝟎𝟎/𝜸𝜸𝒔𝒔)−
𝒃𝒃𝒘𝒘𝒔𝒔𝒔𝒔𝝅𝝅𝜶𝜶     
           (C 10.1: 𝒅𝒅𝒉𝒉) 
𝒃𝒃𝒗𝒗 = 𝒃𝒃𝒘𝒘𝒄𝒄𝒄𝒄𝒔𝒔𝜶𝜶 − 𝒅𝒅𝒉𝒉/𝝅𝝅𝝅𝝅𝝅𝝅𝜷𝜷          (C 
10.2: 𝒃𝒃𝒗𝒗) 
𝑴𝑴𝒓𝒓 = 𝑷𝑷𝒗𝒗𝒃𝒃𝒗𝒗 + 𝑾𝑾𝒈𝒈𝒙𝒙𝒙𝒙𝒈𝒈        (C 10.3: resisting 
moment) 
𝑴𝑴𝒄𝒄 = 𝑷𝑷𝒉𝒉𝒅𝒅𝒉𝒉        (C 10.4: overturning moment) 
𝑴𝑴𝒓𝒓/𝑴𝑴𝑶𝑶 ≥ 𝟐𝟐    (C 10.5: moment factor 
of safety) 
 
Eccentricity 
𝒆𝒆 = 𝒃𝒃𝒘𝒘

𝟐𝟐
− 𝑴𝑴𝒓𝒓−𝑴𝑴𝒄𝒄

𝑵𝑵
            (C 11.1: eccentricity) 

|𝒆𝒆| ≤ 𝒃𝒃𝒘𝒘/𝟔𝟔                (C 11.2: 
eccentricity limit)  
By replacing e which is a free variable with 𝒆𝒆+ and 
𝒆𝒆− which are positive variables by using the 
relationship 𝒆𝒆 = 𝒆𝒆+ − 𝒆𝒆−. 
This constraint is converted to 𝒆𝒆+ − 𝒆𝒆− ≤ 𝒃𝒃𝒘𝒘/𝟔𝟔 
Where 
𝑒𝑒+ : positive eccentricity. In this case, the wall will 
lean toward facing. 
𝑒𝑒− : negative eccentricity. In this case, the wall will 
lean toward the retained soil. 
 
Bearing 
𝝈𝝈𝝅𝝅 = 𝑵𝑵

𝒃𝒃𝒘𝒘
�𝟏𝟏 + 𝟔𝟔𝒆𝒆

𝒃𝒃𝒘𝒘
�       (C 12.1: vertical bearing at toe) 

𝒒𝒒𝝅𝝅 = 𝑷𝑷𝟎𝟎𝑵𝑵𝒒𝒒 + 𝟎𝟎.𝟒𝟒𝜸𝜸𝒔𝒔𝒃𝒃𝒘𝒘𝑵𝑵𝜸𝜸  
          (C 12.2: soil bearing capacity) 
𝝈𝝈𝝅𝝅/𝒒𝒒𝝅𝝅 ≥ 𝟐𝟐.𝟒𝟒    (C 12.3.: bearing factor of safety) 
 
Width/Height Ratio 
 

Suggested by Ortigo and Sayao, 2004 [10] 
that the base width should occupy about 0.4H to 
0.6H. Hence, b/H lower bound for all 6 layers is 
set at 0.4 in constraint 12.1 to 12.6 while the b/H 
upper bound is set at 0.6 in constraint 13. 
𝒃𝒃𝒘𝒘/𝑯𝑯 ≥ 𝟎𝟎.𝟒𝟒 , 𝒃𝒃𝟐𝟐

𝑯𝑯
≥ 𝟎𝟎, .𝟒𝟒 , 𝒃𝒃𝟑𝟑/𝑯𝑯 ≥ 𝟎𝟎.𝟒𝟒 , 𝒃𝒃𝟒𝟒/𝑯𝑯 ≥

𝟎𝟎.𝟒𝟒, 𝒃𝒃𝟒𝟒/𝑯𝑯 ≥ 𝟎𝟎.𝟒𝟒, 𝒃𝒃𝟔𝟔/𝑯𝑯 ≥ 𝟎𝟎.𝟒𝟒  
          (C 12.1 – 12.,6: minimum width) 

𝒃𝒃𝒘𝒘/𝑯𝑯 ≤ 𝟎𝟎.𝟔𝟔                  (C 13: maximum width) 
 
MINP solution 

 
By mainly adjusting the decision variables in 

gabion layer widths  𝑏𝑏𝑤𝑤, 𝑖𝑖𝑤𝑤, 𝑏𝑏𝑖𝑖, 𝑖𝑖𝑖𝑖, i = 2, 3, 4, 5, 6, the 
solution of this mixed integer nonlinear programming 
model 1 gives the minimum weight 𝑊𝑊𝑔𝑔∗ = 52 kN/m. 
The eccentricity 𝑒𝑒 = 0.242 meter as shown in table 1. 
 
Preemptive Goal Programming  
 

Preemptive goal programing is used in this model 
by sequential assign the two goals as shown below. 

 
Goal 1: minimum gabion weight, 𝑊𝑊𝑔𝑔 
Goal 2: minimum eccentricity, e 

 
The first preemptive goal is done by assigning the 

first objective function as: 
 
Min   𝑊𝑊𝑔𝑔                       (O 2.1: preemptive goal 1) 
 
The set of constraints is the same as in model 1. 
 

The solution of the first preemptive goal of 
model 3 gives the minimum weight 𝑊𝑊𝑔𝑔∗ = 48 kN/m 
where the eccentricity 𝑒𝑒 = 0.233 meter as shown in 
table 1. 

From this optimum solution in goal 1, the second 
preemptive goal is assigned with this second 
objective function. This second goal is trying to 
equalize the vertical stress at the toe to be the same as 
the vertical stress at the heel. In other words, this 
objective function is trying to minimize the 
eccentricity to be zero. Since the vertical stress at toe 
is 𝜎𝜎𝑡𝑡 = 𝑁𝑁

𝑏𝑏𝑤𝑤
�1 + 6𝑒𝑒

𝑏𝑏𝑤𝑤
� and the vertical stress at heel is 

𝜎𝜎ℎ = 𝑁𝑁
𝑏𝑏𝑤𝑤
�1 − 6𝑒𝑒

𝑏𝑏𝑤𝑤
� , Equalizing 𝜎𝜎𝑡𝑡 = 𝜎𝜎ℎ  implies that 

𝑒𝑒 = 0 .  This is done by adjusting the decision 
variables of the offsets 𝑥𝑥𝐹𝐹𝑖𝑖 and 𝑥𝑥𝐵𝐵𝑖𝑖 , i = 2, 3, 4, 5, 6 of 
the gabion layers. The second objective function is as 
follows. 
 
Min   𝑒𝑒+ − 𝑒𝑒−                 (O 2.2: preemptive goal 1) 
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Except one constraint is added to satisfy the first goal, 
the other constraints are the same as in model 1. The 
added constraint is as follows: 
 
𝑾𝑾𝒈𝒈 = 𝟒𝟒𝟒𝟒         (C 14: satisfying the first goal) 
 

The solution of the second goal of model 3, 
which is the optimum solution of this model, gives the 
minimum eccentricity 𝑒𝑒∗ = 0.002 meter which is less 
than the eccentricity in the previous first preemptive 
goal model at 𝑒𝑒 = 0.233 meter. Of course, the 
minimum weight 𝑊𝑊𝑔𝑔∗ = 48 kN/m which is the same as 
the previous first preemptive goal model since this 
minimum weight is enforced as a constraint in the 
second preemptive goal model. The detail of the 
solution is shown in table 1. 
 
Weighted Goal Programming  
 

Weighted goal programming is used in this model 
by assigning a set of weights to handle 2 objectives as 
follow. 

 
Goal 1: minimum gabion weight, 𝑊𝑊𝑔𝑔 
Goal 2: minimum eccentricity, e 

 
The weights assigned to the five goals are 2 to 

goal 1 and 1 to goal 2. The reason behind assigning 
such weights is largely based on the importance of 
each goal, Taylor, 2006 [11].  
 
Hence the objective function is: 
 
Min   2𝑊𝑊𝑔𝑔 + 𝑒𝑒+ + 𝑒𝑒−           (O 3: weighted goal) 
 
The set of constraint is the same as in model 1: 

 
The solution of the first preemptive goal of 

model 3 gives the minimum weight 𝑊𝑊𝑔𝑔∗ = 48 kN/m 
where the eccentricity 𝑒𝑒 = 0.233 meter as shown in 
table 1. 
 
COMPARISON OF THE MODELS 
 

The comparison of the all the designs are shown 
below. Note that although the MINP model, which 
tries to minimize that gabion weight, yields a lesser 
gabion weight than the original Environmesh 27 
system and 39 system, the MINP gives a larger value 
of eccentricity than the original Environmesh 27 
system and 39 system. The result from using MINP 
model does not follow the good suggestion in the 
design that tries to equalize vertical stress at the toe 
with the vertical stress at the heel by setting the 
eccentricity to be close to zero.   

The preemptive goal programing model which 
tries to combine the two goals in achieving the 

minimum weight and forcing eccentricity to be close 
to zero gives a better design result. This gives a lower 
gabion weight, as seen in column G-2 in table 1, also 
gains a lesser eccentricity at 0.002 m which is close 
to zero. 

The weighted goal programming model, which 
subjectively assigns the objective weights of 2 and 1 
to the first goal in minimum weight and the second 
goal in forcing eccentricity to be zero, also gain the 
same result as in using preemptive goal. 
 
Table 1 Comparison of the Designs 
 

Model 27 39 MINP G-1 G-2 G-3 
H, m 3.1 3 3 3 3 3 

Wg, kN 61.92 72 52 48 48 48 
e, m 0.086 0.172 0.242 0.233 0.002 0.25 
FSO 2.72 2.87 2.00 2.00 2.45 2.45 
FSS 1.87 1.83 1.60 1.52 1.52 1.52 
FSB 7.14 6.18 4.48 4.89 9.37 9.37 

Note: 
Column description 
27 – Environmesh 27 system design 
39 – Environmesh 39 system design 
MINP – Mixed integer nonlinear programing design 
G -1 – Preemptive goal programing, 1st goal: min Wg 
G-2 – preemptive goal programming, 2nd goal: min e 
G-3 – Weighted goal programing 
Row description 
H – Wall height in m 
Wg – Gabion Weight in kN/m 
e – Eccentricity in m 
FSO – Overturning Factor of Safety 
FSS – Sliding Factor of Safety 
FSB – Bearing Factor of Safety 
 

The calculation details including the widths and 
offsets of all the models are shown in table 2. 
 
Table 2 Calculation Details of the Designs 

 
Model 27 36 MINP G-1 G-2 G-3 
H, m 3.1 3 3 3 3 3 
α 10 6 10 10 10 10 
bw, m 1.7 2.0 1.5 1.5 1.5 1.5 
b2, m 1.4 1.5 1.5 1.5 1 1 
b3, m 1.0 1.0 1 1 1 1 
b4, m 0.7 - 1 1 1 1 
b5, m   1 0.5 1 1 
b6, m   0.5 0.5 1 0.5 
x2F, m 0 0 - - 0.5 0.5 
x2B, m 0.3 0.5 - - - 0 
x3F, m 0.4 0 0.066 0.145 - 0.006 
x3B, m 0 0.5 0.434 0.355 - 0.494 
x4F, m 0.3 - - - - - 
x4B, m 0 - - - - - 
x5F, m - - - 0.048 - - 
x5B, m - - - 0.452 - - 
x6F, m - - 0.007 - 0.5 0.5 
x6B, m - - 0.493 - - - 
Wg, kN 61.92 72 52 48 48 48 
e, m 0.086 0.172 0.242 0.233 0.002 0.25 
Mr,  96.4 101.9 70.3 67.0 82.0 82.0 
MO,  35.5 35.5 35.2 33.5 33.5 33.5 
FSO 2.72 2.87 2.00 2.00 2.45 2.45 
Fr, kN 49.4 53.3 43.4 40.7 40.7 40.7 
Fd, kN 26.4 29.1 27.0 26.7 26.7 26.7 
FSS 1.87 1.83 1.60 1.52 1.52 1.52 



GEOMATE – Melbourne, Australia, 11-13 November 2020 

279 
 

Qa, kN 437.1 481.7 407.3 407.3 407.3 407.3 
σt, kN 61.2 78.0 90.9 83.3 43.5 43.5 
FSB 7.14 6.18 4.48 4.89 9.37 9.37 

Note: table 2 uses the same column description and 
row description as those in table 1. 
 
CONCLUSIONS 
 

Although optimization techniques such as mixed 
integer nonlinear programming (MINP) is a good tool 
in helping the design in choosing the good 
combination of many decision variables. This MINP 
has a limit in achieving only one objective. In this 
case, goal programming is a good alternative in 
achieving more that one objectives. 

Also, many nonlinear programming problems 
does not guarantee the optimum exact solution but 
will give only the approximated solution that 
sometimes may not be a good solution. This can be 
seen in table 1 that although MINP can give a lesser 
weight than the original Environmesh 27 system and 
39 system but MINP model gives a larger eccentricity 
than the 27 system and 39 system. In table 1, 
preemptive goal programing gains a lesser weight and 
a lesser eccentricity than the MINP model.   

Note that the weighted goal model gives the 
same result as the preemptive goal model although 
the weights for the two goals are subjectively 
assigned as 2 and 1. Hence, there is a room for a futher 
work to investigate the effects of the weights assign 
to the design output.  

Also, this goal programming approach can be 
used in other geotechnical, especially other retaining 
wall structures, that needs yto achieve many 
objectives and design criteria at the same time. 
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ABSTRACT 

From the perspective of soil engineering, soil is uncertain and heterogeneous. Therefore, if an attempt is made 
to determine the soil classification of a soil without a precise test, for example, an engineer’s individual judgement 
is often involved in making the determination based on his/her own experiences. In relation to acquiring vast and 
varied knowledge which is easily influenced by individual experiences, the purpose of this research is to gather 
the know-how of engineers and to create a certain index for use in making on-site judgments that are likely to be 
more inclusive of various data than those of individual engineers. In order to expand the application of artificial 
intelligence (AI) in the field, the possibility of image recognition by artificial intelligence is shown through the 
use of machine learning. This paper discusses the potential of image recognition by artificial intelligence, using a 
machine learning technique called deep learning, for the purpose of expanding the cases which employ artificial 
intelligence. In this research, it is shown that artificial intelligence, along with deep learning, can be applied to soil 
classification determination by performing simple deep learning with a model using a neural network. 

Keywords: Soil classification, Machine learning, Neural network, Deep learning, Image recognition 

INTRODUCTION 

As an example of previous studies in geotechnical 
engineering and related fields, Ito [1], [2] prepared 
150 sample photographs for three types of soil, 
namely, organic soil, gravel-mixed sand, and silt-
mixed sand. As a result, it was shown that the rate of 
accuracy obtained by the model (the predictive value 
of the model against the real phenomenon) improved 
as the number of learning sessions was increased to 
30, 100, 300, and 1000 times. On the other hand, 
when the 150 sample photographs were converted to 
grayscale, the black organic soil became almost black 
and the features of the images were lost. This led to 
the problem of the black organic soil images being 
erroneously recognized as silt-blended sand with few 
features. In addition, in the research by Kiso-Jiban 
Consultants Co., Ltd. [3], an AI program using deep 
learning was developed for three types of rock images, 
namely, granite, andesite, and mudstone, taken with a 
digital camera instead of a high-precision camera, 
such as a single-lens reflex camera. As a result, the 
rate of accuracy of the AI program was 88% for a total 
of 100 rock images consisting of 60 granite, 20 
andesite, and 20 mudstone pieces. Furthermore, it 
was shown that the accuracy of this AI program 
determination exceeded that of geologists and soil 
engineers. 

In this study, it is verified that the model 
misrecognition caused by the loss of image features 
reported in Ito's study [1], [2] occurs even when 
another soil type is set as the discrimination target. In 

addition, although a digital camera was used in the 
research by Kiso-Jiban Consultants Co, Ltd. [3], we 
will examine here whether a smartphone with 
different features from a digital camera can be applied 
to an AI program. 

CONDUCT MODEL LEARNING 

The purpose of this research is to create the basis 
for a model to be used to make judgements on soil 
classification that can be utilized on a site-by-site 
basis. For this reason, the soils to be classified were 
divided into three types: clay (D50 = 0.008 mm), sand 
(D50 = 0.7 mm), and gravel (D50 = 4 mm) with the 
water content adjusted to 0 for simplicity. Clay, sand, 
and gravel, whose particle sizes were adjusted by 
conducting a sieving test, were put in a transparent 
plastic cup as shown in Figs. 1, 2, and 3, considering 
this practice as a difference from the previous studies 
[1], [2], [3]. The images were taken with a 
smartphone (iPhone 7) camera. Comparing the 
performances of the smartphone camera and the 
digital camera (FUJIFILM X-T4) released at the time 
of the experiment, the iPhone 7 has 12 million pixels 
and the digital camera has 26 million pixels. In 
addition, the size of the image sensor related to image 
noise (the larger the image, the more faithful the 
image to the subject) is 4.8 x 3.6 mm for the iPhone 7 
and 23.5 x 15.6 mm for the digital camera. It is seen 
that the photographs were shot indoors. As for the 
clay, 200 photographs were taken both with and 
without lighting (400 in total). As for the sand, 200 
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photographs were also taken with and without 
lighting (400 in total). As for the gravel, 100 

photographs were taken with and without lighting 
(200 in total). In order to see the influence of the 
difference in the amount of data on the learning 
results, only the gravel had a different amount of data. 
In order to secure the data variation, adjustments such 
as switching the presence or absence of lighting 
during shooting and adding vibration or rotation to 
the cup to change the appearance of the surface were 
added. Vibration was applied so that the arrangement 
of the particles on the sample surface would be 
completely different, and rotation was performed in 
90-degree units. These processes were combined to 
prevent the data from becoming uniform. This is 
because, even if a large number of identical images 
are copied and prepared, the effect of the learning 
model will be weak. 

Table 1 presents a list of prepared images. These 
1000 images were used as the learning data, and a 
total of 60 images of each randomly selected 20 
images were used as model accuracy verification data. 

In this research, the soil images were learned as a 
model using deep learning by the convolutional 
neural network and by the steepest descent method. 
At that time, each parameter was set as shown in 
Table 2. 

LEARNING RESULTS 

Figure 4 shows the transition of accuracy with 
respect to the number of learning sessions. The 
transition of the error is shown in Fig. 5. From these 
figures, it can be seen that the accuracy improves and 
the error decreases as the number of learning sessions 
increases. The error referred to here is the one defined 
by Eq. (4). Finally, an accuracy of about 86% was 
recorded for the image data for learning and about 
77% for the data for verification. Here, the accuracy 
is the rate at which the images of clay, sand, and 
gravel used for learning can be accurately identified. 
In other words, out of a total of 1000 learning data 
images, about 86% (about 860) of the images were 
correctly classified. 

In order to confirm whether the model can 

Fig. 1 Image of clay taken 

Fig. 2 Image of sand taken 

Fig. 3 Image of gravel taken 

Table 1 Types and numbers of images taken 

Clay Sand Gravel (Total) 
With lights 200 200 100 500 
Without lights 200 200 100 500 
(Total) 400 400 200 1000 

Table 2 Parameters used 

Learning coefficient 1e-06 
Batch size 20 
Number of learning 70 
Image size during learning (px) 56×56 
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correctly recognize the training data, Table 3 shows 
the judgment results for each soil type among the 
training data. The table shows how the model 
determined each soil type. For example, as a result of 
inputting 400 learning images showing clay as a true 
value into the model, 313 of the images were 
determined to be clay. At the same time, 87 of the 
images had the true value of clay, but the model 
misidentified them as sand. From the table, it can be 
seen that all the sand was correctly recognized and 
only about half of the gravel was correctly recognized. 
In particular, the gravel and clay were often mistaken 
for sand. 

In addition, learning and classification were 
performed in this study by targeting only three types 
of soil. However, considering further development, 
not only the adjustment of parameters but the 
expansion of corresponding soil is the first issue. As 
shown in Figs. 6 and 7, clay and sand, which look 
very similar to human eyes, can be discriminated by 
the model. Therefore, like the fine sand in Fig. 8, there 

Fig. 4 Transition of accuracy with learning coefficient 
1e-6 

Fig. 5 Transition of error in learning coefficient 1e-6 

Table 3 Judgment results for each soil type 

True value Clay Sand Gravel 
Class Clay Sand Gravel Clay Sand Gravel Clay Sand Gravel 
Judgment 
result 313 87 0 0 400 0 10 83 107 

Fig. 6 Clay that has been identified correctly 

Fig. 7 Sand that has been identified correctly 

Fig. 8 Example image of fine sand 
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are various soil types. It is possible to obtain a 
generalization performance for various types of soils 
by preparing several types, securing a sufficient 
amount of data for learning, and conducting the 
learning sessions with a sufficiently large number of 
pixels. It is thought that this will soon be possible. 

CONCLUSIONS 

In this study, deep learning was performed with a 
model using a neural network. For three types of soil, 
namely, clay, sand, and gravel, an AI model was 
created that was conscious of the practical simplicity 
of the images used. It was shown that this AI model 
can be applied to make judgments on soil 
classification. As a result, a high recall rate of 1 was 
obtained for sand. This means that all the sand images 
could be identified as sand. On the other hand, a high 
matching rate was obtained for clay and gravel. This 
means that images of clay and gravel can be carefully 
discriminated without much mixing of different types 
of images. Regarding the parameters, if the number 

of pixels in the image during the learning sessions is 
too small, the features of the images cannot be 
detected sufficiently and the accuracy decreases. If 
the number of pixels is increased, the features can be 
detected and the accuracy increases. 
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ABSTRACT 

 
Expansive soils exhibit significant changes in the swell and shrink behaviour upon variations of moisture 

content. Majority of soils in Queensland are expansive; consequently, failures in natural slopes with expansive 
characteristics are commonly reported under climate-induced soil moisture variations. In order to understand the 
failure mechanism of such soil slopes, it is vital to analyse slope stability under unsaturated conditions. The current 
study employed undisturbed soil samples from natural slopes in Queensland, and determined the basic soil 
properties, including the soil-water characteristic curve (SWCC), and unsaturated shear strength to facilitate the 
analysis of rainfall-induced slope failure mechanism. A series of conventional direct shear tests were conducted 
for different moisture contents under various vertical stresses. The test results were analysed to obtain the variation 
of the apparent cohesion and the effective friction angle of the soil with moisture content and suction. The study 
presents an empirical equation to predict the cohesive component in the shear strength of unsaturated expansive 
soils as an exponential function of suction. The formulation originated from multiple linear regression analysis for 
data sets obtained from shear tests using undisturbed soils with varying moisture contents. The empirical equations 
can realistically predict the reduction in soil cohesion due to wetting (R2 = 0.8791). The study provides an 
alternative to the quantitative estimation of unsaturated shear strength of expansive soils. 
 
Keywords: Unsaturated soil, unsaturated shear strength, Expansive soil, slope stability, Direct shear test 
 
 
INTRODUCTION 

 
The understanding of soil interface shear strength 

is vital in designing and analysing the stability of 
geotechnical structures [1-6]. The cohesive strength 
of unsaturated soils plays an important role in the 
stability of both natural and artificial soil slopes, [7, 
8] in which the reduction of the soil cohesion due to 
wetting can cause shear deformation of the slopes at 
a previously unsaturated shallow layer. Therefore, 
determination of the critical condition for sliding 
requires a slope stability analysis, including an effect 
for the loss of cohesion. 

As shear strength tests on unsaturated soils are 
costly and time-consuming, simple and indirect 
methods, have been developed to obtain the shear 
strength of unsaturated soils for engineering purpose. 
Numerous researchers suggested that the shear 
strength of unsaturated soils could be predicted using 
different equations [9]. Based on the soil-water 
characteristic curve (SWCC), various theoretical and 
empirical models were proposed for prediction of 
unsaturated shear strength. However, minimum 
compelling attempts were made on the analysis of the 
characteristics of unsaturated shear strength, and the 
relationship between the shear strength parameters 
and suction of unsaturated expansive soils. 

This paper presents the results of a series of direct 
shear tests on unsaturated soils from natural slopes in 
Maleny, Queensland, Australia. Direct shear testing 
of unsaturated soils is desirable since less time is 

required to reach the failure of the soil specimen 
compared to the triaxial test. The time to failure in the 
direct shear test is significantly reduced because the 
specimen is relatively thin. However, a lengthy 
testing period is expected for unsaturated soils due to 
the low coefficient of permeability of the soil. In this 
paper, an empirical equation is suggested for the 
prediction of unsaturated shear strength as a function 
of suction.  

The equation was obtained from a multiple linear 
regression analysis of the results of direct shear tests 
using undisturbed expansive soils with varying 
moisture contents. Even though the equation lacks a 
theoretical validity from a physical standpoint, but 
has practical advantages, especially for geotechnical 
engineering purposes.  

 
STUDY AREA  

 
The study area is located in Lake Baroon 

catchment, Maleny, Queensland, Australia (26.72 ºS 
152.87 ºE). Mapleton - Maleny plateau, which has 
been documented as a highly susceptible area for 
rainfall-induced slope failures since the mid - 1950s. 
(e.g. [10]). Slope failures and mass movements of 
sediment into the waterways within the Lake Baroon 
catchment are recognised as a significant risk to water 
quality and the water storage capacity of Lake Baroon, 
which is used to supply water to South East 
Queensland. Approximately 170 mass movement 
landforms have been identified within the Lake 
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Baroon catchment, and the study area is one such 
high-risk slope. This landslide site hosted a 
voluminous, single-failure rotational landslide in 
2008 following heavy rainfall. 
 
TEST MATERIAL 

 
The test series herein employed soils from the 

Lake Baroon catchment. Undisturbed samples from 
seven locations of the study area were collected at 
various depths ranging from the surface down to 4 m. 
Initially, a trench was created to the desired depth 
with an excavator and then 500 mm long sampling 
tubes (diameter 75 mm) were inserted into the soil by 
connecting a specially modified adaptor to the 
excavator's arm as in Fig. 1. 

 

 
 

Fig. 1 Insertion of soil sampling tube by the modified 
adaptor to the excavator's arm 
 

Table 1 summarises the results of the laboratory 
tests conducted to determine the index properties of 
the soil according to Australian standards. 

 
Table 1 Index soil properties 
 

Classification Test Results 

Grain size Distribution % finer than 75 μm > 79% 
Clay % = 41.0 % 

Atterberg Limits LL = 67.2 % 
PI = 28.2 % 

Linear Shrinkage LS = 13.4 % 
Specific Gravity Gs = 2.67 
X-ray diffraction 
(XRD) 

Presence of Smectite 
minerals (> 30 %) 

Note: LL = Liquid limit; PI = Plastic index; LS = Linear shrinkage 
 
TEST PROCEDURE 
 

Undisturbed soil samples were collected from 
Lake Baroon catchment. Soil sampling tubes were 
employed in collecting undisturbed samples from 
seven locations at various depths. In-situ density and 
the moisture content of soil were determined for each 

sampling location. The soil samples were used to 
determine SWCC, swelling characteristics and 
unsaturated shear strength. 

A dewpoint potentiometer (Fig. 2) was employed 
in determining SWCC, which is the graphical 
relationship between soil suction and water content 
(gravimetric or volumetric) or degree of saturation. 
The dew point potentiometer measures water 
potential from 0 to -300 MPa with an accuracy of ±0.1 
MPa from 0 to -10 MPa and ±1 % from -10 to -300 
MPa. The high total suctions measured from WP4C 
Dewpoint potentiometer were assumed to consist of 
negligible osmotic suction effect and hence, used as 
matric suctions. These samples were initially 
prepared for known water contents and placed in 
enclosed containers to prevent any moisture loss prior 
to testing. Further, to obtain the SWCC, a best fitting 
relationship was established using the logarithmic 
model proposed by Fredlund and Xing [11] as 
presented Eq. (1) and (2). 

 

 
 
Fig. 2 WP4C Dewpoint potentiometer for suction 
measurement 
 

𝜃𝜃 (𝜓𝜓, 𝑎𝑎, 𝑛𝑛,𝑚𝑚) =  
𝐶𝐶 (𝜓𝜓) 𝜃𝜃𝑠𝑠

{ln [ 2.718 +  �𝜓𝜓𝑎𝑎�
𝑛𝑛

 ]}𝑚𝑚
 (1) 

𝐶𝐶 (𝜓𝜓) =  
− ln  (1 + 𝜓𝜓

𝜓𝜓𝑟𝑟
)

ln  ( 1 + 106/𝜓𝜓𝑟𝑟) + 1 (2) 

 
where a is equal to the air-entry suction; n is the 
tangent to the curve at the inflexion point (in the 
transition zone); m is related to the residual water 
content; C(ψ) is a correction function; ψi is the suction 
corresponding to a given water content, and θs is the 
saturated volumetric water content. 

A series of oedometer based one-dimensional 
consolidation tests (Fig. 3) were conducted as 
prescribed in AS 1289.6.6.1-1998 for soil samples for 
various initial water contents and dry densities under 
different surcharges to determine the rate of shearing 
for each direct shear test [12]. At the completion of 
the primary consolidation, the time to reach 50% 
consolidation (t50) and following empirical equations 
were used to determine the shearing rate (Eq. (3) and 
(4)). Taylor's square root of time fitting method was 
used to determine t50 during the study. The selected 
surcharge values for this study were 50, 100, 150, 200 
and 250 kPa. Samples were tested for different initial 
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volumetric water contents from 25% to 43% to 
replicate in-situ water contents. The samples were 
cured for four days prior to the oedometer tests. The 
soil samples prepared for known initial gravimetric 
moisture contents were then statically compacted to 
achieve the target density to replicate in-situ density. 
Subsequently, a representative sample was cut into a 
consolidation ring, followed by the placement of filter 
papers and porous disks, at the top and the bottom of 
the sample. The samples were then subjected to the 
aforementioned surcharges. 
 

 
 

Fig. 3 Conventional oedometer apparatus used for the 
shear rate determination 
 
𝑡𝑡𝑓𝑓 =   50𝑡𝑡50 (3) 
𝑅𝑅 =  𝑑𝑑𝑃𝑃/𝑡𝑡𝑓𝑓 (4) 

 
where tf is the time to failure in minutes, dp the shear 
displacement at which peak strength is likely to be 
reached, in millimetres and R is the required shearing 
rate. 

To obtain cohesion (c) and friction angle  (φˊ) for 
the same in-situ water content of soil as in oedometer 
tests, five direct shear tests on five identical soil 
samples (the same density and water content) were 
conducted with variation in the normal stresses 50, 
100, 150, 200 and 250 kPa as prescribed in AS 
1289.6.2.2 - 1998. The maximum failure shear 
stresses were then plotted with the corresponding 
normal stress to obtain c and φˊ for the given water 
content. The shearing rate determined from the 
oedometer tests were adopted for the direct shear tests. 
The same procedure was repeated for five different 
water contents to replicate in-situ water contents.  

The direct shear apparatus (Fig. 4) accommodated 
samples with a diameter of 63.5 mm and a height of 
25 mm. The soil samples prepared for the 
predetermined initial moisture contents were 
statically compacted to achieve the target density. 
Subsequently, a representative sample was cut into a 
shear ring, as shown in Fig. 4, followed by the 
placement of filter papers and porous disks, at the top 
and the bottom of the sample. 

After determining c and φˊ for different water 

contents, using the SWCC, which was measured for 
the same density, the suction corresponding to the 
volumetric water content was obtained and ultimately 
the variation of c with the suction was adopted to 
determine ɸb. 
 

 
 
Fig. 4 Direct shear apparatus and the soil sample 
compacted into the cutting ring for direct shear test 
 
RESULTS AND DISCUSSION 
 
The SWCC 

 
The total suction (ψ) was measured based on the 

relative humidity concept, and the SWCC equation 
proposed by Fredlund and Xing [11] was used in this 
study. However, due to the negligible osmotic suction, 
the total suctions were assumed as the matric suctions. 
Figure 5 depicts the SWCC for the test material.  

 

 
 
Fig. 5 The SWCC for the test material 
 

The air-entry suction is about 85 kPa, and the 
residual degree of saturation 8.2%. The SWCC is 
clearly step-phased with the boundary effect zone and 
the transition zone well defined while the residual 
zone is not well defined. In the boundary effect zone, 
the soil is almost saturated, and the water content is 
nearly independent of suction, while the shear 
strength develops linearly with suction. In the 
transition zone, the water content decreases 
drastically as the suction increases, and the shear 
strength varies nonlinearly with suction. In the 
residual zone, the water content has a residual value. 
For sandy and silty soils, the shear strength is 
independent of suction; by contrast for clayey soils, it 
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increases slightly with the suction increase [9]. 
 
Shearing rate 

 
The t50 determined using Taylor's square root of 

time fitting method was adopted in calculating the 
shearing rate. Initially, compression vs square-root-
of-time plot was produced as depicted in Fig. 6. 
Figure 6 presents the compression vs square-root-of-
time plot for the volumetric water content of 34.6% 
under normal stresses 50, 100, 150, 200 and 250 kPa. 
The construction as prescribed in AS 1289.6.6.1-1998 
was then employed in determining shearing rates. 
Table 2 summarises the shearing rates determined for 
the volumetric water content of 34.6%, and a similar 
procedure was followed in determining shearing rates 
for soil specimens with other moisture contents. 
 

 
 

Fig. 6 The compression versus square-root-of-time 
plot for the volumetric water content of 34.6% 
 
Table 2 Shearing rates determined for the volumetric 
water content of 34.6%, 

 
Direct shear tests 
 

Direct shear tests were conducted for all the five 
moisture contents under the same normal stresses 50, 
100, 150, 200 and 250 kPa. Figure 7 presents the 
variation of shear stress with horizontal displacement 
for the soil specimens with the volumetric water 
content of 34.6%. Figure 7 depicts that the peak shear 
stresses were increased with the normal stress and 
curves are clearly step-phased. In the beginning, the 
shear stress increases very rapidly with the increase 
of shear displacement. Then, after a certain stress 
value, the slope of the curve declines. It also suggests 
that when the normal stresses increase from 50 to 250 

kPa, the stress-strain relationship of the specimen 
changes from strain-softening to strain-hardening. 
 

 
 

Fig. 7 Variation of shear stress with horizontal 
displacement under different normal stresses for the 
volumetric water content of 34.6% 
 
Shear strength 
 

The shear strength of the soils decreased with the 
increase in moisture content. Average volumetric 
water contents ranged from 0.25 to 0.43 for the test 
material (44.0 - 75.4% saturation). Figure 8 shows the 
results with a simple linear regression for each of the 
volumetric water content. Table 3 lists the values of 
the y-intercept and the inclination of the regression 
lines (i.e. cohesive strength and angle of shearing 
resistance in terms of simple linear regression), along 
with the corresponding suction values as per the 
Fredlund and Xing [11] fitting curve presented in Fig. 
5. 

 

 
 

Fig. 8 Results of the direct shear tests (The solid lines 
indicate the simple linear-regression lines for each 
specimen group) 
 
Table 3 Shear strength parameters obtained by 
simple linear regression with suction 
 

Normal stress 
(kPa) t50 (min) Shear rate 

(mm/min) 
50 7.247 0.055 
100 6.317 0.063 
150 5.898 0.069 
200 4.628 0.086 
250 6.450 0.062 
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The inclinations of the regression lines are largest 

in the driest conditions and drastically decreases for 
the wetter samples, converging at 12–18° (Fig. 8; 
Table 3). In other words, the angle of shearing 
resistance of the moist soils seems to be constant, 
independent of volumetric water content, except in 
the driest condition. 

The y-intercepts of the regression lines decreased 
with increasing moisture content and approached a 
minimum value at the more saturated condition 
(Table 3). Figure 9 shows the relationships between 
the corresponding suction values for the average 
volumetric water content in each group and the y-
intercept of the regression lines. The values of the y-
intercept tend to increase linearly on the semi-log 
scale (i.e. the cohesive strength of the soils 
exponentially increase with an increase in suction). 
 

 
 
Fig. 9 Relationship between the corresponding 
suction values for the average volumetric water 
content and cohesive strength 
 

Formulation of shear strength as a function of 
suction 

 
On the basis of the shear strength reduction 

characteristics (Figs. 8 and 9), it was assumed that: 
(1) the angle of shearing resistance takes a constant 
value; (2) an exponential function is valid to express 
the relationship between apparent cohesion and 
suction. 

From this, the regression function can be 
postulated as follows: 

𝜏𝜏 =  𝜎𝜎′ tan𝜙𝜙′ + 𝐶𝐶𝑒𝑒𝜇𝜇𝜇𝜇 (5) 
  
where τ is shear strength, σˊ is net normal stress, ψ is 
suction, φˊ is the effective angle of shearing 
resistance, C is a hypothetical minimum value of 
cohesion (when ψ = 0), and μ is a coefficient related 
to the susceptibility of strength increment (μ>0). 
 

To determine the values of unknowns (i.e. φˊ, C 
and μ), Eq. 5 should be linearised as in below Eq. 6: 

 
ln  [𝜏𝜏 −  𝜎𝜎′ tan𝜙𝜙′]  =  𝜇𝜇𝜓𝜓 + ln𝐶𝐶 (6) 

 
Using the linearised Eq. 6, multiple regression 

analyses were conducted by considering arbitrary φˊ. 
For arbitrary φˊ values, simple linear regression 
analyses were conducted for data sets of ln  [𝜏𝜏 −
 𝜎𝜎′ tan𝜙𝜙′], and ψ to determine the φˊ with the highest 
coefficient of determination, as shown in Fig. 10. 
 

 
 

Fig. 10 Variation in square of correlation coefficient 
of Eq. 6 with respect to the varied value of φ′ 
 

 
 

Fig. 11 The relationships between the logarithm of 
cohesive shear strength and suction 
 

Volumetric water 
content (m3/m3) 

Cohesion 
(kPa) 

Friction angle 
(Degree) 

Suction 
(kPa) 

0.251 86.28 31.42 11258.7 
0.319 81.01 14.32 4364.8 
0.346 65.25 18.24 3043.5 
0.385 56.52 14.97 1827.7 
0.432 56.93 12.02 991.8 
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The shear strength of test material was well 
represented by the below regression function  
𝜏𝜏 =  𝜎𝜎′ tan 14.90 + 56.61𝑒𝑒3.89𝜇𝜇  as depicted in Fig. 
11 (R2 = 0.8791). The regression variables in the 
equations include the liquefaction characteristics of 
the soils, effects of lubrication and susceptibility to 
changes in pore-water pressure during the shear 
deformation. For this reason, the values should be 
considered purely as empirical parameters for the 
soils, each of which has inherent geotechnical 
behaviours. 
 
CONCLUSIONS 
 

The cohesive strength of an unsaturated 
expansive soil was formulated as an exponential 
function of suction. In the formulation, shear strength 
τ was expressed as  
𝝉𝝉 =  𝝈𝝈′ 𝐭𝐭𝐭𝐭𝐭𝐭𝝓𝝓′ + 𝑪𝑪𝒆𝒆𝝁𝝁𝝁𝝁; where σˊ is net normal stress, 
φˊ is the effective angle of shearing resistance, C is 
minimum cohesion, μ is a susceptibility coefficient, 
and ψ is suction of soil. An advantage of this 
formulation is that all the parameters required are 
available without any extensive soil testing. The 
variables can be obtained by a basic shear test and a 
subsequent regression analysis. It is considered that 
this empirical method provides a convenient 
alternative for engineering practice. 

 
ACKNOWLEDGMENTS 

 
Authors gratefully acknowledge the technical 

staff at Queensland University of Technology (QUT) 
for providing the laboratory facilities to conduct the 
test series. Further, gratitude should be extended to 
Steve Hackworth from THE SOILTESTERS for 
providing the in-kind support for the project. The first 
author acknowledges the scholarship for the doctoral 
degree received from QUT, Australia. 
 
REFERENCES 

 
[1] C. Gallage and T. Uchimura, "Direct Shear 

Testing on Unsaturated Silty Soils to Investigate 
the Effects of Drying and Wetting on Shear 
Strength Parameters at Low Suction," Journal of 
Geotechnical and Geoenvironmental 
Engineering, vol. 142, 2016. 

[2] M. P. Amarasinghe, L. I. N. De Silva, and C. 
Gallage, "The effect of lateral confinement on 
the settlement characteristics of shallow 
foundations on sand," International Journal, vol. 
15, pp. 258-265, 2018. 

[3] S. Jayakody, C. Gallage, and J. Ramanujam, 

"Effects of reclaimed asphalt materials on 
geotechnical characteristics of recycled concrete 
aggregates as a pavement material," Road 
Materials and Pavement Design, vol. 20, pp. 754-
772, 2019. 

[4] C. Gallage, S. Jayakody, and T. Uchimura, 
"Effects of slope inclination on the rain-induced 
instability of embankment slopes," in 
Proceedings of the Second International 
Conference on Geotechnique, Construction 
Materials and Environment, 2012, pp. 196-201. 

[5] C. Gallage, J. Kodikara, and T. Uchimura, 
"Laboratory measurement of hydraulic 
conductivity functions of two unsaturated sandy 
soils during drying and wetting processes," Soils 
and Foundations, vol. 53, pp. 417-430, 2013. 

[6] C. Gallage, R. Udukumburage, T. Uchimura, and 
T. Abeykoon, "Comparison of direct and indirect 
measured soil-water characteristic curves for a 
silty sand," International Journal of GEOMATE, 
vol. 13, pp. 9-16, 2017. 

[7] T. Abeykoon, C. Gallage, and J. Trofimovs, 
"Optimisation of sensor locations for reliable and 
economical early warning of rainfall-induced 
landslides," in Ninth International Conference on 
Geotechnique, Construction Materials and 
Environment (GEOMATE 2019), Japan, 2019, 
pp. 69-74. 

[8] T. Abeykoon, C. Gallage, B. Dareeju, and J. 
Trofimovs, "Real-time monitoring and wireless 
data transmission to predict rain-induced 
landslides in critical slopes," Australian 
Geomechanics Journal, vol. 53, pp. 61-76, 2018. 

[9] S. Vanapalli, D. Fredlund, D. Pufahl, and A. 
Clifton, "Model for the prediction of shear 
strength with respect to soil suction," Canadian 
Geotechnical Journal, vol. 33, pp. 379-392, 1996. 

[10] W. F. Willmott, Slope Stability and Its 
Constraints on Closer Settlement on the 
Mapleton-Maleny Plateau, Southeast 
Queensland: Geological Survey of Queensland, 
1983. 

[11] D. G. Fredlund and A. Xing, "Equations for the 
soil-water characteristic curve," Canadian 
geotechnical journal, vol. 31, pp. 521-532, 1994. 

[12] R. S. Udukumburage, C. Gallage, and L. Dawes, 
"Oedometer based estimation of vertical 
shrinkage of expansive soil in a large 
instrumented soil column," Heliyon, vol. 5, p. 
e02380, 2019. 

 
 



 

290 
 

10th Int. Conf.  on Geotechnique, Construction Materials and Environment,  
Melbourne, Australia, 11-13 November 2020, ISBN: 978-4-909106049 C3051 

 
 

A LABORATORY METHOD FOR ACCURATE CALIBRATION OF 
STRAIN-GAUGE TYPE SOIL PRESSURE TRANSDUCERS 

 
 

Chamara Prasad Gunasekara Jayalath1 and Chaminda Gallage1 

1 School of Civil and Environmental Engineering, Queensland University of Technology, Australia 
 
 

ABSTRACT 
 
Strain-gauge type soil pressure transducers are widely used in health monitoring and laboratory and field 

investigation on the performance of geo-structures to accurately measure the soil pressure. Even though these 
pressure plates are sold with the factory-measured calibration factors, these sensors should be re-calibrated in the 
laboratory before using them because the calibration can be affected by the data-logging system and the length of 
the cable used. Therefore, in this study, a laboratory calibration procedure for strain-gauge type soil pressure plates 
was proposed. The soil pressure transducer was embedded in a uniform-fine- sand medium in a specially designed 
pressure cell, and the pneumatic pressure was applied into the system as gradual increments. After that, the 
calibration chart of the pressure gauge was developed based on the sensor outputs for different pressures applied. 
Then the calibrated soil pressure transducer was used in the laboratory pavement model test to measure soil 
pressure at the base-subgrade interface under a surface loading area. The measured soil pressure values were 
compared with the estimated vertical stresses from elastic theories to validate the pressure measurements and the 
calibration process of the soil pressure transducer. The test results revealed that there is a satisfactory agreement 
between the pressure measured by the soil pressure transducer and theoretical estimations. Thus, the calibration 
process of the soil pressure transducer and its outputs are proven to be accurate. 
 
Keywords: Vertical stress in soil, Geotechnical Instrumentation, Pavement subgrade, Soil pressure transducers 
 
 
INTRODUCTION 

 
The accurate measurement of soil or earth 

pressure is essential in health monitoring and, 
laboratory and field investigation on the performance 
of geo-structures [1]-[9]. Vibrating wire and strain-
gauge type pressure plates are widely used to measure 
soil pressures. Strain-gauge type soil pressure plates 
are commonly used in laboratory model tests due to 
its high accuracy, less sensitivity to temperature, and 
availability in different sizes. Even though these 
pressure plates are sold with the factory-measured 
calibration factors, it is vital to re-calibrate these 
transducers in the laboratory before using them [10] 
as the calibration can be affected by several factors, 
for instance, the data-logging system and the length 
of the cable used. Therefore, as a common practice, 
several laboratory methods are used to calibrate soil 
pressure sensors.  

The most common calibration methods of soil 
pressure cells are dead weight calibration (DWC), 
fluid/pneumatic calibration and soil calibration. In the 
DWC method, the calibration is performed by placing 
known dead weights directly on the sensing area of 
the pressure cell in increments.  Majority of the 
researchers prefer to calibrate pressure sensors by 
DWC method as it is less time consuming, 
economical and easy to perform without much-
advanced equipment and technical experience [11]. 
Generally, fluid/pneumatic calibration is highly 

recommended compared to the DWC method as the 
former method provides more accurate results [12]. In 
this method, the calibration is performed in a 
calibration chamber by applying hydrostatic or air 
pressure in increments. However, this method 
demands advanced laboratory facilities and technical 
knowledge, which are not available in most 
laboratories. As an alternative, the soil-calibration 
method can be used in the laboratory to calibrate soil 
pressure cells. Therefore, in this study, a laboratory 
calibration procedure for strain-gauge type soil 
pressure plates using sand is proposed. Then the 
calibrated soil pressure transducer was used in a 
laboratory pavement model test to measure soil 
pressure at subgrade-base interface under a circular-
area loading applied on the top surface. The measured 
soil pressures were compared with the estimated 
vertical stresses from elastic theories to validate the 
pressure measurements and the calibration process of 
the soil pressure transducer. 

 
Soil Pressure Transducer  

 
A soil pressure transducer (See Fig.1) with 1MPa 

capacity was used in this experimental study. The 
outside diameter and the thickness of the pressure 
plate are 200mm and 25.5mm, respectively. The 
percentage of rated output (%RO) of the pressure 
gauge has been specified as 1%, and the diameter of 
the sensing area is 166mm. It is designed with a dual-
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diaphragm structure that can minimise the 
displacement of a sensing area, and thereby can keep 
the stress distribution undisturbed under pressure. 
This type of soil pressure gauges is widely used to 
measure the pressure in soil and to monitor the 
behaviour of embankments.   

 

 
 

Fig.1 Soil pressure transducer 
 
METHODOLOGY 

 
A specially designed pressure cell [13, 14] (See 

Fig.2 (a)) made of acrylic was used to calibrate the 
soil pressure transducers. The internal diameter and 
the height of the cell are 360mm and 400mm 
respectively. Uniform-fine sand was used in this 
calibration. The particle size distribution and 
properties of the sand are given in Fig.3 and Table 1, 
respectively. The sand was filled up to 250mm, and 
the sand surface was properly levelled. After that, the 
soil pressure transducer was placed on top of the sand 
layer. The level of the top surface of the sensor was 
checked with a spirit level (bubble level), as shown in 
Fig.2 (b). Then the sand was filled to have a 50mm 
thick sand layer above the top of the sensor. The sand 
surface was levelled, and the inner wall of the cell was 
cleaned to remove all the attached sand and dust. Oil 
was applied on the inner wall of the cell to minimise 
the friction between the wall and the piston. After that, 
the piston was placed inside the cell and valves were 
connected to supply the pneumatic pressure into the 
setup.  

 

         
(a)                 (b)  

 
Fig.2 calibration of soil pressure transducers; (a) The 

pressure cell; (b) Embedding the soil pressure 

transducer in the cell 
 
Pressure above 750kPa (i.e. 785kPa) was applied 

into the setup for 24 hours to allow the particle 
rearrangement of the sand under high pressures 
applied. From the initial trials conducted before this 
experiment, it was found that the required pressure to 
overcome the friction between the piston and the wall 
of the cell is negligible. Since the sand thickness 
above the top surface of the sensor is thin (i.e. 50mm), 
and the friction is negligible, it is reasonable to 
assume that the pressure applied on the sensor is equal 
to the applied pressure into the setup. The pressure 
into the system was increased approximately up to 
750kPa in 50kPa increments. The pressure gauge was 
connected to a data logger, and the sensor readings 
were recorded in parts per million (ppm) for each 
pressure increment. Based on the sensor outputs for 
different applied pressures, the calibration chart of the 
pressure gauge was developed.  
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Fig.3 Particle size distribution of sand used in the 
calibration of soil pressure transducers 

 
Table 1 Properties of sand used in the calibration of 
soil pressure transducers 
 

Property  Value 
D10 (mm) 0.165 
D30 (mm) 0.220 
D60 (mm) 0.340 

Coefficient of curvature (Cc) 2.06 
Coefficient of uniformity (Cu) 0.86 

 
This soil pressure transducer was used to measure 

the pressure applied at the base-subgrade interface of 
unbound-granular pavement-models during a cyclic 

Bubble level 
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loading test series. The schematic diagram of the 
experimental setup of the cyclic-loading pavement 
test is shown in Fig.4. A granular pavement with 
200mm unbound-granular base and 500mm thick 
subgrade with 2.5% unsoaked-CBR was selected in 
the present study to verify the pressure measurements 
given by the pressure gauge. The pressure gauge was 
embedded in the subgrade close to the base-subgrade 
interface and below the centre of the loading area as 
shown in Fig.5. In this experiment, the maximum load 
of 17.31kN was applied through a 25mm thick and 
200mm diameter steel plate to create a tyre-contact 
pressure of 550kPa with a frequency of 0.33Hz. More 
details of the conducted test can be found in [15] and 
[16]. The pressure sensor was connected to the data 
logger, and the readings were recorded for every five 
seconds. After that, the captured sensor outputs were 
converted to pressure readings using the developed 
calibration equation.  
 

Fig.4 The schematic diagram of the experimental 
setup of the cyclic-loading pavement test 

 

 
 

Fig.5 Installation of the soil pressure transducer 

The measured soil pressure values were compared 
with the calculated values from two elastic-theories 
methods, namely the Boussinesq method [17] and 
Fox L. method [18], to validate the measured values 
and the calibration process of the soil pressure gauge. 
Even though the Boussinesq equation for vertical 
stresses under uniformly loaded circular area has been 
derived for homogeneous, elastic, and isotropic 
mediums, it was used for this two-layer system for a 
rough estimation of vertical stresses at the base-
subgrade interface. The pressure applied at the base-
subgrade interface was also computed based on the 
chart for the vertical stresses on the interface stresses 
developed by the Fox L. method. 
 
RESULTS AND DISCUSSION 

 
The applied vertical pressure values were plotted 

against the corresponding sensor readings to develop 
the calibration chart of the soil pressure transducer, as 
shown in Fig.6. The equation for the regression line 
of the plotted points was adopted as the calibration 
equation of the sensor. The obtained calibration 
equation perfectly fits the data as the coefficient of 
determination is equal to one (R2=1). Later, this 
calibration equation was utilised to determine the 
vertical stresses applied at the base-subgrade 
interface of the laboratory-scale unbound-granular-
pavement model. 

Fig.7 illustrates the variation of the vertical stress 
at the base-subgrade interface of the laboratory-scale 
unbound-granular-pavement model. Three curves 
were produced depending on the technique (e.g. 
pressure gauge, Boussinesq method and Fox L. 
method) used to measure/estimate vertical stresses 
during the test. All three curves were plotted 
approximately up to 120,000 cycles where the cycling 
loading test was stopped. Results show that the 
estimated vertical stresses from the Boussinesq 
method are always higher than the Fox L. method. 
Soon after the commencement of the loading, the 
vertical stress applied at the base-subgrade interface 
was measured as 170kPa whereas the estimated 
stresses were 169kPa and 144kPa respectively from 
the Boussinesq equation and Fox L. method. The 
measured vertical stresses follow the similar shape 
and magnitudes of the vertical stress development 
that has been computed by the Boussinesq method in 
the initial stage of the test, approximately up to 
27,000 cycles where the measured vertical stress lies 
at 260kPa. Then, the measured vertical stresses by the 
soil pressure transducer fluctuate in between the 
vertical stress values that have been estimated by the 
two elastic-theory methods up to 100,000 cycles. 
Afterwards,  the measured vertical stresses follow the 
similar shape and magnitudes of the vertical stress 
variation that has been estimated by the Fox L. 

Unbound granular base 
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method until the end of the test where the measured 
vertical stress was 313kPa.  
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Fig.6 Calibration chart of the soil pressure transducer 

As mentioned in the methodology section, the 
Boussinesq equation has been developed to estimate 
vertical stresses of homogeneous, elastic and 
isotropic mediums but the tested pavement section 
has two layers (i.e. subgrade layer and granular base 
layer) which have completely different material 
properties. Each layer alone can be considered as 
homogeneous and elastic; however, both subgrade 
and granular materials are cross-anisotropic. The 
referred chart from the Fox L. method for the vertical 
stresses on the interface has been developed for two-
layer pavement systems considering the influence of 
the ratio of the elastic modulus of the top and the 
bottom layers (E1/E2). As the subgrade CBR value is 
2.5%, the elastic modulus of the subgrade has been 
estimated to be 25MPa based on the approximation 
that elastic modulus of pavement material is ten times 
its CBR value as has been specified in Austroads 
Guide to Pavement Technology Part 2: Pavement 
Structural Design [19].  Based on the mechanistic-
pavement design principals, the average elastic 
modulus of the granular base, which was limited by 
the weak subgrade was estimated as 51MPa. 
Therefore, the E1/E2 of the pavement section is 
approximately two (i.e. E1/E2 = 2). However, in the 
Boussinesq case, E1/E2 ratio must be assumed as one 
(i.e. E1/E2=1) even when it is used for a two-layer 
system. These assumptions may result in slight 
differences between the actual pressure 
measurements and estimated vertical stresses from 
these theoretical methods. Overall, it is evident that a 
reasonable agreement between the pressures 
measured by the sensor and the theoretical 

estimations is apparent. Thus, the calibration process 
of the soil pressure transducer and its outputs are 
proven to be accurate. Therefore, the proposed 
calibration method can be used to calibrate soil 
pressure cells in the laboratory accurately. 
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Fig.7 Development of the vertical stress at the base-
subgrade interface 

CONCLUSIONS 

Based on the test results of the calibration of the 
pressure transducer, and the comparison of measured 
pressures with theoretical estimations, the following 
conclusions can be drawn: 

•The developed calibration equation perfectly fits
the data as the coefficient of determination is equal to 
one (R2=1); therefore, it can be assumed as accurate.  

•A satisfactory agreement between the sensor
measurements and theoretical estimations is evident. 
Thus, the calibration process of the soil pressure 
transducer and its outputs are proven to be accurate. 

•The presented calibration method can be
effectively used as a laboratory calibration 
methodology to calibrate soil pressure cells 
accurately. 
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ABSTRACT 

 
The Wat Krasai pagoda in Ayutthaya, Thailand, leans mainly toward the north. The main cause of deformation 
of the pagoda is soft clay sediments and one of the other causes is the deterioration of bricks and mortar which 
compose the pagoda. In 2013, the surface of the lower part of the pagoda was covered with new bricks to 
suppress weathering as the restoration work. Additionally, the original bases were reconstructed by new bricks 
piled around the pagoda up to a height of approximately 2.3 m above the ground.  We conducted field surveys 
twice a year from 2014 and confirmed that the ground surface deformed during the rainy season and cracks and 
irregularities generated in the reconstructed structures. In 2019, we found a gap was created between the restored 
base and the pagoda at the southside. As a result of the measuring of inclination and these surveys, we thought 
that the pagoda has been continuously sinking toward the north and it has possible of subsidence in the future. 
Therefore, a countermeasure to stop the inclination of the pagoda is needed. In this study, ground improvement 
is assumed as a countermeasure work for an unequal settlement and the numerical simulation was conducted to 
grasp the effect of ground improvement. The results indicate that the weight of new bricks due to restoration 
work in 2013 promote subsidence and inclination of the pagoda. In addition, ground improvement is effective for 
settlement, decreased the amount of subsidence with increasing the thickness of ground improvement. 
 
Keywords: Consolidation analysis, Differential settlement, Soil improvement, World heritage, Inclined Pagoda 
 
INTRODUCTION 

 
Ayutthaya in Thailand is located approximately 

90 km north of Bangkok and was the capital of the 
Ayutthaya dynasty, which lasted 417 years from 1350. 
The “Historic City of Ayutthaya” was recognized as 
a World Heritage site in 1991 owing to the following 
criteria: “The historic city of Ayutthaya is an 
excellent testimony for the development of true Thai 
national art.” The Ayutthaya ruins are characterized 
by tall pagodas and monumental proportions of 
Buddhist monasteries [1]. Some historical buildings 
made of bricks, such as pagodas and walls of temples, 
have tilted or collapsed, as shown in Fig. 1. This study 
focused on the conservation of the leaning pagoda at 
Wat Krasai from the viewpoint of cultural property 
protection. The objective of this study is to stop the 
tilting of the pagoda and enable the inheritance of 
historical assets in a good condition for the future. We 
observed the condition of the pagoda and surrounding 
assets twice a year from 2014, started monitoring 
groundwater fluctuation 2016 onward, and measured 
the angle of the pagoda from 2018. These results 
indicated that the pagoda was still sinking and leaning. 
Therefore, a countermeasure to stop the inclination of 
the pagoda is needed. In this paper, the simulation 
results are reported for cases wherein the ground 

improvement is conducted as a countermeasure for 
unequal settlement. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Brickwork at Wat Mahathat 
       (Photograph taken on March 1, 2016) 

 
HISTORY OF WAT KRASAI 

 
According to the signboard at the Wat Krasai site, 

there is no evidence of its historical information or 
period of construction. However, it can be surmised 

？ 
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that Wat Krasai was built at least prior to 1767 owing 
to its use as a Burmese army base during the second 
Burmese–Siamese War. Additionally, Wat Krasai has 
been mentioned in the Late Ayutthaya Period as the 
burial site of Phra Si Sin, who was charged with 
treason to King Na Rai the Great, who ruled between 
1656 and 1688. Assuming that Wat Krasai was 
erected in the days of King Nar Rai, it can be inferred 
that it has been approximately 360 years since it was 
constructed. 

 When the Wat Krasai temple was built, it was 
surrounded by walls. The principal pagoda, Chedi, 
was  bell-shaped, built on an octagonal foundation, 
which was a popular Chedi style in the early 
Ayutthaya period. The principal pagoda was 
surrounded by four auxiliary Chedis. In front of the 
principal pagoda, a building is presumed to be a 
Ubosot. However, we cannot confirm the existence of 
the walls, four auxiliary Chedis, and the Ubosot as of 
2010, based on the data from Google Earth [2]. In 
2013, extensive restoration work was conducted at 
Wat Krasai. Before restoration, the surface bricks of 
the principal pagoda had deteriorated and the 
octagonal foundation had collapsed or was buried 
underground, as shown in Fig. 2. As part of the 
restoration, a lower part of the deteriorated surface of 
the principal pagoda was covered with new bricks, 
and a new octagonal foundation and square base were 
reconstructed, as shown in Fig. 3. Additionally, the 
walls surrounding the precinct and the foundation of 
the auxiliary Chedis were reconstructed. A ground 
survey was conducted ahead of the restoration in the 
southeast and northwest regions of the pagoda. The 
ground investigation confirmed that the thickness of 
the second layer, which is composed of soft cohesive 
soil, was thicker in the northwestern part than in the 
southeastern part. One of the possible causes for the 
pagoda leaning toward the north is the second clay 
layer. Many bricks were used during this restoration 
work, wherein a new weight was loaded onto the 
ground. 

 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 2 Photograph of principal pagoda before 
restoration 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 Principal pagoda after restoration 

(Photograph taken on February 22, 2014 ) 
 
PROBLEMS OF BRICKWORK BUILDINGS IN 
AYUTTHAYA 

 
Bricks are mainly made of clay or mud and shaped 

into a rectangular parallelepiped and then sun-dried 
or fired in a kiln. Thereafter, owing to fluctuations in 
temperature and repeated humidity, they degrade and 
return to the soil. Such deterioration of bricks is a 
common problem in historical brick buildings around 
the world. Several studies on historical brick 
structures have focused on the deterioration of bricks. 
Nishiura et al. confirmed the progression of brick 
deterioration in Egyptian remains during their 
conservation study [3].  

Because some stucco remained on the surface of 
the historical brick buildings in Ayutthaya, it is 
possible that the entire surface was protected by a 
stucco at the beginning of construction. However, 
when the plaster on the surface wore away due to 
deterioration over time, it exposed a means for water 
penetration that melts the clay mortar and weakens 
the structure, possibly leading to an eventual collapse. 
Therefore, ICOMOS Thailand points out that the 
deterioration of bricks and mortar due to water is one 
of the risks of Thai monuments [4]. Ishizaki et al. 
carried out moisture measurements, precipitation salt 
surveys, and meteorological observations on 
historical brick buildings in Ayutthaya and 
determined the relation between brick deterioration 
and moisture migration in brick materials [5]. In 
addition, Ishizaki et al. conducted a moisture 
migration analysis before and after the surface layer 
waterproof strengthening treatment of the Sukhothai 
Brick Buddha. The results of the analysis showed that 
the water content of the sediment decreased due to the 
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waterproof treatment, consistent with the 
measurement results [6]. Yoshida et al. created an 
analytical model for heat and moisture transfer in the 
Sukhothai Brick Buddha. Additionally, they showed 
that the possible cause of discoloration was the 
movement of the components of the stucco and bricks 
to the surface associated with the internal moisture, 
leading to evaporation [7]. 

We have been observing the restored pagoda, 
reconstructed wall, and basements of Chedis at Wat 
Krasai twice a year from 2014. Deterioration of the 
brick block of pagoda restored in 2013 was identified 
in 2017, as shown in Fig. 4. The restored bricks are 
piled up according to the inclination of the original 
bricks; therefore, water gathers through joints on the 
north side. In fact, bricks on the northwest side, 
having a larger inclination, are significantly 
deteriorated. When the brick deteriorates and 
collapses, the voids of the brick block are compressed 
and the volume decreases. The pagoda has a 
distortion. We infer that partly breaking bricks by 
deterioration can possibly affect the deformation of 
the pagoda. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 Deterioration of bricks of the Wat Krasai 
pagoda (Photograph taken on May 17, 2017) 

 
Historical brick buildings have other issues owing 

to soft ground. Kuchitsu indicated that the structural 
problem of brick buildings due to uneven settlement 
was greater than that owing to the weathering of salts 
and biodeterioration by moss and lichens [8]. In a 
study that nondestructively investigated the 
deterioration of stone materials at Angkor ruins, 
Uchida indicated that the uneven settlement of the 
ground and the deformation of the platform had a 
significant influence on the structure [9]. 

The deformation of the reconstructed wall owing 
to the softening of the ground during the monsoons of 
2017 was confirmed at Wat Krasai, as shown in Fig. 
5. Several cracks were recognized at the 
reconstructed base of the Chedi and the pagoda. In 
addition, we observed a gap between the main body 
of the pagoda and the adjoining reconstructed square 
base in 2019, as shown in Fig. 6. An increasing this 
gap width was confirmed in February 2020. Resulting 

from these surveys and measurements, we speculate 
that the main body of the pagoda has been sinking 
toward the north separately from the reconstructed 
base surrounding the main body. We thought that one 
of the causes of subsidence of the pagoda is adding 
the weight of new bricks by the restoration, and one 
of the other causes is without countermeasures 
against the soft clay layer such as ground 
improvement. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 Deformation of brick wall at Wat Krasai 

(Photograph taken on May 17, 2017) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 6 The gap between the main body and 

reconstructed basement of the pagoda (Photograph 
taken on August 20, 2019) 

 
INHIBITION OF INCLINE OF STUPA BY 
GROUND IMPROVEMENT   

 
Ground improvement is a common 

countermeasure method against the soft ground. 
There are many problems that should be solved in the 
actual construction if this method is chosen for 

Main body of 
Wat Krasai 
pagoda 

Reconstructed 
basement 

Gap 

Incline 
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countermeasure work of Wat Krasai. However, we 
only examine the effect of ground improvement by 
numerical simulation in this paper. 

 
Analysis models for the numerical simulation  

 
Bricks of the Wat Krasai pagoda are covered with 

weak binding by soft mortar, and it is assumed that 
individual blocks move flexibly. In addition, sand 
was filled inside the reconstructed square brick base 
of the pagoda. Therefore, the pagoda behaves 
differently from a completely rigid body. However, 
the pagoda was treated as a structural body in the 
analysis.  

A nonlinear finite element analysis was 
performed with the plane strain condition using 
PLAXIS, which is a finite element program software. 
It is assumed that it took two years to build the Wat 
Krasai pagoda based on inquiries with the 
archeologists of the Ayutthaya historical park. After 
construction to restoration in 2013, it was set to 360 
years. In 2013, restoration bricks were added to the 
pre-restoration model of the pagoda. Additionally, the 
end of analysis was set to after 100 years, from 2013. 

The composition formula of the sandy soil was 
used as a linear elastic model, and that of the clay soil 
was used as an elasto-plastic model as per the 
Sekiguchi–Ohta model. This is widely prevalent in 
Japan because it considers the occurrence of plastic 
strain accompanying the anisotropy of naturally 
deposited clay. A procedure to determine the input 
parameters of the Sekiguchi–Ohta model was 
previously developed by Iizuka et al. [10].  

 
Parameters and analysis cases 

 
Wat Krasai pagoda is hollow, with an 

approximate height of 26.9 m. The cross-section of 
analysis is shown in Fig. 7. The soil layers comprised 
five layers. The thicknesses of the layers and each 
parameter are shown in Table 1 and 2. The parameters 
of the brick are listed in Table 3. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Table. 1 Thickness of soil layers and parameters 

 
 

 
 
 
 
 
Table. 2  Soil parameters of each layers 
 

 
 

Table. 3   Material properties of bricks 
 
 
 
 
 
 
 
 
 
The area of ground improvement is set to the 

reconstructed square basement, 1.0 m on the outside. 
The depth of ground improvements are set for each 
case as follows: 

 Case.1:  No ground improvement  
 Case.2:   GL-3.0 m  
 Case.3:   GL-6.0 m  
 Case.4:   GL-10.0 m 
 

RESULTS AND DISCUSSION 
 

The temporal change in the inclination of the 
pagoda in Case 1 is shown in Fig. 8. The inclination 

Layer Surface 1st Layer 2nd Layer
Constitution
rule of soil Mohr-Coulomb Elasto-plastic

(Sekiguchi-Ohta)
Elasto-plastic

(Sekiguchi-Ohta)
M - 1.035 1.009
Λ - 0.5915 0.5764
D - 0.0726 0.0726
ν' 0.2 0.358 0.362
K0 - 0.559 0.568
e0 - 1.223 1.324

E [kN/m2] 8540 - -
γunsat [kN/m3] 19.2 19.2 17.1
γsat [kN/m3] 19.2 19.2 17.1
k [m/day] 2.40E-06 2.40E-06 3.60E-06

Layer 3rd Layer 4th Layer 5th Layer
Constitution
rule of soil Linear elastic Elasto-plastic

(Sekiguchi-Ohta) Linear elastic

M - 1.128 -
Λ - 0.6444 -
D - 0.0611 -
ν' 0.3 0.344 0.3
K0 - 0.525 -
e0 - 0.940 -

E [kN/m2] 15050 - 28560
γunsat [kN/m3] 19.0 19.2 19.0
γsat [kN/m3] 20.0 19.2 20.0
k [m/day] 2.00E-04 3.60E-06 1.20E-03

Fig. 7   Closs-section of the Analysis 
 

   

100 m 

Layer1 

26.9 m 

30 m 
Layer2 
Layer3 
Layer4 
Layer5 

Surface Layer 

South side North side 

Line B Line A 

Before 2013 

After  
2013 

Case1 
Case3 Case2 

23.6m 

Material model Lineare elasticity
Density 1.546 g/cm3

Young's modulus 5.0×10
5g/cm2

Poisson ratio 0.07
Unitweight 15.15 kN/m3

Density 1.546 g/cm3

Thickness Surface 1st Layer 2nd Layer
Line A (m) 0.5 2.350 2.890
Line B (m) 0.5 3.48 6
Thickness 3rd Layer 4th Layer 5th Layer
Line A (m) 2.42 10.840 11.000
Line B (m) 3.99 6.26 9.77

https://eow.alc.co.jp/search?q=material&ref=awlj
https://eow.alc.co.jp/search?q=property&ref=awlj
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was calculated from the south and north points, as 
indicated in Fig. 9. The result indicates that a rapid 
incline occurred during the construction of the pagoda. 
It is assumed that consolidation was promoted at the 
second soft clay layer at an early stage. After rapid 
inclination, only a slight tilt occurred. Furthermore, 
because the additional weight was loaded to the 
ground by the restoration work in 2013, the 
inclination was promoted. This is consistent with the 
situation in which a gap occurs between the main 
body of the pagoda and the reconstructed square 
basement. The inclination of the pagoda will 
gradually increase in the future. The measured 
inclination of the pagoda was approximately 2° to 11° 
[11]; therefore, the result may be underrepresented. 
 

The temporal change in the settlement of the 
pagoda 300 years after construction in all cases is 
shown in Fig. 10. The settlement of the pagoda also 
tends to gradually increase in the future. However, the 
results indicate that ground improvement prevents 
subsidence. In addition, the effect of prevention for 
subsidence increases with the thickness of the ground 
improvement. 

 
 

 
 
 
 
 
 
 
 

 
Fig. 10   Temporal change of settlement (all cases) 

 
 
 
 
CONCLUSIONS 
 

 In this study, several changing conditions of the 
pagoda and surrounding ground were described based 
on observation. It is thought that the main body of the 
pagoda has been sinking toward the north separately 
from the reconstructed base surrounding the main 
body, and necessary of countermeasure for 
subsidence of the pagoda is also described.  

    In addition, the simulation was carried out, 
wherein cases were considered for ground 
improvement as a countermeasure work for an 
unequal settlement. The results indicate the 
following:  

1. The settlement and inclination of the pagoda 
tend to increase in the future.  

2. The possibility that the settlement and 
inclination of the pagoda are promoted by the 
restoration work, which uses many bricks is 
confirmed. This is consistent with the situation 
wherein the gap occurs between the main body of 
pagoda and the reconstructed square basement. 

3. The amount of inclination of the pagoda from the 
analysis results has possibility was underestimated,  
because it is not equal to the actual situation. 

4. The effect of preventing settlement of ground 
improvement was confirmed by comparing with and 
without ground improvement. Additionally, the effect 
of prevention for subsidence increases with the 
thickness of ground improvement. 

    For the better conservation of Wat Krasai 
pagoda, we should notice not only the behavior of the 
inclination of the pagoda but also structural 
deterioration such as crack, gap, deformation, brick 
deterioration. Moreover, a restoration work of 
historical brickwork buildings that need to adding 
many bricks should consider influence by its new 
weight and deterioration by the condition of gathering 
water. 
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ABSTRACT 

 The major purpose of the pavement structure is to reduce stresses in the subgrades so that there is little or no deformation 
in the subgrade. Therefore, the more the subgrade is resistant to deformation, the thinner the pavement will be, thus 
reduction in the construction cost of the road. Good quality subgrade soils are preferable for durable roads but they are 
not always available for highway construction. Finite Element techniques can be effectively applied to simulate different 
pavement problems that could not be modeled using the simpler multi-layer elastic theory. Thus, finite element Abaqus 
6.14-1 program is used in this study. The laboratory tests are carried out on both the natural and stabilized soil samples 
that used as subgrade layer to determine the properties of subgrade that will be used as inputs for the finite element Abaqus 
program. The natural samples tested with three percentages of moisture contents (11.5%, 13.5%, and 15.5%). Different 
types of stabilizers are used in this study in form of mixture of two types of stabilizers. So, mixture of lime-kaolin (3%, 
4%), mixture of silica fume-Poly Vinyl Alcohol (2%, 2%), mixture of Rice Husk Ash-Poly Vinyl Alcohol (3%, 2%), and 
2% of silica fume are used as stabilizers. The pavement application by Abaqus program indicating that, the characteristics 
of subgrade layer have a big influence on the vertical deformation of whole pavement. The combination of (3% of Rice 
Husk Ash and 2% of Poly Vinyl Alcohol) as a stabilizer to the subgrade layer reduces the deformation about (9.5 %). While 
the addition of (3% of Lime and 4% of Kaolin) led to regard the deformation about (7.8%).  

Key word: Subgrade, Strength, Deformation, Finite element method, Shear strength, Elastic modulus. 

INTRODUCTION 

 Finite Element Method is the dominate discretization 
technique in the structural mechanics. The basic concept in 
the physical interpretation of finite element method is the 
subdivision of the mathematical model for disjoint 
components of simple geometry called finite element. (Kim, 
2007) studied the non-linear modulus and deformation 
behavior of the fine grained soil that used as a subgrade 
layer and the unbounded aggregate for the base/subbase 
layers with respect to repeated wheel loads by using Abaqus 
program. Abaqus is a commercial finite element modeling 
program. This program is suite of engineering analysis 
software packages used around the world for the simulation 
of the physical response of structures and soil bodies for 
loads, impact, contact, temperature and the other 
environmental conditions (Abaqus Theory Manual, 2009). 
(Shafabakssh et al., 2013) used the Abaqus software to 
investigate the dynamic response of pavement in term of 
elastic behavior. The results of this work indicating that, 
there is a reduction in the longitudinal strain in the asphalt 
layer. Also the comparison between the strains computed at 
the field and those of model is a suitable accommodation. 
(Yassenn et al., 2015) suggested the using of linear elastic 
modeling to determine the expected fatigue and rutting 
damage in flexible pavements due to the traffic loads. 

METHODOLOGY 

Three dimensional finite element method is the best 
approach to analyze more accurately critical pavement 
response through the minimizing or eliminating the 
assumptions of the two dimensional analysis. The analysis 
in (3D) method is more complicated as compared with the 
axisymmetric because of the extra coupling that will occur 
in additional direction.  
 The responsing of each element is expressed in terms of a 
finite number of degrees of freedom that characterized as 
the value of unknown function at a set of nodal points. For 
typical finite element analysis by any software, it's very 
important to provide the following information: 

 The geometry of the structure.
 Elements connecting.
 Materials properties.
 The boundary conditions or the restraints.
 Load or the details of forcing function.
 The options of analysis process.

 The solution process in finite element method can be 
summarized in the following steps: 

 Dividing the structure into pieces (the meshing step).
 Connecting the elements at the nodes form on

approximate system of equations for the whole
structure.
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 Solving the equations that involve the unknown
quantities at the nodes.

 Calculating the desired quantities such as stresses,
strains at the selected element.

Materials and Tests 

The soil used in this research is brought from AL- Sader 
city at the east of Baghdad. The sample is taken from (2-
4m) depth below the existing ground surface. The soil 
transferred in plastic bags to soil mechanics laboratory of 
the highway and transportation engineering department. 
Tests are carried out on the soil samples to determine the 
physical and chemical properties. The tests included 
particle size distribution, soil classification and description, 
specific gravity, Atterbirg limits.  
Tables (1) and (2) represent the physical properties and 
chemical composition of the soil sample used in this study. 

Table (1): Physical Properties of Soil Samples. 

Index Property Value 
Liquid Limit (L.L.) 
Plastic Limit (P.L.) 

Plasticity Index (P.I.) 
Specific gravity (Gs) 2.65 

%Gravel 0 
%Sand 20 
%Silt 24 
%Clay 56 

AASHTO Classification A-7-6 
Unified Soil Classification System 

(U.S.C.S.) 
CL 

Table (2): Chemical Properties of Soil Samples. 

Index Property Value 
Total Soluble Salts (T.S.S.) 10.8 

Organic Matter Content 2.4% 

Total Sulphate Content 1.45% 
PH Value 7.9 

Gypseous Content 3.57 

Figure (1) shows the grain size distribution of the soil 
sample. 

Table (4): Chemical Properties of Hydrated Lime 

Figure (1): Grain Size Distribution of Soil Sample. 

Lime-Kaolin Mixture 

Both of these materials are brought from the local market. 

In this study hydrated lime Ca (OH)2 is used. in this work 

3% of lime and 4% of kaolin are mixed and added to the 

natural soil. The additives and soil are mixed until 

obtaining homogeneous mixture in color. Physical and 

chemical properties for both lime and kaolin are shown in 

tables (3), (4), (5) and (6). 

Table (3): Physical Properties of Hydrated Lime 

Lime Properties 

Fine dry white powder Form 

White Color 

2.3 Specific Gravity 

12.93 PH (250 C) 
657 Finess (m2/Kg) 

Table (5): Physical Properties Kaolin 

Index Property 

2.58 Specific Gravity 

57 Liquid Limit (L.L.) 

27 Plastic Limit (P.L.) 

30 Plasticity Index (P.I)  

CH Soil Symbols (USCS) 

0

20

40

60

80

100

120

0.001 0.01 0.1 1 10

%
Pa

ss
in

g

Particle Size (mm)

Percent by Weight Composition 

71 CaO 

0.5 Al2O3 
4 SiO2 

0.4 Fe2O3 
2.5 MgO 
0.3 SO3 
52 Active CaO 
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Table (6): Chemical Composition of Kaolin. 

Percent by Weight Composition 

51.6 SiO2 
33 Al2O3 
1.5 CaO 
1.4 Fe2O3 
0.6 MgO 

12.1 L.O.I.*** 

Silica-Fume 

Silica-fume is brought from the local market. It’s a highly 
effective material because of the high silica content and the 
extreme fineness. This stabilizer is available in two colors 
weight and dark grey. In this study 2% of silica-fume is 
used as a percent of the dry weight of the natural soil. 
Physical and Chemical properties of this stabilizer are 
shown in tables (7) and (8) respectively. 

Table (7): Physical Properties of Silica-Fume 
According to (ASTM C1240-03). 

Physical Property S.F. 
%Retaining on 45-μm 
(No. 325) sieve, Max. 

7 

Specific Surface, Min., 
m2/g 

21 

Specific gravity 2.231 

Table (8): Chemical Properties of Silica-Fume 
According to (ASTM C1240-03). 

Oxide Composition S.F. 

Sio2, Min. percent 90 

Moisture Content, Max. 
percent 

0.68 

Loss of Ignition, Max. 
percent 

2.86 

Mixture of Rice Husk Ash (RHA) and Poly Velyin 
Alcohol (PVA) 

RHA is obtained from the mailing of rice ash which is 

brought from Al-Meshkhab in Al-Najaf city. The rice ashes 

are burn at (600 C) for 2 hours. In controlled temperature 

then the by-product is mailed to obtain the RHA in powder 

form. Plate (3.1) shows the rice husk and rice husk ash. 

PVA is a white to yellow powder that obtained from the 

local market. In this research (3% of RHA) is mixed with 

(2% of PVA) the added to the natural soil to study the 

effective of this additive on the soil. Tables (9) and (10) 

show the physical and chemical properties of RHA. 

Table (9): Physical Properties of RHA. 

Value Property 

100 4.75 mm 

Grain Size 
Distribution (% Finer 

than) 

98 2.0 mm 

82 0.595 mm 

56 0.425mm 

25  0.149 
mm 

9 0.075 mm 

2.03 Specific Gravity 

Table (10): Chemical Composition of RHA (after 
Oyetola and Abdullah, 2006). 

Percent by 
Weight 

Composition 

86 SiO2 

2.6 Al2O3

1.8 Fe2O3

3.6 CaO 

0.27 MgO 

Silica-Fume and Poly Vinyl Alcohol (PVA) 

In this study a mix of (2% Silica-Fume) and (2% PVA) is 
used. Before the using of this mixture, the three additives 
are mixed together and then added to the natural soil. 

MATERIALS PROPERTIES 

For understanding and investigating the distribution of 

stresses, strains and displacement in the pavement layers 

with the variation in subgrade layer properties, 3D models 

are created by finite element Abaqus program. The 

simulation of subgrade layer in this case included the using 

of drucker prager to produce the elasto-plastic behavior. 

The angles of friction (ø) and cohesion stress (C) were 

determined through the direct shear test while the values of 
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modulus of elasticity (E) are obtained from the results of 

U.C.S.  

Layer Density 

(Kg/cm
3) 

E 

(Mpa

) 

ø Poisson's 

ratio (υ) * 
C 

(Mp
a) 

Asphalt Surface 2310 1200 - 0.35 - 

Subbase 2200 110 - 0.35 - 

Stabilized 

Subgrade 

Lime 

and 

Kaolin 

1640 18.9 38.7 0.4 0.08 

S.F. 1692 10.5 42.1 0.4 0.07 

(RHA 

and 

PVA) 

1680 21.5 46.6 0.4 0.05 

(S.F. 

and 

PVA) 

1660 12.9 40.3 0.4 0.03 

*Poisson's ratio from Huang (2004).

SIMULATION OF MOVING LOAD 

The application of layered theory for the design of 

flexible pavement included the assumption of circular 

contact area for each tire. This assumption is not correct 

but the error is very small. So, for simplification the 

analysis of flexible pavement, a single circular with same 

contact area as the duals is used to simulate a set of dual 

tires instead of using two circular areas. The contact 

pressure on the pavement is equal to the tire pressure. The 

contact area can be in the form of square and two half 

circles (Huang, 2004). According to (Yoder and Witczack, 

1975), the wheel load that applied on the pavement ranging 

from (80 KN to 90 KN). In this study the load of one tire is 

considered equal to (96 Kg) and it distributed uniformly 

over the total contact area. The pressure used in this 

research equal to (550 Mpa).The simulation of moving 

load on the pavement structure included division the 

pavement into (12) Steps to simulate the path of tire on the 

asphalt surface layer, each step consist of number of cycles 

through the using of time-amplitude tabular. Step by step 

loading is used to simulate the motion of wheel in a 

determined speed. The loading place must be moved in a 

gradual form in order to have a complete wheel turn. Figure 

(2) represents the steps of loading used in finite element 

Abaqus program. The simulation of repeated load by using 

time-amplitude tabular is shown in figure (3).

Figure (2): Steps Used to Simulate Moving Load in Finite 
Element Abaqus Program. 

Figure (3): Simulation of Moving Load by Using Time-
Amplitude Tabular. 

BOUNDARY CONDITIONS 

The boundary conditions of the model have important 

effect in the prediction of response of the model. Steel box 

is assumed to be used, so the bottom of subgrade and the 

sides of each layer is assumed to be fixed. In other word, 

there is no horizontal or vertical movement in this case. The 
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nodes along the edges of pavement are assumed free to 

move vertically but forced in the horizontal direction. 

Figure (4) represents the boundary conditions of the model. 

Figure (4): Boundary Conditions of the Model Simulated 

by Finite Element Abaqus Program. 

FINITE ELEMENT TYPE 

All the parts of the model that created by finite element 

Abaqus 6.14-1 are modeled using (8) nodes continuum 

three dimensional brick element (C3D8R) with reduced 

order numerical integration available in Abaqus program. 

This element has the ability to represent large deformation, 

geometric and material nonlinearities. Solid element 

(C3D8R) has three degrees of freedom at each node, 

translations in the nodal X, Y and Z directions. The layers 

of pavement are simulated with the same shape to reserve 

the continuity of the nodes between the sequential layers. 

MESHING SIZE 

The mesh of model is considered in way to provide best 

and more accurate results. So, (8) nodes linear brick 

reduced integration elements (C3D8R) meshing is used to 

improve convergence rate. (C3D8R) elements are of 

quadratic type. Quadratic elements have better results than 

the linear interpolation element (Hadi and Bodhinayake, 

2013). Fine mesh size is used around the loading area, 

along the wheel path and at the interface between layers 

where the gradients of stresses and strains are higher. 

Figure (5) shows the mesh size for all layers of the model. 

Figure (5): Meshing of all Parts of the Model. 

INTERACTION MODELING TECHNIQUES 

To contact the parts of model together by using Abaqus 

program, it's very important to define the surfaces of 

interaction between two layers. There is several 

formulation of contact in Abaqus program. Each 

formulation is depending on the choice of contact 

discretization, tracking approach and assignment of 

(master) and (slave) roles for the contact surfaces. The 

interaction technique permits merging two regions together. 

In this study, (Surface to Surface) contact with small 

sliding is used for all the contact interactions in the model 

which assumed a comparatively small sliding but could 

submit to an arbitrary rotation of the bodies. The 

formulation of interaction between the layers of model is 

shown in figure (6). 

Figure (6): Formulation of Interaction between the Layers 

of the Model. 
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RESULTS AND DISCUSSIONS 

To study the influence of variation in subgrade layer 

properties on the permanent deformation of the flexible 

pavement structure, seven models are built by using finite 

element Abaqus program. In this research, the comparison 

between these models based premilary on the permanent 

deformation. Figures (7) through (13) show the vertical 

permanent deformation for the natural and stabilized 

models.  

Figure (7): Vertical Deformation for Natural Model 

Compacted at Dry Side 

Figure (8): Vertical Deformation for Natural Model 

Compacted at O.M.C. 

Figure (9): Vertical Deformation for Natural Model 

Compacted at Wet Side. 

Figure (10): Vertical Deformation for Stabilized Model 
with (3% of Lime and 4% of Kaolin). 

Figure (11): Vertical Deformation for Stabilized Model 
with (2% of Silica Fume). 
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Figure (12): Vertical Deformation for Stabilized Model 
with (3% of RHA and 2% of PVA). 

Figure (13): Vertical Deformation for Stabilized Model 
with (2% of Silica Fume and 2% of PVA). 

For the models with untreated subgrade layer it's noted that, 
the vertical deformation reduced about (5.3%) due to the 
increasing of moisture from (11.5%) to (13.5%). The 
increasing in moisture to (15.5%) results in increasing the 
surface deformation about (7.8%). 

The using of (3% of RHA and 2% of PVA) as stabilizers 

for the subgrade layer led to improving the deformation to 

(9.5%) as compared with untreated model. The other 

stabilizers improved the deformation with different 

percentages. Figures (14) and (15) illustrated the values of 

vertical deformation for the natural and stabilized models 

respectively. 

Figure (14): Vertical Deformation for Elasto-Plastic 
Models with Natural Subgrade Compacted at Different 

Moisture Contents. 

Figure (15): Vertical Deformation for Elasto-Plastic 
Models with Stabilized Subgrade Compacted at Optimum 

Moisture Contents. 

The percentage of improvement in vertical deformation 
due to using stabilized subgrade layer with different 
stabilizers is shown in figure (16) below. 
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CONCLUSIONS 

The untreated subgrade layer that compacted at the wet side 
resulting in high vertical deformation due to the applied 
traffic loading as compared to the subgrade layers 
compacted at dry or O.M.C.  

All types of stabilizers used in this research improved the 
deformation but the addition of combination of (RHA and 
PVA) gives a less deformation as compared to the other 
types of stabilizers. 
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DEVELOPMENT OF A COMBINATION OF A ROTARY 
PENETRATION TYPE SAMPLER 
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ABSTRACT: The Swedish Weight Sounding (SWS) test is a ground survey method often used in residential 
areas. However, it is difficult to determine soil properties and understand soil quality accurately only by the 
SWS results. If it becomes possible to collect undisturbed samples by inexpensive and simple sampling, it 
could be applied to a wide range of construction designs such as pile foundation works. The purpose of this 
study is to establish an inexpensive, simple and accurate ground survey method by a combination of a rotary 
penetration type sampler (Screw Driving Sampler), and an improved SWS tests, the Screw Driving Sounding 
test (SDS test). In this report, after carrying out the SDS test and sampling by a SD Sampler (SD sampling) in 
actual ground, the laboratory test results were compared with the boring test results obtained from neighboring 
ground. As results of an unconfined compression test, since an unconfined compressive strength was large but 
a deformation coefficient was small, it was revealed that the sample was disturbed at some parts. However, 
when comparing the result of SD sampling with that of boring test, contamination was not observed in the 
physical test on the sample obtained by SD sampling. As a result, it was confirmed not only that sedimentation 
status of the ground could be estimated through the SDS test but also more detailed soil properties could be 
investigated with SD sampling. 

Keywords: Sampling, sampler, sounding, boring test, unconfined compression test 

1. INTRODUCTION

The Swedish Weight Sounding (SWS) test, 
which is more inexpensive and simpler than the 
boring test, is commonly used for ground survey in 
residential areas. However, the SWS test can 
determine only soil hardness but not soil properties. 
If it becomes possible to collect samples by an 
inexpensive and simplified sampling method, it 
could be feasible to assess liquefaction potential by 
grain size analysis on the collected samples. In 
addition, if a collected sample is undisturbed, it 
could be applied to a wide range of construction 
designs such as pile foundation works. The purpose 
of this study is to establish an inexpensive, simple 
and accurate ground survey method by a 
combination of a rotary penetration sampler (Screw 
Driving sampler), and an improved SWS test, the 
Screw Driving Sounding test (SDS test). In this 
report, after carrying out the SDS test and sampling 
by a SD sampler (SD sampling) in the actual ground, 
the laboratory test results were compared with the 
boring test results obtained from neighboring 
ground. 

2. SD SAMPLER

Figure 1 and Table 1 show a photo and a 
summary of SD samplers, respectively and Fig. 2 
shows a SD sampling procedure. The SD sampler is 
composed of a piston, blades and double tube 
structure including an outer tube and a sampling 

tube to reduce frictional resistance between the 
sampling tube and a wall of borehole during 
sampling. The penetration of the sampling tube is 
based on a ball screw mechanism. The test 
procedure was as follows; first the sampler was 
penetrated through a borehole pre-excavated by a 
sounding test to a selected position with no rotation, 
and then the rods were rotated and lifted off for 
collecting a sample. There are three types of 
samplers with different diameters, including a large 
sampler to collect an undisturbed sample used for 
an unconfined compression test and a small and a 
medium sampler for physical tests. 

Fig. 1 SD samplers 

Table 1. Summary of SD samplers 
outer

diameter
(mm)

inner
diameter

(mm)

maximum
sample

length(mm)
S 32 18 350 (soil)
M 36 25 350 (clay)
L 44 36 350

use

physical
test

mechanics test

10th Int. Conf.  on Geotechnique, Construction Materials and Environment,  
Melbourne, Australia, 11-13 November 2020, ISBN: 978-4-909106049 C3051 
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Fig. 2 SD sampling procedure 

3. SDS TEST

Fig. 3, Fig. 4 and Fig. 5 show a photo of the SDS
test machine, a test procedure and a summary of 
torque and load applied on the rod, respectively. 
The SDS test results were studied based on the 
plastic analogy model obtained from the 
constitutive law of soil stress and strain. The rotary 
penetration was regarded as deformation behavior 
caused by a combined load of a vertical load and 
torque. During the test, a vertical load was added 
with 125N at each rotating in seven stages from 
250N to 1000N, and after 25cm penetration, the 
rods were lifted off by 2cm and the torque was 
gauged to reduce peripheral frictional resistance 
(Fig. 4).  There were 9 measurement items: 
penetrate depth, load, average torque, 
maximum/minimum torque, settlement speed, half 
rotation amount and settlement amount. In addition, 
to reduce peripheral frictional resistance, a vertical 
component Wf and a horizontal component applied 
on the rods Tf were subtracted from practically 
gauged load Wa and torque Ta (Figure 3), 
respectively. 

Fig. 3 SDS test machine 

Fig. 4 Test procedure 

Fig. 5 Summary of torque and load on rods 

Fig. 6 Results of SPT and soil profile 
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4. SD SAMPLING IN ACTUAL GROUND

Fig. 6 shows the SPT test results and a soil 
profile. While the boring test was carried out except 
for the part from the ground surface to 
approximately 2.5m depth, SD sampling was 
carried out at the same time, where samples were 
collected with a SD sampler from designated eight 
points between 3.00m to 8.00m depth on the clay 
ground. A series of tests were carried out on the 
collected samples including unconfined 
compression tests, water content tests and 
liquid/plastic limit tests. 

4-1.   SAMPLING RESULTS 

Fig. 7 shows the water content test results of 
collected samples by thin-walled sampling in the 
boring test (TW sampling) and SD sampling (wn), 
and Fig. 8 shows the liquid/plastic limit test results 
of TW and SD samplings (wl, wp), respectively. 
First, focusing on the water content test results of 
both samples, the values were close at 4m, 6m and 
7m depths. Moreover, the values from the 
liquid/plastic limit tests on both samples were close 
as well. From the results that both samples at each 
depth were likely to be equivalent in the physical 
properties, it was revealed that contamination was 
not caused during SD sampling. 

Fig. 9 shows the unconfined compression test 
results of TW and SD samplings (qu). Compared the 
unconfined compressive strengths of both samples 
at 4m depth, the values were very close. At deeper 
depths, on the other hand, the unconfined 
compressive strengths of SD sampling were 
basically same but relatively larger than those of 
TW sampling. Then, the deformation modulus was 
focused on to confirm sample disturbance. Fig. 10 
shows the deformation modulus (E50). At 4m depth, 
the both deformation moduli were close, but at 
deeper depths, the deformation moduli of SD 
sampling were smaller than those of TW sampling.  

From the results of the unconfined compression 
tests, we considered that the unconfined 
compressive strengths were affected by the 
positional relationship between the sampling and 
the structure. Since the deformation moduli were 
small, it appeared that disturbance occurred in the 
samples of SD sampling at depths deeper than 4m. 

Fig. 7 Water content test results 

Fig. 8 Liquid/plastic limit test results 

Fig.9 Unconfined compression test results 
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Fig. 10 Deformation modulus 

5. SDS TEST AND SD SAMPLING

To understand accumulation conditions of the
ground, the SDS test and SD sampling were 
carried out. After the SDS test was conducted in 
the ground approximately 20m away from the 
boring test position and up to 10.25m depth, the 
depth for SD sampling was determined from the 
response of measured torque. Then, samples were 
collected by a medium sampler and applied to 
water content tests and liquid/plastic limit tests to 
investigate their physical property. 

5-1.   SDS TEST RESULTS 

Fig. 11 shows E0.25 obtained from the SDS test 
and N-value from the boring test, where E0.25 
represents an energy amount when penetrating 
25cm and calculated from torque, the number of 
rotation, load and depth. As seen in Fig 11, the 
behavior of E0.25 tended to be similar to that of N-
value. Therefore, there is a possibility that E0.25 
could be an alternative of N-value. 

Compared torque from the SDS test with N-
value as shown in Fig 12, similar tendencies were 
seen in both behaviors, same as E0.25. In addition, 
focusing on only torque behavior, it was assumed 
that the stratum of 0-2m depth was a reclaimed 
ground because the torques fluctuated significantly. 
Focusing on 2-4m and 4-6m depths, the torques 
increased according as depth increased and a 
sudden decrease was observed when passing 4m 
and 6m parts, respectively. While, N-value 
decreased at depths deeper than 6m as well. From 
the results, there is a possibility that these two parts 
were assumed to be stratum boundaries. 
Furthermore, since the test ground was 11.0m TP 

above sea level, the ground at depths deeper than 
6m used to be under sea level centuries ago so that 
the stratum was assumed to be marine clay. 

According to the torque results, the ground of 2-
10.25m was clarified into three stratums:  2~4m, 
4~6m and 6-10.25m depths. 

SD sampling was carried out at additional four 
points with different torque values between 3m 
and 6m depths to understand stratum boundaries at 
4m and 6m depth, respectively. 

Fig. 11 E0.25 and N-value 

Fig. 12 Torque and N-value 
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5-2.   SD SAMPLING RESULTS 

Fig. 13 shows the water content test results (wn) 
and Fig. 14 shows the liquid/plastic limit test results 
(wl, wp). There was a tendency that the water 
contents increased as depth increased, however, a 
wider difference was seen between 4m and 5m 
depth, compared with the difference between 3m 
and 4m and that between 5m and 6m. Similarly, the 
liquid limit and the plastic limit increased as depth 
increased. It resulted from increasing of sand in the 
stratum at depths shallower than 6m by recession of 
the sea or deposit of sediment. 

Fig. 13 Water content test results 

Fig. 14 Liquid/plastic limit test results 

Fig. 15 shows a plasticity chart and Fig. 16 
shows a liquidity index calculated from 
liquid/plastic limit test. Differences were seen in the 
physical properties between 3m and 4m depth with 
clay and 5m and 6m depth with silt (Fig. 15). The 
liquidity indexes of 5m and 6m depth were close to 
one, while those of 3m and 4m depth were lower 
than one. In particular, the liquidity index of 4m 

depth with a large torque was the lowest of the four 
samples (Fig. 16). As one of the reasons, the test site 
was adjacent to a structure so that the ground may 
have been affected by it and accordingly the 
intensity became high around 4m depth. 

Fig. 15 Plasticity chart 

Fig. 16 Liquidity index 

6. CONCLUSION

It was confirmed from the physical test results
that SD sampling was capable to collect samples 
from a target depth without disturbing a borehole. 
The unconfined compression test results also 
revealed that little disturbance was observed in the 
samples collected by a SD sampler on the whole, 
although the quality was not as high as that of thin-
walled sampling. 

In addition, there was a possibility for E0.25 
obtained from the SDS test results to be an 
alternative to N-value, by evaluating an 
accumulation state from a torque response. 
Properties of soil stratums and accumulation states 
were investigated in more detail by SD sampling 
based on the SDS test results. 
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In conclusion, a better understanding was 
obtained on usability of SD sampling in 
combination with the SDS test in this study. In order 
to improve sampling accuracy, more SD samplings 
will be carried out on various types of grounds as 
well as a consolidation test and an unconfined 
compression test with measuring suction. 
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ABSTRACT 

Site-specific ground motion analysis is a method for developing surface ground motion and surface spectral 
acceleration. The analysis is performed by conducting propagation analysis from base-rock to surface elevation. 
The important information needs for site-specific ground motion analysis is the position of base-rock or bedrock 
below the surface level. This paper presents the investigation results of base-rock elevation at the Diponegoro 
University Semarang, Indonesia. The background reasons why the base-rock investigation of this university area 
shall be performed because this area is located closed to three seismic sources (Semarang, Lasem and Demak 
shallow crustal faults). The base-rock elevation prediction at the study area was performed using a combination of 
microtremor test and soil boring investigations. The base-rock elevation prediction developed using microtremor 
test was verified using soil profile developed from soil boring investigation. Based on soil boring and microtremor 
investigations, the base-rock elevation at the university area is predicted at 30 m to 60 m below the surface level. 

Keywords: Base-rock, Ground Motion, Propagation Analysis, Microtremor, Shallow Crustal Fault 

INTRODUCTION 

Site-specific ground motion analysis is a method 
for developing surface ground motion, usually in 
terms of displacement, acceleration and velocity time 
histories. Surface response spectral acceleration and 
amplification factor can also be calculated or obtained 
using this method. The analysis is conducted as a 
complementary analysis for buildings and other 
structures resistance design and evaluation against 
seismic forces. Surface spectral acceleration for 
buildings design in Indonesia usually performs using 
amplification or site factor and multiplying this site 
factor with spectral acceleration at base-rock 
elevation. ASCE/SEI 7-16 [1] introduce the 
requirement of site-specific ground motion analysis 
for buildings located at soft soil (site class SE) and 
medium soil (site class SD) having a specific 
minimum Risk Targeted Maximum Considered 
Earthquake (MCER) SS and S1 spectral acceleration. 
ASCE/SEI 7-16 states that all structures located on 
site class SD and SE having an MCER-S1 minimum 
or equal to 0.2 g shall be evaluated using site-specific 
ground motion analysis. One of the important 
information for performing site-specific ground 
motion analysis is obtaining the base-rock elevation. 
The base-rock elevation can be obtained or predicted 
using typical invasive soil boring investigation and 
non-invasive microtremor test, either using single or 
array microtremor investigation.  

This paper explains the base-rock investigation 
research at Diponegoro University area. The study 
area is located at the southern part of Semarang, the 
capital city of Central Java Province, Indonesia. Base 

on the New Indonesian Seismic Hazard Map 2017 
[2], the university area is located closed to three 
different seismic sources, Semarang, Lasem and 
Demak crustal fault traces. The base-rock 
investigation at this area is part of seismic 
microzonation research for the university area. 
Seismic vulnerability analysis due to a specific 
scenario earthquake motion study is still on going. 
The study is performed because most of the buildings 
within the university area were designed and 
constructed following the old version of Indonesian 
seismic code. The base-rock prediction level was 
conducted using a combination of single and array 
microtremor test and soil boring investigations. 
Figure 1 shows the position of the university area 
against three closed seismic sources. All seismic 
sources are located less than 10 kilometers to the 
University area.  

Fig. 1 Seismic sources positions and the 
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corresponding distance to the university area 

Based on the New Indonesian Seismic Code 2019 
(SNI 1726:2019) [3], the MCER-SS and MCER-S1 
spectral response acceleration of the study area are in 
between 0.87-0.891g and 0.373-0.38g respectively. 
Figure 2 shows the 2019 MCER-SS map. Figure 3 
shows the 2019 MCER-S1 map. Based on those two 
spectral MCER acceleration, a site-specific ground 
motion will be analyzed at the university area as a 
complementary analysis using surface response 
spectral acceleration. 

Fig. 2 MCER-SS 2019 map of the university area 

Fig. 3 MCER-S1 2019 map of the university area 

METHODOLOGY 

Base-rock elevation prediction at the university 
area is performed as part of the same research 
conducted at the whole area of the city. This research 
is part of the seismic microzonation research of 
Semarang City and already started from 2015 and still 
on-going [4]. The base-rock investigation for the 
whole city area is started by conducting 241 single 
station seismometer investigation and following the 
same method proposed by [5, 6]. The purpose of this 
investigation is to obtain the dominant frequency of 
soil sediment at the microtremor equipment position. 
Figure 4 shows the position of 241 single station 
microtremor investigations. The dominant frequency 
for each microtremor position is calculated using 
Horizontal to Vertical Spectrum Ratio (HVSR) 
formula developed by [7, 8]. Figure 5 shows two 

examples of HVSR curve developed at the study area. 
The dominant frequency (Fo) obtained from HVSR 
curve used for base-rock prediction [9, 10, and 13]. 
The base-rock prediction elevation is calculated 
following the empirical formulae developed by [14, 
15]. Equation 1 shows the formula used for predicting 
base-rock elevation [14, 15]. The variable “Z” at Eq. 
1 represents the thickness of the soil sediment above 
the base-rock elevation. Table 1 shows the “m” and 
“n” constant values used for sediment thickness 
calculation. The Z values obtained at all single 
microtremor positions surrounding the study area are 
used for developing the base-rock elevation map of 
the study area. 

Fig. 4 Single station seismometer investigation at 
Semarang 

Fig. 5 Two example HVSR analysis results at two 
point within the university area 

nmFoZ =   (1) 

Table 1 m and n values used for sediment thickness 
calculation 

References m n 
[14] 96 -1.388 
[15] 108 -1.551 

Following the single station seismometer 
investigation, array microtremor investigations was 
performed at the university area. The purpose of this 
investigation is to find the predicted soil profile in 
terms of shear wave velocity (Vs) profile at the study 
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area. Based on the Vs data or Vs profile, the base-rock 
elevation can be predicted following the standard 
criteria describes by [1, 3]. SNI 1726:2019 [3] and 
ASCE/SEI 7-16 [1] states that the minimum Vs = 750 
m/sec (rock) and minimum Vs=1500 m/sec (hard 
rock) can be used for adjusting rock properties. The 
basic concepts of array seismometer analysis almost 
equal with single station seismometer analysis. All 
data developed using single seismometer is analyzed 
as an array data.  

Eight boring investigations are conducted at the 
study area. The purpose of this investigation is to find 
the soft rock or hard rock elevation at the boring 
position. All boring investigation at the study area 
were conducted until maximum 30 m depth. Figure 6 
shows the array microtremor and soil boring 
investigation positions.  

Fig. 6 Array microtremor and soil boring 
investigations at the study area 

RESULTS AND DISCUSSION 

Single station microtremor investigation 
conducted at the university area produce a dominant 
frequency (Fo) map. This map was performed by 
conducting spatial analysis. Figure 7 shows the 
spatial analysis results of dominant frequency map at 
the study area. All dominant frequencies (Fo) data 
obtained from single station seismometer test at the 
study area are used for base-rock elevation prediction. 
Figure 8 shows the base-rock elevation prediction 
results conducted at the study area. It can be seen in 
this figure the base-rock elevation at the study area 
are divided into two different elevation 0-30 m (area 
1, red area) and 30-60 m (area 2, green area). Due to 
the restriction of soil boring investigations, the base-
rock elevation is divided into two different depths. All 
boring investigations are executed until maximum 30 
m depth. Three boring investigations are located at 
area 1, however another five boring investigations are 
located at area 2. 

Based on the information related with base-rock 
elevation, array microtremor analysis was then 
performed at the study area. Figure 9 shows three 
different cross section positions for developing array 
microtremor analysis and developing vs profile. 

Figure 10 until Figure 12 show the three different 
results of soil profile in terms of shear wave velocity 
(Vs) profile. Based on Fig. 10 base-rock elevation is 
located minimum 40 m depth below the surface level. 

Fig. 7 Dominant frequency (Fo) map of the study 
area 

Fig. 8 Base-rock elevation map of the study area 

Fig. 9 Cross section positions 

 
 
 
 

Fig. 10 Vs profile at cross section no 1 developed 
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from 5 seismometer position 
 
Based on three different cross section positions, 

the base-rock elevation can be proved using boring 
investigation results at cross section no 3. From the 
Vs profile the base-rock or hard-rock layer having 
shear wave velocity minimum 1500 m/s can be found 
at 30 m or maybe less than 30 m below the surface 
level. The Vs profile developed at cross section no 3 
will make base-rock level easy to predict. Based on 
figure 10 or cross section no 1 the base-rock elevation 
can be predicted at 50 m below the surface level. 
However, it is difficult to predict the elevation of 
base-rock based on cross section no 2.  
 
 
 
 
 
 
 
 
 
Fig. 11 Vs profile at cross section no 2 developed 

from 4 seismometer position 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Fig. 12 Vs profile at cross section no 3 developed 
from 4 seismometer position 

 
To verify the base-rock elevation, 8 boring 

investigation are performed at the study area. Figure 
13 shows two different boring investigation results 
collected from boring no Bh1 (Fig. 13 (a)) and Bh2 
(Fig. 13 (b)), two example boring-log data collected 
from area 1 and area 2 respectively. A good 
correlation between soil boring investigation and 
array microtremor investigations results was 
measured in this research especially at the university 
area. As it can be seen in Fig. 13 (a) the base-rock 
elevation is easily to predict by conducting the 
minimum shear wave velocity of 1500 m/sec. The 
base-rock elevation was observed at approximately 
30 m below the surface level (cross section no 3). 
Sand-stone sample was observed at the boring no 
Lok01Bh1 at 25 to 30 m below the surface level. 

Base-rock elevation were observed at three boring 
locations at area 1. However, no rock sample obtained 
at five boring positions at area 2. Fig 13(b) shows an 
example of boring-log record at area 2 (cross section 
no 1 and 2). Figure 14 shows the correlation of N-SPT 
(Standard Penetration Test) result and Vs profile 
developed at boring no BH1. Figure 15 shows the 
correlation of N-SPT data and Vs profiles at boring 
no Bh2.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Fig. 13 Two sample boring log results area 1 Bh1 (a) 

and area 2 Bh2 (b) 
 

 
 
 
 
 
 
 
 
 
 
 

 
Fig. 14 N-SPT and Vs correlation at cross section no 
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Fig. 15 N-SPT and Vs correlation at cross section 
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no1 

Figure 14 shows the correlation of Vs profile 
developed from array microtremor with 4 geophones 
and soil boring investigation result. The analysis was 
conducted at cross section no 3 position. Based on the 
Vs profiles, the maximum Vs value obtained at 30 m 
below the surface level is 2502 m/sec and the 
minimum Vs value at this level is 843 m/sec and the 
average Vs value is 1913 m/sec. The average Vs 
value from 25 m to 30 m is greater than 1500 m/sec. 
Following [1] and [3] the hard rock samples will be 
obtained at minimum 26 m below the surface level. 
Based on the boring-log result conducted at this array 
position as can be seen at Fig. 13(a) the sand stone 
sample was obtained from 26 to 30 m below the 
surface level. The N-SPT profile was also obtained 
from the same boring position. However, it is difficult 
to evaluate the hard rock position based on the N-SPT 
data. Due to the capability of N-SPT spoon sampler 
apparatus, for all N-SPT greater than 60, the boring 
master will stop the blowing proses and write the N-
SPT record “>60” into the boring-log. Sand stone 
samples are also observed at other two boring 
investigation positions. A good output performance 
of base-rock investigation was observed at area 1.    

Figure 15 shows the same Vs and N-SPT 
correlation conducted at array 1 position. Five 
geophones for ambient vibrations measurement were 
installed at this position. In average no Vs value at 30 
m below the surface level reach 1500 m/sec. The 
average Vs value collected from five geophones is 
less than 1500 m/sec. Based on the average Vs data, 
it is difficult to obtain the base-rock samples at this 
array investigation position. Base on the boring-log 
report, no soft rock or hard rock samples obtained 
from the soil boring investigation. As it can be seen 
at Fig. 13 (b), the N-SPT values obtained from 12 m 
to 30 m below the surface level are greater than 60. 

Based on the microtremor and soil boring 
investigations conducted at the University area, base-
rock elevation can be predicted using single and array 
microtremor investigations. Base-rock elevation can 
be predicted when the Vs data observed by 
microtremor equipment reach minimum 1500 m/sec.  

CONCLUSIONS 

Development of base-rock elevation is one of the 
most important data or information needs for seismic 
hazard analysis and site-specific ground motion 
analysis. Base-rock elevation can easily be predicted 
using single and array microtremor or seismometer 
investigation. Following the microtremor 
investigation, in terms of base-rock elevation, the 
study area is divided into two different sub-area, the 
first area having a maximum of 30 m and the second 
area is predicted having a maximum of 60 m base-
rock elevation.  

Based on eight boring investigations results for 
verifying the base-rock elevation, the sand stone 
(hard rock) samples were observed at three boring 
positions having a maximum of 30 m depth (first 
area). However, no hard rock samples observed at 
other five boring positions (second area).  

Single and array microtremor investigations can 
be used as a complement method in predicting base-
rock measurements. Boring investigations shall be 
conducted to verify the microtremor investigation 
results.  A minimum of 1500 m/sec of shear wave 
velocity values should be applied for base-rock 
elevation measurements. However, if the vs value 
obtained on site less than 1500 m/sec, the predicting 
base-rock elevation is difficult to perform. For 
verifying base-rock elevation located at minimum 
100 m depth, the soil boring investigation will spend 
a lot of money and time.  
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ABSTRACT 

In embankment structures affected by seepage flow over a long period, such as river levees and reservoir 

dams, soil particles flow into the voids and flow out of the embankments. The phenomenon whereby fine soil 

particles move to the interior of embankments is called “internal erosion”. This progressive phenomenon in which 

only the fine soil particles flow out, while the skeleton of the coarse soil particles remains, is called “suffusion”. 

Suffusion causes a reduction in the strength of the embankment materials. Embankments affected by suffusion 

may collapse due to heavy rain and earthquake events. However, the mechanism of suffusion remains unclarified. 

In this study, two kinds of water-passing experiments were performed with our developed cylindrical column 

apparatus in order to examine the progression and the continuity of suffusion, and the flow rate, turbidity of the 

drainage water and mass of the discharged soil were continuously measured. Some experiments have been 

performed in previous studies to reproduce suffusion artificially, but it was difficult to continuously collect and 

analyze the discharged soil. This is because the amount of discharged soil was low and the particle size was small 

in the cases of specimens of a general size. Thus, an attempt was made here to conduct a particle size analysis 

using a turbidimeter in order to overcome these problems. As a result, the changes in the discharged soil particle 

size could be traced, and it could be clarified that the soil particles with a small particle size were transported to 

the lower part of the specimen and that a portion of the particles flowed out. 

Keywords: Suffusion, Internal erosion, Embankment structure, Seepage 

INTRODUCTION 

In embankment structures affected by water 

storage, such as riverbanks and reservoirs, sometimes 

muddy water leaks from the ground surface. When 

the leak is turbid, there is a risk of collapse, which is 

one of the important items to check during 

inspections. As shown in Fig. 1, it is possible for the 

fine particles to flow out of an embankment while the 

skeleton of coarse soil particles remains. This 

phenomenon is called “suffusion” and it may reduce 

the strength of the embankment materials used as the 

ground material. Recent studies have revealed that 

suffusion also causes a decrease in the ground-

bearing capacity [1], [2]. In other words, if suffusion 

continues, the stability of the embankment structure 

will be lost over time. However, the process and 

mechanism of suffusion, as well as its effect on an 

embankment’s stability, are unclear. 

In this study, two types of downward water-

passing experiments, involving the discharge of fine 

particles, were carried out with a cylindrical column 

to examine the progress and continuity of suffusion. 

In previous research, the discharged soil particles 

were so few that a continuous analysis was difficult. 

In this research, an attempt was made to analyze the 

particle size of the discharged soil by measuring the 

turbidity of the wastewater as one method to solve the 

problems. Thus, the progress of suffusion was 

considered from the viewpoint of particle size. 

PARTICLE SIZE ANALYSIS USING A 

TURBIDIMETER 

It is difficult to continuously collect and analyze 

discharged soil particles. This is because, in an 

experiment, they are too small and too few in number 

to reproduce suffusion. In this study, a particle size 

analysis of the soil particles discharged in each 

experiment was performed using a turbidimeter. The 

Fig. 1 Image of suffusion 

Suffusion

Embankment
Seepage flow

Fine particles
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particle size of the discharged soil was estimated by 

comparing the turbidity of the pre-prepared 

calibration suspensions with the turbidity of the 

drainage in the experiment. 

Turbidimeter information and features 

The turbidimeter used in this study is turbidimeter 

TR-55 manufactured by Kasahara Chemical Co. The 

principle of turbidity measurement is the transmitted 

and scattered light measurement method. The 

transmitted light and scattered light of parallel light 

from an LED light source are measured at the same 

time, and the turbidity is converted from the ratio. The 

feature of this method is that the scattering intensity 

increases as the total surface area of suspended 

substances in a unit volume increases. Thus, the 

turbidity value increases as the particle size of the 

suspended substances decreases [3]. This feature of 

turbidity was applied to the experiments.  

Procedure for turbidity measurement 

10 ml of sample water was collected from the 

agitated drainage and transferred to a measurement 

cell using a pipette. After the bubbles on the wall of 

the measurement cell were removed by shaking, the 

cell was set in the turbidimeter. After waiting about 

10 seconds for the sample water to be stable, the 

turbidity was measured. The measured water was not 

returned to the used suspension; the same 

measurement was performed four times using other 

measurement cells. At the start and end of each 

experiment, the turbidity of the purified water (used 

as a control) and the tap water was measured in the 

same way; the turbidity remained below 0.02 degrees 

and 2 degrees, respectively. The turbidity of the water 

was negligible. 

Drawing reference lines 

First, four calibration samples were prepared. The 

samples were taken from Ube Masado soil using four 

sieves, with mesh sizes of 75 µm, 106 µm, 250 µm, 

and 420 µm, and named C75, C106, C250, and C420, 

respectively. Then, 80 different suspensions were 

made, and their turbidity was measured. The 80 

suspensions differed in calibration samples (four 

types: C75, C106, C250, and C420), 𝑆𝑆 (five types: 

0.2, 0.6, 1.0, 2.0, and 3.0 g/L), and volume (four 

types: 0.05, 0.25, 0.50, and 2.5 L). Figure 2 shows the 

relationship between the turbidity of the suspensions 

and concentration 𝑆𝑆 . Concentration 𝑆𝑆  is defined 

here as  

𝑆𝑆 =
𝑚𝑑𝑠

𝑉𝑑𝑤
 (1) 

where 𝑚𝑑𝑠  is the dry mass of the suspended soil

particles and 𝑉𝑑𝑤 is the volume of water.

According to Fig. 2, the concentration and 

turbidity of the calibration samples showed a linear 

relationship when the types of samples were the same. 

Furthermore, the slope of the best fitting line became 

smaller as the size of the soil particles contained in 

the suspensions became larger. There was no effect 

on the turbidity measurement due to the differences 

in the volume of the suspensions. Here, each best 

fitting line is called the “reference line”. The 

schematic diagram in Fig. 2 shows the ratio of the 

turbidity of suspension A to the turbidity on the 

reference line of the same concentration when the 

relationship between the concentration of this certain 

suspension A and the turbidity is plotted. This ratio 

was defined as the “Turbidity ratio at the same 

concentration 𝑅𝑡” and used in the experiment as a

parameter for the outflowing soil particles. The larger 

the turbidity ratio at the same concentration, the larger 

the distribution of smaller particle sizes than the 

calibration samples. 

Fig. 2 Relationship between concentration and 

turbidity of suspensions 

Fig. 3 Physical properties and particle size 

distribution curves 
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EXPERIMENTAL MATERIAL 

The soil samples used in this study contained 

decomposed granite soil, called “Ube Masado”, 

because this type of soil is often used in reservoir 

embankments. The “Ube Masado” was collected in 

Yamaguchi, Japan. Figure 3 shows the particle size 

distribution and the physical properties of the soil. 

The Ube Masado was divided into four groups of 

more than 2 mm, 420 µm~2 mm, 106 µm~420 µm, 

and less than 106 µm by sieving, and then mixed to 

have the soil particle distribution shown in Fig. 3. The 

two types of prepared soils were named “fs-5” (Fine 

sand: 5%) and“ fs-10” (Fine sand: 10%). In this 

study, the soil particles with a particle size of 420 µm 

or more are called “coarse particles”, while those with 

a particle size of 106 µm or less are called “fine 

particles”. Here, the percent of fine particles is the 

“fines content”. The particle size distribution in Fig. 

3 implies that the coarse particles form a skeleton, 

while the fine particles are present in the voids.  

The stability of the internal erosion of this sample 

was evaluated with the index proposed by Chang and 

Zhang [4]. The many stability indexes related to 

internal erosion were rearranged. Soil with an absent 

portion of the particle size distribution, such as with 

these samples, is called a “gap-graded soil”. It is said 

that the internal stability of gap-graded soils with 

fines contents less than 10% may be dominated by the 

gap ratio (  ). The    is defined as the ratio of the 

maximum particle size, 𝑑   , to the minimum 

particle size, 𝑑   , of the severely under-represented 

portion on the particle size distribution curve: 

 =
𝑑𝑚𝑎𝑥

𝑑𝑚𝑖𝑛
(2) 

When the condition of   ≦ 10% is satisfied, “  <3” 

is determined to be internally stable and “  >3” is 

determined to be internally unstable. All samples 

used in this study satisfied   ≦10% and the gap ratio 

was 3.96 ( 𝑑    =106 µm and 𝑑    =420 µm). 

Therefore, it can be said that the particle size 

distribution is internally stable and that internal 

erosion is likely to occur. 

 EXPERIMENTAL METHOD 

Experimental Apparatus 

Fig. 4 presents a schematic diagram of the 

experimental apparatus used in this study. It was 

produced by referring to the experimental apparatus 

designed by [5].  At the bottom, where each specimen 

was located, an acrylic plate, with 108 holes each 

having a diameter of 5 mm, and mesh with a diameter 

of 420 µm, were installed. These parts allowed only 

fine particles, smaller than the size of the sieve, to 

flow out of the specimen under the application of 

water flow. In addition, soil particles were easily 

discharged by providing a funnel-shaped depression 

in the bottom of the specimen.  

Experimental Procedure 

Two kinds of water-passing experiments were 

conducted here. One was performed while 

maintaining a constant water level; this experiment 

and its process are called the “constant water-passing 

experiment” and the “constant water-passing 

process”, respectively. The other was performed 

under the conditions of repeated supplying and 

draining; this experiment and its process are called 

the “repeating water-passing experiment” and the 

“repeating water-passing process”, respectively.  

Constant water-passing experiment 

Specimens were prepared by tamping every four 

layers of soil samples in order to adjust the water 

content to 10%. The target gap ratio was 0.85 or 0.80. 

Before the experiments, water seeped into the 

specimen until it permeated the surface. At this time, 

in order to prevent soil particles from flowing out, 

water was flushed from the surface of the porous 

stone side by turning the specimen upside down. 

After placing the specimen upside down and 

installing it in the apparatus, water was poured onto 

the top of the specimen. The water surface position 

was adjusted such that the hydraulic gradient was 

1.125. At the start of the test, the specimen saturation 

was about 70%. 

When the valve at the bottom is open, water 

permeation starts. After each beaker had filled to 

Fig. 4 Schematic diagram of apparatus used in this 

study 
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about 100 ml, following the start of water permeation, 

the beakers were collected and numbered from 1~14. 

During the experiment, the sampling time for each 

beaker was measured. After each experiment, the 

amount of drainage and the turbidity of the drainage 

were measured. Then, the mass of the discharged soil 

particles was measured after being oven dried.  

Repeating water-passing experiment 

The repeating of the water-passing experiment 

was continued using the same specimen as for the 

cases of fs-5_0.85 (2), (3), (4) and (5) in the constant 

water-passing experiment. The repeating of the 

water-passing process is shown in Fig. 5. When the 

experiment was completed, the water supply onto the 

top of the specimen was stopped. Simultaneously, the 

water was drained from the bottom of it. In Pattern 1, 

the lower valve was closed 5 minutes after stopping 

the water supply. In Pattern 3, the lower valve was 

closed 24 hours after stopping it. After that, the 

specimen was divided into six layers. On the other 

hand, in Pattern 2, 500 ml of water was supplied onto 

the upper surface of the specimen 5 minutes after 

stopping the water supply. In Pattern 4, 500 ml of 

water was supplied onto the upper surface of the 

specimen 24 hours after stopping it. In both patterns, 

this process was repeated nine times. Finally, the 

lower valve was closed 5 minutes after the last supply 

of water in Pattern 2 and 24 hours after it in Pattern 4. 

After the lower valve was closed, the specimen broke 

apart in 5 minutes in Pattern 2 and in 24 hours in 

Pattern 4. The specimen was divided into six layers in 

the height direction, and the water content for each 

layer was measured (Fig. 6). Each layer was washed 

with water on a 106 µm sieve, and the residue was 

oven dried. The mass of the residue was measured to 

calculate the fines content. Furthermore, the soil 

particles of the passing portion were collected 

together with water, and 𝑅𝑡  was calculated by

measuring the turbidity of the suspensions. 

EXPERIMENTAL RESULTS 

Results of constant water-passing experiments 

Amount of discharged soil particles 

Fig. 7 shows the relationship between the average 

flow rate and the total amount of discharged soil 

particles. Experimental IDs mean {sample ID_Initial 

void ratio_(Number)}. Even if the experimental 

conditions are the same, the average flow rates will 

be different. Initial saturations were around 70%, and 

it is possible that water preferentially flows through 

the parts with high saturation. It is thought that the 

differences in the flow rates were affected during the 

initial saturation. In both fs-5 and fs-10, the higher the 

average flow rate, the higher the total amount of 

Fig. 5 Flowchart of repeating water-passing 

experiment 

Fig. 6 Breaking apart of specimen after the 

experiments 

Fig. 7 Relationship between average flow rate and 

total amount of discharged soil particles 
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discharged soil particles. In addition, the total 

amount of discharged soil particles in the case 

of fs-5 was greater than that in the case of fs-

10. Fig. 8 shows the discharge of soil particles

for each beaker in the constant water-passing 

experiments. In all cases, the amount of 

discharged soil gradually decreased when the 

water flow increased. In the five cases of fs-

5_0.85, the amount of discharged soil 

particles became the maximum at the time of 

beaker No. 2. It is thought this is because the 

water which had collected in the depression 

of the lower plate flows out first. When the 

water flow exceeded 600 ml (beaker No. 3), 

the amount of discharged soil particles per 

100 ml decreased to 0.2 g or less.  

Turbidity ratio at the same concentration 

Fig. 9 shows the 𝑅𝑡  for each beaker. C106 was

selected as the reference line. The original particle 

size distribution of the fines in the specimen is the 

same as that for C106. If the fine particles are 

discharged from the specimens with the same as 

original particle size, 𝑅𝑡 should be about 1. The  𝑅𝑡 of

beaker 1 is about 1.7 to 2.5 in all cases. It is supposed 

that many particles with a particle size of 106 µm or 

less were discharged from the specimens. Here, for 

the brief explanation given below, the relatively small 

particles among the fine particles are expressed as 

“clay”. In all cases, there is a tendency for 𝑅𝑡  to

increase to beaker No. 4-6 (water flow is about 400 

ml to 600 ml) and then to decrease. It is thought that 

400 to 600 ml of the clay is preferentially discharged 

from the specimens, and thereafter, less clay is 

discharged. 

Repeating Water-Passing Experiments 

Amount of discharged soils 

Fig. 10 shows the discharge of soil particles from 

each beaker in the repeating water-passing 

experiment. Although the discharge of soil particles 

almost stopped during the constant water-passing 

process, soil particles began to be discharged again 

during the repeating water-passing process in the case 

of Patterns 2 and 4.  

Turbidity ratio at the same concentration 

Fig. 11 shows the 𝑅𝑡  for each beaker in the

repeating water-passing experiments. In Patterns 2 

and 4, 𝑅𝑡 increased rapidly to about 2.5 after the first

supply of water. Even after the first supply of water, 

𝑅𝑡 remained at 2 or more. These values for 𝑅𝑡 were

similar to the peak value for 𝑅𝑡 during the constant

water-passing process. In the experiments, the water 

flowed under unsaturated conditions, so that, in the 

constant water-passing process, it is thought that the 

water first flowed through the part where the initial 

saturation had been higher. It is supposed that the 

route where the water flow changed with each 

passage of water during the repeating water-passing 

process caused the erosion of the part that was not 

Fig. 8 Amount of discharged soil particles for each beaker 

(constant water-passing experiments) 
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subjected to an outstanding flow or the movement of 

soil particles. Furthermore, the fact that 𝑅𝑡 increased

during the repeating water-passing process is thought 

to have contributed to the fact that erosion occurred 

in new areas where clay had remained. 

Breaking apart of specimen after the experiments 

Fig. 12 shows vertical distributions of the fines 

content and the rate of change in 𝑅𝑡 when the 𝑅𝑡 of

the uppermost layer was 1, for the specimen divided 

after the experiment. The fines contents of Patterns 1 

and 3 were below the initial fines contents of the all 

layers. On the other hand, the fines contents of 

Patterns 2 and 4 were larger from the uppermost layer 

to the lowermost layer. It is thought that the fine 

particles moved from the upper layer to the lower 

layer, and that clogging occurred around the lower 

part. The rates of 𝑅𝑡 in Patterns 2 and 4 became larger

from the uppermost layer to the lowermost layer. It is 

believed that the clay predominantly moved from the 

upper layer to the lower layer.  

CONCLUSIONS 

 In this study, two types of water–passing 

experiments were conducted to examine the progress 

and continuity of suffusion. The main results of this 

paper are summarized as follows: 

1. In the water-passing experiments under constant

water level conditions, more clay was

discharged from the fine particles in the

specimen, and the clay was discharged first.

2. In the water-passing experiments under constant

water level conditions, the discharge of soil

particles almost stopped when the water flow

was about 400 ml to 600 ml. After that, the

discharge of soil particles restarted when the

water flow condition was repeated. The soil

particles flowing out of the newly eroded part

contained a large amount of clay that had not

flowed out during the constant water level flow

process.

3. Due to repeating the water-passing process, the

clay content in the upper part of the specimen

moved to the lower part. In addition, since fine

particles in the lower part of the specimen were

higher than those at the initial stage, it was

possible that retention had occurred near the

mesh.
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ABSTRACT 

Singapore’s Staging Grounds (SGs) receive hundreds of truckloads of excavated soil from construction sites 
daily and barge it to land reclamation sites as infill material. The excavated soil needs to be classified into two 
broad types (i.e. “Good Earth” and “Soft Clay”), according to particle size distribution (PSD) and water content 
(w), for appropriate use and treatment before and after infilling. However, conventional laboratory tests for PSD 
and w pose time and manpower constraints at SGs. Thus, computer vision technique is adopted for non-destructive, 
non-intrusive and instantaneous classification of excavated soils upon delivery to SGs. A 4-stage procedure of 
rapid soil classification with computer vision was established: (1) “soil image acquisition”, (2) “image processing”, 
(3) “image analysis”, and (4) “decision making”. A study was conducted with 40 soil images and samples collected 
from SGs. Five parameters of Grey Level Co-occurrence Matrix (GLCM) were obtained for each image. PSD and 
w of each sample were determined from conventional laboratory tests. 32 soil samples formed the training set to 
establish an Artificial Neural Network (ANN) model using the back-propagation network, correlating GLCM 
parameters with PSD and w results. The remaining 8 samples were used as the test set. This trained ANN model 
is found to be able to differentiate the soil images in less than a minute, and thus able to classify soils into “Good 
Earth” or “Soft Clay” with accuracy as high as 82.5%. This computer vision method will enable the SGs to achieve 
much higher productivity with good accuracy in terms of classifying soil received. 

Keywords: Computer vision technique, Soil classification, Rapid and non-destructive method, ANN, Training and 
testing sets 

INTRODUCTION 

Singapore’s staging grounds (SGs) serve the dual 
purpose of receiving excavated soil from the 
construction industry and supplying land reclamation 
projects with a useful construction resource (Fig. 1). 
Trucks transport unwanted excavated soil from 
construction sites to staging grounds located along the 
coast of Singapore. This excavated soil is loaded into 
barges and is then transported to various land 
reclamation sites for use as an infill material. It is 
important to ascertain the quality and type of the soil 
received at the staging grounds so that appropriate 
land reclamation and soil treatment methods can be 
used. With hundreds of trucks passing through the 
staging grounds daily, staging ground operators have 
begun looking into ways to optimize operations and 
improve the quality of checks on site. 

Definition of Classification Classes 

Despite originating from different geological 
formations in various parts of Singapore, excavated 
soils received at SGs can be broadly classified into 
two groups – “Good Earth” and “Soft Clay” – based 
primarily on PSD and water content.  

Fig. 1 Transported by trucks to staging ground 
(left), then loaded onto barges for 
transportation offshore (right) 

According to the staging grounds’ classification 
criteria, “Good Earth” soils must contain at least 65% 
by weight of coarse particles (> 63μm) and have a 
water content of less than 40%. Soils classified as 
“Good Earth” generally have a higher percentage of 
coarse particles and relatively low water content, 
making it a suitable material for constructing 
revetment bunds. It also contains some percentage of 
fine particles that makes it ideal for compaction – a 
standard and less costly ground improvement 
technique – as the topmost layer of reclaimed land 
above sea level.  

On the other hand, “Soft Clay” soils have a higher 
percentage of fine particles, or a high water content, 
or both. These soils tend to have slow gain in shear 
strength and large settlement over time, and hence 
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require more costly ground improvement techniques, 
such as vacuum consolidation, in order to be 
effectively used as the bulk of infill material below 
sea level. 

Current Classification Methods 

The Housing & Development Board (HDB) 
manages Singapore’s two largest staging grounds 
with the highest daily throughput. Their current 
practice is to generally classify excavated soil by 
construction site, using information from the borehole 
logs. At the SGs, the weigh-bridge operator does a 
quick inspection of the soil type in each truck via a 
CCTV (closed-circuit television) camera – a “Good 
Earth” soil may then be “reclassified” to “Soft Clay” 
if the soil visibly has high water content i.e. is in a 
slurry state. 

However, the current practice fails to consider 
Singapore’s highly varying geology. Large volumes 
of “Good Earth” may be misclassified as “Soft Clay”, 
such that coarser excavated soil that could have been 
used for revetment bunds would be sub-optimally 
used as infill material. Unnecessary costs may also be 
incurred from using more expensive ground 
improvement techniques for misclassified “Soft Clay” 
soil. 

This presents an opportunity for introducing an 
additional layer of quality control at the SGs. 
Performing this classification at the receiving point 
(i.e. at SGs) avoids the over-generalization apparent 
in the current practice. This enhanced ability to carry 
out on-site classification of the excavated soils 
received will translate into cost-savings in terms of 
maximal recovery of “Good Earth” material and 
reduction in ground improvement costs. 

 The introduction of new methods in the field will 
need to take into account the operational 
considerations of the SGs. Any improvements to the 
operations cannot compromise quality and efficiency 
of the existing staging ground system that has been 
optimized to cope with the high daily throughput of 
trucks. Such requirements render traditional soil 
investigation methods unsuitable. Testing methods to 
determine in-situ water content and soil index 
properties typically takes 2 to 3 days and require 
samples of the soil to be tested in highly controlled 
conditions. Rapid, non-destructive methods using 
highly specialized spectrometers are costly to 
implement for the classification of large volumes 
daily. Therefore, this paper will focus on the 
feasibility study of using computer vision in soil 
classification on-site. 

Computer Vision 

Computer vision, also known as machine vision, 
is the science that develops the theoretical and 
algorithmic basis by which useful information about 

an object or scene can be automatically extracted and 
analyzed from an observed image, image set, or 
image sequence [3]. Designed to replace human effort 
in the performance of a given process, a typical 
process in a computer vision involves: (1) image 
acquisition; (2) image processing; (3) image analysis; 
and (4) decision-making. Some examples are listed in 
Table 1.  

Table 1 Examples of computer vision applications 
and their abilities 

Example Ability 

Medical Images - 
Isolation and visual 

emphasis of a specific 
region of interest 

Food Images -  
Detection of surface 

properties (e.g. 
irregularities) for non-
destructive inspection 

and testing 

Satellite Images -  
Image segregation 

based on image 
properties (e.g. color, 

image texture) 

Image Color 

The most commonly used format is the byte image 
(each pixel brightness value stored as 8-bit integer) of 
value between 0 and 255. This is similar to the 
widely-used Red-Green-Blue (RGB) color model 
which was used in many research.  

A study by Chung et al. [4] demonstrated that 
image color, particularly RGB, can be used to 
develop a soil texture classification algorithm. 
However, in this study, preliminary trials using RGB 
as input values showed that classification accuracy 
was relatively low (48%). It may be highly probable 
that it is not possible to establish clear color groups 
with distinct soil properties, as the excavated soil used 
in this study are not homogeneous in color, especially 
in residual soils that contain a mixture of colors but 
have virtually indistinguishable soil properties. 
Hence, an alternative scheme is needed for this study. 
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Image Texture 

In soil investigation, soil texture refers to how the 
soil feels to human touch (e.g. sandy, clayey, granular, 
fine etc.). However, image texture in computer vision, 
in terms such as fineness, coarseness, smoothness, 
and graininess are determined by the spatial 
arrangement of pixel brightness values. For irregular 
textures – such as that of excavated soils – it is most 
ideal to use statistical analysis methods.  

One of the most popular methods are co-
occurrence features obtained from a grey level co-
occurrence matrix (GLCM) [3]. Conners and Harlow 
[5] found that GLCM is best in discriminating terrain 
types from aerial photographs. Given that it possesses 
the highest accuracy among statistical methods and 
has been extensively used in other fields, GLCM is 
adopted for this study. 

In the GLCM method, 14 Haralick textural 
features can be obtained [3], and are listed in Table 2. 

Table 2 Grouping of 14 Haralick textura features 

Contrast 
Group 

*Contrast (CON)
*Inverse Difference Moment (IDM)
Dissimilarity 

Orderliness 
Group 

*Angular Second Moment (ASM)
Energy 
*Entropy (ENT)
Maximum Probability 

Descriptive 
Statistics of 
the GLCM 

GLCM Mean 
GLCM Variance / Standard 
Deviation 
*Correlation (COR)

* The five most commonly used textural features considered in this 
study. 

Scaling of Water Content, w, by Liquid Limit 

When classifying samples into water content (w) 
of “more than 40%” or “less than 40%” based on 
HDB’s classification criteria, it was found that very 
few samples fall into the latter group. It is not 
appropriate to consider w alone as w value at the time 
of inspection may not represent the true nature of soils. 
Under non-raining weather conditions, most soils 
would have been exposed to the atmosphere at 
stockpile pits and subjected to drying. Moreover, the 
appearance and behavior of soil fundamentally 
depends on w relative to the Atterberg Limits (Plastic 
Limit (PL) and Liquid Limit (LL)). Hence, w/LL was 
selected to be used in place of w. 

METHODOLOGY 

Sampling of Data 

Conventional soil index properties tests (in 

accordance to BS 1377:1990) were conducted on the 
40 samples retrieved from one of HDB’s staging 
grounds. The soil images were captured by Nikon 
D5300 digital single-lens reflex cameras mounted on 
the roof of one of the weigh-bridge stations. The 
cameras were set with aperture f/22.0 and ISO 100; 
largest image size of 6000 x 4000 pixels were chosen 
and images were stored in .jpeg format. 

Fig. 2 Full-sized image (left) with a ROI of 1000 x 
1000 pixels cropped for analysis (right) 

ImageJ, an open-source Java image processing 
program developed by an international group of 
contributors from various institutions [6], was used in 
this study. Due to constraints of truck sizes, a region-
of-interest (ROI) of 1000 x 1000 pixels was cropped 
from each image from any selected location (Fig. 2). 
3D Color Inspector plugin was run on each ROI of the 
40 samples (i.e. images), and the images were then 
converted to 8-bit greyscale using a weighted average 
of the R, G, and B values. The GLCM Texture plugin 
was used to calculate the five commonly used GLCM 
Haralick textural features (ASM, CON, COR, ENT, 
IDM). 

ANN Structure, Parameters and Training 

The ANN models used were developed using 
NeuralWorks Professional II/Plus, a software by 
NeuralWare, Carnegie, USA [7]. All models were 
experimented using back-propagation networks 
(BPN) in supervised mode. Generalized delta rule 
(epoch = 1) was adopted during learning and the 
sigmoid function was specified as the transfer 
function. Learning coefficient values and momentum 
were set to recommended values by the developer 
NeuralWare [8]. 

40 samples collected were split (80-20 rule) into a 
“seen” data-set of 32 samples for training, and an 
“unseen” data-set of 8 samples to test the trained 
network. Input parameters using three possible image 
color (i.e. channel values of Red, Green and Blue) 
fared poorly in preliminary trials and were hence 
disregarded. Input parameters using five main image 
texture feature values (i.e. ASM, CON, COR, ENT, 
IDM) were employed instead. Individually, CON and 
COR achieves a higher classification accuracy and 
hence a combination of CON and COR will be trialed 
along with the use of all five parameters. 

In determining the number of outputs, two general 
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grouping methods were explored. The first was a “2-
group” method that consists of two soil groups as 
output: “Good Earth” and “Soft Clay”. The second 
was a “3-group” method that consists of three soil 
groups as output:  “Good Earth”, “Soft Clay-A” and 
“Soft Clay-B”. The latter subdivided the “Soft Clay” 
soils further based on the Percentage of Fines. 

RESULTS AND DISCUSSION 

Soil Index Properties Tests 

For the 40 samples tested, amongst those samples 
that were classified as “Good Earth” by the current 
practice, the Percentage of Fines ranged from 20.5% 
to 72.0% (averaged 50.1%), with w ranging from 
9.3% to 40.5% (averaged 20.6%). Those samples that 
were classified as “Soft Clay” by the current practice 
had the Percentage of Fines ranged from 16.0% to 
77.0% (averaged 44.7%), with w ranging from 11.4% 
to 40.6% (averaged 24.3%) excluding an outlier of 
83.5%. No distinguishable differences on the 
percentage of fines between the two soil types 
classified according to the current practice were 
observed. 

HDB specifies that soils that contain more than 
35% of fine particles would be considered “Soft 
Clay”. This threshold not only concurs with the 
standards in the British Soil Classification System [9], 
but can also be supported by a study on the effects of 
fines content on some engineering properties of soil 
[10]. This study shows that the California Bearing 
Ratio (CBR) – an indicator of the mechanical strength 
– of the soils tested decreased with increasing fines
content. It is of interest to note that the CBR decreases 
rapidly when the percentage of fines reaches 35-40%, 
and stabilizes afterwards.  

ANN Classification Model 

Two rounds of ANN experiments were conducted. 
In the first round, the effectiveness of using ANN 
models to predict different soil properties was tested. 
Five Haralick textural features (ASM, CON, COR, 
IDM, ENT) were used according to (1) Percentage of 
Fines and (2) w/LL. Five hidden layer nodes are used 
as recommended [6]. The results are summarized in 
Table 3. 

In general, higher classification accuracy was 
observed for classification according to Percentage of 
Fines. The results also indicate that using these five 
parameters to classify soils into 2 groups yield higher 
accuracy than classifying into 3 groups, regardless of 
the number of hidden layers used in ANN model. It 
was also noted that, in the classification according to 
w/LL, better accuracy was obtained with 1 hidden 
layer and classification into 2 soil groups. Using w/LL, 
classification into 3 soil groups or using 2 hidden 
layers yielded very poor accuracy. 

Table 3 Classification accuracy of the first round 

Textural
Features 5: ASM, CON, COR, IDM, ENT

Soil 
Property 

Percentage of 
Fines w/LL 

Hidden 
layers 

1 2 1 2 

2-group 87.5% 87.5% 87.5% 37.5% 
3-group 75.0% 75.0% 37.5% 37.5% 

The second round of experiments was to refine the 
ANN model by reducing input parameters to only two 
Haralick textural features (i.e. CON and COR), and 
predicting according to only Percentage of Fines. The 
results are summarized below in Table 4. 

Table 4 Classification accuracy of the second round 

Textural 
Features 2: CON, COR 

Soil 
Property 

Percentage of 
Fines w/LL 

Hidden 
layers 

1 2 1 2 

2-group 100% 87.5% - - 

3-group 50.0% 50.0% - - 

Similar to the first round, classification according 
to Percentage of Fines and into 2 groups yielded 
higher accuracy then classifying into 3 groups.  

Comparing the results of first round and second 
round, it was observed that for classification into 2 
groups, classification accuracy increased when only 
one hidden layer was used (from 87.5% to 100%), but 
remains the same (i.e. 87.5%) when moved from 
round 1 to round 2. On the other hand, for the 3-group 
classification, classification accuracy decreased from 
75% to 50%, for either 1 or 2 hidden layers, from 
round 1 to round 2. Since better classification 
accuracy was achieved, the final model will make use 
of only two textural features (i.e. CON and COR) as 
inputs for ANN model, run with one hidden layer and 
classifying into 2 groups, based on Percentage of 
Fines. 

In this ANN, the use of two Haralick textural 
features gave better prediction results than the use of 
five Haralick textural features, possibly because 
some textural parameters within a given group are 
strongly correlated (according to study by Hall-Beyer 
[11]). For examples, CON and IDM both belong in 
the Contrast Group, containing the term |i - j|. The 
same can be said for ASM and ENT, which both 
belong to the Orderliness Group and have p(i,j) in 
their equations. Hence, for classification problems, 
Hall-Beyer suggested using at most one parameter 
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from each group. Results from this study seems to 
confirm the findings by Hall-Beyer, i.e. the texture 
features of CON and COR combination performs 
better than using all five texture features.  

Fig. 3 RMS error vs. number of learning iterations 
(classification accuracy in brackets) 

With this ANN configuration, the effect of 
learning iterations was studied and results shown in 
Fig. 3.  From Fig. 3, it can be seen that the model 
achieved the highest classification accuracy at and 
15,000 to 20,000 iterations for training set. The sharp 
increase in training root-mean-squared (RMS) error 
after 20,000 iterations and subsequent large 
fluctuations may be attributed to over-training of the 
network. For testing set, iterations of more than 
15,000 learning cycle will neither improve nor 
worsen the RMS error. 

The complete data-set of 40 samples were 
presented to the ANN model (as shown in Fig. 4), and 
the comparison between the predictions from ANN 
and the actual results drawn from PSD and w in 
physical tests are shown in Table 5. 

Fig. 4 Final ANN selected for this research 

The overall classification accuracy of the final 
model is 82.5% (33 out of 40 samples). Furthermore, 
it seemed to be able to predict better in terms of “Soft 
Clay”, achieving 25/29 = 86.2% accuracy. For “Good 
Earth” material, the prediction accuracy using this set 
of ANN Model is only 8/11 = 61.58%. It is noted that 
the 32 training samples were presented as random, 
independent and unseen inputs to the trained ANN 
model. 

Table 5 Confusion matrix for ANN classification 
with the selected ANN model 

ANN prediction results 
“Good 
Earth” 

“Soft 
Clay” 

Actual 
results 

from PSD 
and w 

“Good 
Earth” 

8  √ 
True Negative

3 
False Positive 

“Soft 
Clay” 

4 
False Negative 

25 √ 
True Positive 

√ indicates the number of samples with the same result “correctly 
predicted” by both the ANN as compared to the actual results from 
laboratory tests. 

In the case of SGs, a false “Good Earth” is 
arguably worse than a false “Soft Clay” as the former 
could lead to a weaker material unknowingly being 
used as revetment bunds, whereas the latter could 
result in higher costs for more expensive ground 
improvement techniques for clayey soils. Therefore, 
a true “Soft Clay” can be referred to as the True 
Positive, while a false “Good Earth” can be treated as 
the False Negative. Precision (Eq. 1) and recall (Eq. 
2) are calculated as follows:

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑇𝑇
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑇𝑇+𝐹𝐹𝐹𝐹𝐹𝐹𝑃𝑃𝑇𝑇 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑇𝑇

 (1) 

𝑅𝑅𝑃𝑃𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑇𝑇
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑇𝑇+𝐹𝐹𝐹𝐹𝐹𝐹𝑃𝑃𝑇𝑇 𝑁𝑁𝑇𝑇𝑁𝑁𝐹𝐹𝑃𝑃𝑃𝑃𝑃𝑃𝑇𝑇

 (2) 

Using the result from all 40 samples, the precision 
is calculated to be 25/28 = 0.89 while the recall is 
calculated to be 25/29 = 0.86. With both values, the 
F1 score is calculated as 0.87 using Eq. 3: 

𝐹𝐹1 = 2 × 𝑃𝑃𝑇𝑇𝑇𝑇𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 × 𝑅𝑅𝑇𝑇𝑃𝑃𝐹𝐹𝐹𝐹𝐹𝐹
𝑃𝑃𝑇𝑇𝑇𝑇𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 + 𝑅𝑅𝑇𝑇𝑃𝑃𝐹𝐹𝐹𝐹𝐹𝐹

  (3) 

CONCLUSIONS 

The final ANN model (with 1 hidden layer)  is 
able to achieve a relatively high overall accuracy of 
82.5% in classifying soils into two groups (“Good 
Earth” and “Soft Clay”) according to Percentage of 
Fines, using two textural features of CON and COR 
as input parameters. It has also achieved a decent 
recall value of 0.86. In cases where a high cost is 
associated with False Negative (false “Good Earth”), 
recall may be a model matric to be used in comparing 
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models. The model is also able to “correctly” classify 
some soils samples that were previously misclassified 
based solely on borehole log data and visual 
inspection. 

This study concluded that using GLCM pixel 
values produces better results than using pure RGB 
values in terms of ANN modelling. Furthermore, 
results from this study seems to confirm the findings 
by Hall-Beyer [11], i.e. the texture features of CON 
and COR combination performs better than using all 
five texture features.  

However, several limitations include the low 
number of samples available during the period of 
study as well as only a single type of illuminance. 
Further studies will include the direct extension of 
current work by collecting more samples for training 
and testing, and the introduction of different 
illumination conditions to confirm the possibility of 
errors due to variation in illuminance. Parallel 
repositioning of the camera and light source with the 
soil surface will also be considered in future studies. 
Further parametric studies can be performed on the 
ANN model to identify the most suitable initial values 
when the soil database is expanded. 

The concept of relating image texture properties 
to soil properties using artificial neural networks was 
found to be feasibile and useful in developing a rapid 
classification method that is more accurate than 
existing methods. Morever, it is automatable and able 
to complete the entire classification process on-site 
within a minute. This method would in turn allow for 
maximal recovery, recycling, and appropriate use and 
treatment of excavated materials for land reclamation. 
The use of computer vision meant that this quality 
control measure is rapid, non-intrusive, and 
automatable; it affords rapid classification without 
imposing additional human labor and cycle time for 
the staging grounds.  

ACKNOWLEDGMENTS 

The research was made possible with the support 
of the Housing & Development Board (HDB), 

Singapore, through the project fund granted to the 
National University of Singapore (NUS) for the 
HDB-NUS Joint Study Agreement on the Reuse of 
Excavated Material for Land Reclamation Works. 

REFERENCES 

[1]  R. M. Haralick and L. G. Shapiro, Computer 
and Robot Vision, 1st ed., Boston: Addison-
Wesley Longman Publishing Co., Inc. , 1992. 

[2]  S.-O. Chung, K.-H. Cho, J.-W. Cho, K.-Y. Jung 
and T. Yamakawa, "Soil texture classification 
algorithm using RGB characteristics of soil 
images," Faculty of Agriculture, Kyushu 
University, vol. 57, no. 2, pp. 393-397, 2012.  

[3]  R. W. Conners and C. A. Harlow, "A 
theoretical comparison of texture algorithms," 
IEEE Transactions on Pattern Analysis and 
Machine Intelligence, Vols. PAMI-2, no. 3, pp. 
204-222, 1980.  

[4]  ImageJ, "Contributors," 2019. [Online]. 
Available: https://imagej.net/Contributors. 

[5]  NeuralWare, NeuralWorks Professional 
II/PLUS, 2013. 

[6]  NeuralWare, "NeuralWorks Professional 
II/PLUS: Getting Started (A Tutorial for 
Microsoft Windows Computers)," NeuralWare, 
Carnegie, 2001. 

[7]  British Standards Institution, British soil 
classification system for engineering purposes, 
1981. 

[8]  A. L. Ayodele, F. F. A and M. O. Ogendengbe, 
"Effect of fines content on some engineering 
properties of lateritic soil in Ile-Ife," Journal of 
Engineering Research , vol. 9, no. 32, 2009.  

[9]  M. Hall-Beyer, "The GLCM Tutorial," 2007. 
[Online]. Available: 
http://www.fp.ucalgary.ca/mhallbey/. 
[Accessed 3 March 2016]. 



 

333 

10th Int. Conf.  on Geotechnique, Construction Materials and Environment,  
Melbourne, Australia, 11-13 November 2020, ISBN: 978-4-909106049 C3051 

UTILISATION OF RECYCLED MATERIALS IN STABILISATION OF 
EXPANSIVE SOILS: A REVIEW 

Jiasheng Zhu1, Mohammad Saberian1, Haiyun Luo1, Junkai Gong1, Manlin Liu1, Gang Ren1 and Jie Li1 
1 School of Engineering, RMIT University, Melbourne, Victoria, Australia 

ABSTRACT 

The large and continuous consumption of natural aggregates is firmly against economic and environmental 
sustainability due to the high exploiting costs and transportation costs. On the other hand, due to the growing 
amount of waste materials and the running out of landfills, the disposal of waste materials has become another 
global issue. In recent years, the construction industry in the world has entered a stage of rapid development. The 
occupation of natural resources by concrete as the largest human-made material and the negative impact on the 
environment has also triggered discussions on sustainable development. The amount of waste concrete 
demolished in the world every year, waste concrete generated by new construction and waste concrete 
discharged by concrete factories and prefabricated component plants, is huge. In addition, the generation of 
byproducts and commercial and industrial waste materials is a global concern. Therefore, industries and 
researchers have recently focused on the applications of recycled waste materials in construction and civil 
engineering. This paper provides a review on the utilisation of recycled materials for the improvement of 
expansive soils for geotechnical applications. 

Keywords: Expansive soils; Construction and demolition materials; Comercial and industrial waste; Soil 
improvement; Sustainability. 

INTRODUCTION 

Expansive soil refers to the clay soil that exhibits 
considerable volume changes when the suction or 
moisture content of the soil changes. Specifically, 
the volume change is manifested by expansion under 
humidity and shrinkage under drought [1]. The 
failure of lightly loaded structures due to the 
movement of the expansive soil has been reported 
around the world. The problem is particularly acute 
in Australia, where about 20% of the land is covered 
by expansive soil. Most of Australia's capital cities 
and regional centres have issues related to expansive 
soil [2], [3]. 

High concentrations of expansive soils have been 
identified in Victoria, particularly in the northern 
and western regions of Melbourne [2]. The swelling 
clay soil is the clay with the latter type of 
expansibility. The swelling of clay can be classified 
into two different types, one is the elastic rebound of 
the compressed soil because of the decreasing in 
compressive force, and another one is the expansion 
or contraction of soil caused by water content 
change. The most important element to reveal the 
swelling characteristics of soil is clay minerals [4]. 

The major minerals of clay in the reactive soil 
are montmorillonite, kaolinite, as well as illite [5]. 
Montmorillonite has the maximum amount of 
expansive potential [4]. The distinctive characteristic 
of expansive clay is its low strength and cohesion 
when the soil is wet. Nevertheless, when the soil is 
short of water, it becomes very stiff. One of the 

biggest issues with swelling clay is consolidation 
settlement under long-term load, and another issue is 
the considerable volume change of expansive soil 
depending on the moisture content, which is related 
to climatic conditions. Expansive soil would shrink 
dramatically under dry conditions, and expands 
significantly with the increase of humidity [5], [6]. 
The basic mechanism of swelling for clay soil is 
primally relative to the amount and type of pore 
spaces and their interaction with water. As a result, 
the swelling may occur within the early five to eight 
years after the completion of the construction, which 
causes the deformation and cracking of the structure 
and reduces the bearing capacity and service life of 
the structure [7]. 

Nowadays, one of the major global 
environmental problems is the disposal of waste 
materials, including construction and demolition 
(C&D) wastes and commercial and industrial waste 
materials. C&D wastes comprise primarily of solid 
waste (such as asphalt, concrete, bricks, and 
plasterboard), metals (such as aluminium and steel), 
organics (such as timber), glass and other materials 
[8]. The worldwide generation of solid waste has 
recently exceeded 17 billion tonnes per annum and 
is projected to hit 27 trillion tonnes by 2050 [9]. For 
instance, around 9 million tonnes of C&D wastes are 
produced in Australia annually that comprise 30.5% 
of overall wastes generated in Australia [10]. 

In helping to alleviate this problem, it should be 
considered necessary to recycle and reuse C&D 
wastes. Fortunately, solid recycled waste materials 
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can be used in a wide variety of civil and 
construction projects such as road pavement, 
foundations, and backfilling of underground service 
pipelines [11]. Using waste materials in road 
pavement and other construction projects can 
remarkably reduce the consumption of natural 
materials in quarries, reduce the disposal of landfills, 
and reduce greenhouse gas emissions. Thus, 
recycling and reusing waste materials in civil 
engineering applications, rather than using natural 
resources, would significantly reduce the carbon 
footprint of the projects, meanwhile improving the 
defects of expansive soil [12]. 

This study aims to review the implications of 
different recycled waste materials for the 
improvement of unsuitable expansive clays and 
explore the influences of the waste materials on the 
geotechnical properties and mechanical behavior of 
expansive soils. 

ADOPTION OF RECYCLED CONCRETE 
AGGREGATES FOR STABILISATION OF 
EXPANSIVE SOIL 

With the rapid urban development and 
population growth, recently, the production and 
disposal of C&D waste have become another 
environmental issue worldwide [13]. 
Consequentially, both the natural resource 
consumption and landfilling spaces are facing 
considerable challenges. As a substitution of natural 
aggregates, recycled concrete aggregates (RCA) has 
been studied and used as a choice for the reuse of 
C&D wastes in road infrastructure. 

Early studies show that the reuse of C&D waste 
in civil projects could be applied against the high 
cost of natural aggregates and significantly reduce 
the CO2 emission by 65% [14]. It was observed that 
the addition of RCA could improve the mechanical 
properties of expansive soil. The shear capacity of 
the clay incorporating RCA was significantly 
improved [15]. According to the studies of [16], the 
inclusion of RCA to clay resulted in increasing the 
unconfined compressive strength and shear strength 
properties, as shown in Table 1. It was observed that 
the clay soil improved by 15% RCA was strong 
enough to be adopted in pavement applications. [17] 
reported that the inclusion of RCA to clay leads to 
decreasing the energy absorption capacity and 
swelling of the clay. 

However, in order to minimise the negative 
effects due to the nature of RCA, further studies and 
tests are to be conducted including the appropriate 
percentage of RCA content, aggregate size, and 
performance with multiple materials. 

Table 1 Effects of RCA on the strength properties 
of clay [16]. 

RCA 
(%) 

Cohesion 
(kPa) 

Friction 
angle 

(degree) 

UCS 
(kPa) 

0 21.4 27.5 171 
5 23.4 29.2 205 
10 24.7 34.4 258 
15 34.6 36.9 275 

USING WASTE GLASS FOR STABILISATION 
OF EXPANSIVE SOIL 

The manufacturing of glass and the landfilling of 
waste glass has been considered as the main 
environmental issues in recent years. Over 300,000 
tonnes of recovered glass were stocked in Victoria 
[18]. The two main products of glass reprocessing 
are cullet and glass fines. Cullet is a higher-grade 
product that used to produce new glass. However, 
the proportion of cullet used in glass manufacturing 
is limited because of the introduction of impurities. 
Glass fines are a lower grade product, mainly used 
for civil construction, road construction, concrete 
aggregate, building, and road aggregate [19]. The 
waste glass is generally accepted as recycled 
material for civil construction because the silica 
content of the glass is high, and the use of glass does 
not hurt the environment and human health [20]. 

[21]-[23] pointed out that the properties of clay 
soil obtained an improvement after the addition of 
glass powder or fibre. This improvement was 
embodied in the increasing of California Bearing 
Ratio values, shear strength, and internal friction 
angle as well as the reduction in optimum water 
content and plasticity of the stabilised soil. [24] 
studied the effects of different proportions (2%, 4%, 
6% and 8%) of the broken glass on the properties of 
expansive soil. The laboratory results showed that 
the mixing of 4% crushed glass with expansive soil 
could effectively improve the geotechnical 
properties of the soil. With the increase of the 
amount of crushed glass, the liquid limit and specific 
gravity of the composite specimen decreased, and 
the plastic limit increased, due to the addition of 
broken glass which is a granular material [24].  

It was also observed that the bearing capacity 
and shear strength improved by adding crushed glass 
in the soil [24]. [25] investigated the feasibility of 
stabilising clay soil by the addition of crushed glass 
waste. The result showed that when the content of 
glass increased, the values of optimum moisture 
content and cohesion of soil decreased, and 
maximum dry density, California bearing ratio, and 
friction angle increased. 

[26] pointed out that with the addition of soda-
lime glass dust, with a size of less than 300 μm, both 
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maximum dry density and plastic limit of clayey soil 
increased, and both values of the compressive 
strength and swell index reduced. [27] evaluated the 
effects of waste soda-lime glass powder, with the 
size of less than75 μm, on the geotechnical 
properties of expansive clay. It was concluded that 
soda-lime glass powder could improve the 
geotechnical properties of reactive clay soil as the 
swelling of the soil decreased significantly when the 
percentage of glass powder increased. Experimental 
results illustrated that soda-lime glass powder had 
positive effects on the optimum moisture content, 
maximum dry density, and Plasticity Index of the 
expansive clay. Also, California bearing ratio and 
unconfined compressive strength increased with the 
addition of glass powder [27] (Fig. 1). 

 

 
Fig. 1 Effects of soda-lime glass powder on the 
geotechnical properties of clay [27]. 

 
USING STEEL SLAG TO STABILISE 
EXPANSIVE SOILS 

 
Steel slag is an accessory product of the 

manufacture steel due to the reaction between the 
impurities (CO2, SiO2, P, Mn etc.) and lime [28]. A 
large amount of steel slag from boulder form to dust 
form is generated accompanied by the enormous 
need of steel annually around the world. Meanwhile, 
a large proportion of the steel slag is still treated by 
landfills or dumpsites, which causes hazardous 
impacts to the environment due to its metallic 
ingredients [29], [30]. Nowadays, steel slag has been 
used to enhance the mechanical performance of 
expansive soils [31]. Generally, the major factor of 
the stabilisation function is achieved by the cation 
exchanges between the steel slag and expansive soil. 

It was shown that a comprehensive improvement 
in the strength is achieved by adding steel slag into 
expansive soil. Specifically, when adding 8% of 
steel slag into the soil, it significantly increased the 
California bearing ratio of the clay by 40% [32]. It is 
also found that both liquid limit and plasticity index 
of expansive soil dropped dramatically by 33% and 
75%, respectively with the addition of 30% steel 
slag, which indicates that steel slag is acceptable as a 
stabiliser or modifier of expansive soil [33]. Most 
significantly, an improvement of 50% in unconfined 

compressive strength was obtained with the 
inclusion of 50% steel slag in the clay soil sample. 
However, due to the presents of free periclase and 
lime, it is found that steel slag has an issue of 
volume expansion in subgrade applications under 
humidity, and the physical shape of steel slag will 
also lead to a high void space which threats the long-
term stabilisation of soil [33]. 

 
USING FLY ASH FOR THE STABILISATION 
OF EXPANSIVE SOIL 

 
Fly ash is a byproduct of coal-burning, which is 

collected by electrostatic precipitators in thermal 
power plants [4]. The essential components of fly 
ash are silicon dioxide (SiO2), calcium oxide (CaO), 
and aluminium oxide (Al2O3), and its particles are 
spherical in size, which make it easy to mix with soil 
[34].  

[35] reported the pH values of fly ash range from 
1.2 to 12.5, and most of the fly ashes tend to be 
alkaline. Fly ash can be divided into three 
categories: acidic ash, mildly alkaline ash with pH 
8–9, strongly alkaline ash with pH 11–13 [36]. The 
three most common types of fly ash are Class C, 
Class F, and Class N fly ashes. Class F fly ash can 
be produced by burning bituminous coal and 
anthracite [37]. Class C fly ash is produced by 
burning sub-bituminous coal and burning lignite 
[37]. Class F fly ash is less pozzolanic than Class C 
fly ash due to a lower CaO content. [37] pointed out 
that Class C fly does not need additional additives 
for the pozzolanic reaction because it is self-
cementitious; however, Class F fly ash needs cement 
or lime for pozzolanic reaction due to it has a low 
content of calcium oxide [37]. 

[38] Studied the effectiveness of using fly ash as 
a stabiliser in expansive soil. The results showed that 
the plastic limit and maximum dry unit weight of the 
soil increased from 31% to 44% and from 13.91 
kN/m3 to 14.3 kN/m3, respectively when the fly ash 
content increased from 5% to 20%. The swell 
potential and swelling pressure decreased with the 
addition of fly ash to the clay [38] (Fig 2). [39] 
studied the effect of Class C fly ash on engineering 
properties of expansive soil. It was pointed out that 
adding fly ash to the soil led to reducing the swell 
potential of highly plastic clays. Also, it was shown 
that adding fly ash helped to reduce the amount of 
clay size particle, plasticity index, and the swell 
potential. 

[40] evaluated the compaction and unconfined 
compressive strength of stabilised black cotton soil 
by using fine and coarse fly ash mixtures. The 
research found out that adding both sizes of fly ash 
could improve the strength of the soil. Also, the peak 
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strength of the fine ash mixture was 25% higher than 
the coarse fly ash mixtures. [41] studied the behavior 
of expansive soils stabilised with fly ash and fly ash-
lime blends. The results showed that when by 
increasing the amount of fly ash and lime-fly ash 
contents, the optimum water content and the 
maximum dry unit weight decreased, and swell 
potential and shrinkage of the soil reduced. 
Furthermore, it was concluded that the inclusion of 
9–12% fly ash to the soil is the optimum content for 
stabilisation of the expansive soil. Addition of fly 
ash to expansive soil not only effectively reduced 
the hydraulic conductivity, swell pressure, plasticity 
index and swell potential, but also increased the 
shear strength, permeability and dry unit weight [34]. 
 

 
Fig. 2 Effects of fly ash on the geotechnical 
properties of expansive clay [38]. 

 
INCLUSION OF RUBBER TO EXPANSIVE 
SOIL 

 
In Australia, the production of the waste tire is 

more than 500,000 tons annually, and the treatment 
and recycling of scrap tires have caused considerable 
environmental issues since most of the scrap tires 
are treated by landfilling and are barely degraded in 
a short time [42]. Meanwhile, accompanying with 
the continuous consumption of natural material, the 
crumb rubber has been used for road construction as 
a substitution of natural materials for pollution 
reduction and cost reduction [43], [44]. 

Specifically, investigations on crumb rubber 
revealed that it could provide low shrinkage but 
better impact resistance, water resistance, acid 
resistance, and freezing & thawing resistance, which 
explains that the crumb rubber is functional as a 
stabiliser for expansive soils. 

It was observed that the inclusion of rubber to 
expansive clay leads to increasing the UCS and 
reduction in the swell-shrinkage capacity [45] (Fig 
3). [46] reported that the addition of rubber to clay 
improved the ductility of the soil but decreased the 
CBR. Also, [47] concluded that rubber could 
provide higher frictional resistance and better 
mechanical interlocking to the clay. To conclude, 

crumb rubber can provide suitable mechanical and 
geotechnical properties to clay soils. Nonetheless, 
most studies only focus on the performance of one 
or few specific percentages of crumb rubber, but in 
order to make the best use of rubber, the specific 
best rubber content and size are needed to be further 
explored in practical as the specification when using 
rubber-based applications. 

 

 
Fig. 3 Effects of rubber on the geotechnical 
properties of reactive clay [45]. 
 
CONCLUSIONS 
 

The current paper aimed to provide a review on 
the possible applications of waste materials, 
including construction and demolition wastes and 
commercial and industrial wastes and their 
effectiveness for the stabilisation of unsuitable 
expansive clay soils. In this paper, the effects of 
RCA, glass, steel slag, fly ash, and rubber on the 
mechanical properties of expansive clay soils were 
reviewed. It can be concluded that the adoption of 
waste materials can provide promising results not 
only for the stabilisation of clay soils, but also in 
terms of the reduction of the negative environmental 
impacts of the waste materials. Therefore, by the 
inclusion of waste materials in expansive clay soils, 
the geotechnical properties can be improved, the 
negative environmental impacts related to the 
generation of waste materials would be reduced, and 
the environmental footprints of construction projects 
would be minimised. 
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ABSTRACT 

 
The disposal of the abundance of rice husk ash in rice-producing countries is creating problems in 

environmental contamination and health hazard. The usage of rice husk ash waste mixed with cement in the soil 
is considered as one of the possible ground improvement techniques that are environmentally viable.  The soil 
sample of this study is classified as A-2-4 or SW-SM. In this study, five mix types of rice husk ash waste and 
cement in the soil are investigated for its effect on maximum dry density (MDD), optimum moisture content 
(OMC), bearing capacity, and permeability through the Standard proctor compaction test, California Bearing Ratio 
(CBR) test, and constant head permeability test. The test results illustrate that the soil with rice husk ash and 
cement improves the engineering properties of the soil.  It is concluded that the soil-rice husk ash-cement 
combination can be used for ground improvement. 
 
Keywords: Soil texture; Optimum moisture content; California bearing ratio; Permeability coefficient; Ground 
improvement 
 
 
INTRODUCTION 

 
Rice husk is an agricultural by-product of rice and 

produced from paddy during the milling process [1], 
which is plentifully available in many rice-producing 
countries [2]. Rice Husk Ash (RHA) is formed when 
rice husk is burnt under controlled temperature [3]. 
Every year about 20 million tons of RHA are 
produced throughout the world [4]. Due to lack of its 
utilization, the massive amount of RHA is discarded 
at open places, riversides, and abandoned areas, 
which causes environmental pollution [5] and also 
poses a health hazard due to local air pollution. 
However, RHA is a pozzolanic material, and it 
contains around 85–90% amorphous silica, which is 
reactive as a pozzolan to replace part of Portland 
cement [6-7]. It can potentially use as a construction 
material for various geotechnical applications such as 
industrial, commercial, housing projects, and 
infrastructure construction for dams, tunnels, ports, 
roadways, etc.   

On the other hand, the production of cement, a key 
binding component of concrete, is costly, consumes 
high energy, depletes natural resources, and emits 
enormous amounts of greenhouse gases [8] that also 
causes environmental degradation, severe pollution 
[9-11], and even health hazards. So, if most of the 
RHA were to be used in ground improvement, it 
would not only get rid of dumping RHA but would 
also have decreased the CO2 emissions to the 
atmosphere by bringing down the cement production. 
As a pozzolanic material, usage of rice husk ash in 
cement/concrete that brings about some advantages, 
like improving strength, enhancing durability, or 
decreasing carbon dioxide emissions, etc. [12]. RHA 

is not a new material for soil improvement. The 
application of RHA in soil has shown dramatic 
success in many types of soils around the world. 
Moreover, the researches on the utilization of RHA 
and OPC at a nominal dosage in soil samples were 
very limited. Therefore, the present study attempts to 
assess the role of RHA as ground improvement and 
to investigate the optimum percentage combination of 
soil-cement-RHA. 
 
MATERIALS AND LABORATORY TEST 
 
Materials Used 
 

In this study, testing specimen were comprised of 
soil, RHA, and cement. The soil sample was collected 
from the Handa area, Tsu City, Mie Prefecture, Japan.  

 
Table 1 Physical properties of soil  
 

Parameters Values 

Specific gravity (ρs)  
2.74 g/cm

3

 
Maximum dry density (γ

dry max
) 

1.696 g/cm
3

 
Optimum Water Content (W

opt.
) 17.50% 

Sand (75 μm - 2 mm) 89% 
Silt (5 - 75 μm) 9% 
Clay < 5 μm 2% 
Liquid limit, LL 37.52% 
Plastic limit, PL 28.97% 
Plasticity Index, PI 8.55% 
AASHTO classification A-2-4 
ASTM D-2487  classification SW-SM 
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Fig. 1 Particle size distribution curve of soil and RHA 
 
Table 2 Physical and chemical properties of RHA  
 

Properties Parameters  Values 

Physical 
properties 

Average Particle Size 0.1 to 0.3 μm 
Loss of Ignition 85% 
Specific Gravity 0.12 g/cm3 
Burning Temperature 600°C 
Burning Time 24 hours 

Chemical 
properties 

Silica (SiO
2)

 91.10% 

Carbon dioxide (CO
2
) 4.35% 

Potassium Oxide (K
2
O) 2.40% 

Calcium Oxide (CaO) 0.57% 

Phosphorous Penta Oxide (P
2
O

5)
 0.52% 

Sulphur Tri Oxide (SO
3
) 0.38% 

Chlorine (Cl) 0.18% 

Magnesium Oxide (MgO) 0.16% 

Manganese Oxide (MnO) 0.14% 

 Iron Oxide (Fe
2
O

3
)

 
 0.05% 

 Alumina (Al
2
O

3)
 0.03% 

 Others 0.12% 

 
The physical properties of soil were determined 

through a series of laboratory tests and presented in 
Table 1. From the graph of particle size distribution 
by sieve and hydrometer analysis of soil, the 
coefficient of gradation (𝑪𝑪𝒖𝒖) and the coefficient of 
curvature (𝑪𝑪𝒄𝒄) values are correspondingly 9.275 and 
0.906, and from the Atterberg limit test, the plasticity 
index (PI) is 8.55%. According to the Unified 
Classification of Sandy soils by ASTM D-2487, the 
particular soil is well-graded sand with silt, and the 
symbol is SW-SM as the coefficient of gradation (𝑪𝑪𝒖𝒖) 
of soil particles are greater than or equal to 6, and the 
coefficient of curvature (Cc) value is between 1 and 3 

(𝑪𝑪𝒖𝒖 ≥ 𝟔𝟔 𝐚𝐚𝐚𝐚𝐚𝐚  𝟏𝟏 ≤ 𝑪𝑪𝒄𝒄 ≤ 𝟑𝟑 ) besides with plasticity 
index is greater than 7 (PI >7). According to the 
American Association of State Highway and 
Transportation Officials (AASHTO) soil 
classification system, the particular soil is Silty gravel 
and sand (A-2-4), where percent passing no. 200 
sieve ≤ 35%, LL ≤ 40 and PI ≤ 10 (Fig.1 and Table 1). 
Readymade RHA was collected from Make 
Integrated Technology (MIT) company, Osaka, Japan. 
The basic properties of RHA are given in Table 2, and 
the particle size distribution of RHA is shown with 
soil particle size in Fig.1. Ordinary Portland cement 
(Type I) was used in this study, which is very 
available in local markets and commonly used for 
construction purposes. The chemical properties of 
this type of cement can be found in other research [13]. 
The ordinary tap water in the laboratory was used in 
all of the specimens.  
 
Mix Designs of Specimen 
 

For the chemical stabilization of soil, it is essential 
to fix the proper mix design of specimens [14]. Some 
relevant studies have been conducted using different 
ratios of RHA with cement in soil. Soil with RHA 5%, 
10%, 15%, 20% of and 6%, 8%, 10% of cement were 
used for clayey soil stabilization [15]; RHA 4%, 8%, 
12% and only 2% cement of soil weight were 
considered for showing the effects of RHA on 
geotechnical properties of soil from paddy field [16]; 
some experiments were conducted with taking 0%, 
5%, 10%, 15%, 20%, 25%, 30% of RHA and 0%, 2%, 
4%, 6%, 8%, 10%, 12%, 14% cement in residual soil 
[17]. In this study, 5%, 10%, 15% of RHA addition 
with 2%, 4%, 6% cement of weight of SW-SM type 
soil were used as the mixing design of the samples, 
which is presented with index in Table 3.   
 
Table 3 Investigated mixtures with indices 
 

Mix design Index 
Soil (Control) Control 
Soil + 2% Cement + 5% RHA  S+2C+5R 
Soil + 2% Cement + 10% RHA  S+2C+10R 
Soil + 2% Cement + 15% RHA  S+2C+15R 
Soil + 4% Cement + 5% RHA  S+4C+5R 
Soil + 6% Cement + 5% RHA  S+6C+5R 

 
Specimen Preparation  
 

Soil-RHA-cement mixtures were mixed 
homogenously in a big tray, and water was gentle to 
the dry mix. In the case of the California bearing ratio 
test and permeability test, the amount of water was 
mixed for each specimen below 2-3% from the 
optimum moisture content (OMC), which was 
calculated from the compaction test. Three specimens 
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were prepared and tested for each mix type. The 
specimens were designed for those tests considering 
the curing period for the same day (0 day) and seven 
days (7 days). In the case of the same day, specimens 
were tested after 30 minutes passed from the 
specimen preparation time. For seven days curing 
period, after setting the specimen into the mold, it was 
wrapped with a plastic bag for maintaining the 
moisture content of the specimens.  The specimen 
was taken out from the plastic after seven days of 
curing, and then the tests were performed.  

 
Laboratory Test 
 
Compaction test 

 
According to Japanese Industrial Standards (JIS-

A-1210), the Standard Proctor compaction test was 
conducted to determine the optimum moisture 
content (OMC). Maximum dry density (MDD) of soil 
control and other mix types. The applied apparatus for 
performing the test was a 10 cm diameter cylindrical 
compaction mold equipped with a base and a collar, 
rammer mass of 2.5 kg, and a falling height of 30 cm 
(Fig. 2).  In the compaction mold, the soil was 
compacted in three layers with 25 blows for each 
layer.  
 

 
 
Fig.2 Standard Proctor compaction apparatus-  
A) Base with mold; B) Collar; and C) Rammer 
 

In the compaction mold, the RHA mixed soil was 
compacted in three layers with 25 blows for each 
layer. For each mix type, Soil-RHA was manually 
mixed homogenously in dry condition. Subsequently, 
different moisture contents were added 
homogeneously by manual mixing like the previous 
step for getting the expected moisture content.  

 
 
California bearing ratio test 
 

All California bearing ratio tests were carried out 
based on Japanese Industrial Standards (JIS-A-1211).  

 
 
Fig. 3 CBR test apparatus- A) Automated rammer, 
and B) CBR machine 
 
The CBR test specimens were prepared in steel molds 
with an internal diameter of 15 cm and a height of 
17.5 cm. For each mix type, Soil-RHA-cement was 
mixed homogenously, where water was used below 
2-3% from the OMC of the soil weight. The 
specimens were compacted in the three layers under 
67 blows for a per layer using an automatic rammer 
(Fig.3). The automatic rammer had a diameter of 5.0 
cm, a mass of 4.5 kg, and a falling height of 45.0 cm. 
The CBR values obtained by CBR testing calculated 
from the following Eq. (1).  

 
𝐶𝐶𝐶𝐶𝐶𝐶 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 (%) =

𝐿𝐿𝐿𝐿𝑉𝑉𝐿𝐿 𝑆𝑆𝑆𝑆𝑆𝑆𝑉𝑉𝑆𝑆𝑆𝑆𝑆𝑆ℎ
𝑆𝑆𝑆𝑆𝑉𝑉𝑆𝑆𝐿𝐿𝑉𝑉𝑆𝑆𝐿𝐿 𝐿𝐿𝐿𝐿𝑉𝑉𝐿𝐿 𝑆𝑆𝑆𝑆𝑆𝑆𝑉𝑉𝑆𝑆𝑆𝑆𝑆𝑆ℎ

 × 100    (1)  

 
Permeability Test 
 

The permeability tests were conducted by the 
constant head permeability test method based on JIS 
1218. The specimen for permeability tests were 
prepared in the steel mold, which is 10.0 cm in 
diameter and 6.2 cm in height. The specimens were 
compacted manually by using 2.5 kg rammer with a 
falling height of 30.0 cm. The permeability 
coefficients were calculated using the Eq. (2) where 
Q is the flow rate (cm³); L is the height (cm); h is the 
Pressure (cm); A is the cross-sectional area (cm²); t is 
the Time (s).  
 
K (permeability coefficient) = QL / (hAt)      (2)                       
 
RESULT AND DISCUSSIONS 
 
Compaction Characteristics 
 

The variations of MDD and OMC with RHA and 
cement addition with soil are presented in Figs. 4 and 
5. The figures illustrate that with increasing the 
amount of RHA and cement, OMC increases, but 
MDD decreases significantly. After mixing the RHA 
and cement with soil, the quantity of fines increases 
in the soil that needs more water for hydration, and 
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this trend also found in some researches [15-19]. The 
declining direction of dry soil density specifies that 
the low compaction energy requires achieving the 
MDD of a particular specimen that reduces the 
compaction cost [20, 21]. 

 

 
 
Fig. 4 Compaction curves of Control and soil-RHA-
cement combination types 
 

 
 
Fig. 5 Variation of OMC and MDD of Control and 
soil-RHA-cement combination types 
 
 
3.1 Results of CBR tests  

 
From Figs. 6 and 7, it can be noticed that all the 

load-penetration curves of the CBR control specimen 
and five different specimens of RHA and cement 
mixed soils follow a typical trend considering the 
curing period 0 and 7 days of CBR tests. Fig. 8 
displays that the calculated CBR values for the 
penetration depth of 2.5 mm of the specimens are 
increased after seven days’ exception of Control. The 
CBR value of the control specimen was obtained as 
41.5%. The CBR value was decreased with increasing 
the amount of RHA, particularly for the specimens 
comprised of RHA 5%, 10%, 15%, and cement 2% in 
the soil considering both cases without and with the 
curing periods.  

 
 

Fig. 6 Load penetration curve of Control and soil-
RHA-cement combination types for 0 day  
 

 
 
 
Fig. 7 Load penetration curve of Control and soil-
RHA-cement combination types for 7days 
 

 
 
Fig. 8 Comparison among CBR values of Control and 
soil-RHA-cement types for 0 and 7 days 
 

On the contrary, with increasing the amount of 
cement at 2%, 4%, 6%, with 5% RHA, the CBR 
values increased. The specimen of S+6C+5R reaches 
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the highest CBR value (140%) after seven days 
curing, and this value increases 92% from 0 days to 7 
days in this research (Fig. 8). 
 
Results of the permeability test 
 

  Figure 9 represents the test results on the 
permeability coefficient of soil-RHA-cement 
combination types for 0 and 7 days of the curing 
period. The permeability coefficient of all specimens 
increases with increasing the age of the specimens’ 
exception of Control. The S+2C+15R specimen had 
the highest permeability coefficient for the same day 
test, and the S+2C+5R combination was achieved 
with the highest permeability co-efficient, and 
S+6C+5R was showed the second-highest 
permeability after seven days curing. The 
permeability coefficient increases with increasing the 
amount of cement content in the soil that is similar to 
other studies [14]. 
 

 
 
Fig. 9 Variation of permeability coefficient of Control 
and soil-RHA-cement types for 0 and 7 days 
 
CONCLUSIONS 
 
The following conclusions can be drawn based on the 
results obtained from the experiment on soil-RHA-
Cement in the paper: 

• The OMC increases with increasing the 
amount of RHA and cement in the soil, but 
MDD decreases. 

• Considering the age of the specimen, the 
CBR values of all specimens increase after 
seven days. The maximum CBR value was 
found for S+6C+5R combination after 
curing, and this value increases 92% from 0 
days to 7 days. 

• The permeability coefficient also increases 
with time for all specimens. S+2C+15R 
specimen had the highest permeability 
coefficient for the same day test, and 
S+2C+5R was showed the highest 
permeability co-efficient after seven days 

curing and the S+6C+5R combination 
exhibited the second highest permeability. 

• RHA can potentially improve the soil with 
cement and can replace the amount of 
cement that reduces the construction cost, 
particularly for rice-producing developing 
countries. 
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FIELD EXPERIMENTS TO INVESTIGATE PULL-OUT MECHANISM 
OF FLIP-TYPE GROUND ANCHORS INSTALLED IN CLAY SOIL
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ABSTRACT 

The pull-out mechanism of plate, strip, or circular anchors other than flip anchors in sandy and clayey ground 
conditions has been mostly studied in laboratory experiments; however, there are few field studies on this subject. 
For the widespread practical application of flip anchors, this study aims to provide results of field pull-out 
experiments of actual flip anchors driven into clayey and sandy soils. A test site was selected comprising a top 
sand layer with a clay layer underneath. Vane shear tests were conducted in the clay layer to measure the undrained 
shear strength, cu. Moreover, a total of 27 flip anchors were driven into the position of 2 m pitch grid using a 
percussion driving device and pulled out using a hydraulic jack. All anchors were driven into the clay layer at two 
different depths. The anchors in the sand layer had a greater pull-out force than the corresponding anchors in the 
clay. The pressure acting on the anchor increased with decreasing projected area of the anchor. In the clay layer, 
the pressure was the same regardless of the project area of the anchor plate. The maximum pull-out forces measured 
on in the clay layer were estimated using the interpretation method of the T-bar penetration test. 

Keywords: Flip-type ground anchor, Field experiment, Pull-out experiment, Clay soil 

INTRODUCTION 

Flip-Type Earth Anchors 

Flip-type earth (ground) anchors (hereinafter, 
“flip anchor”) are effective for reinforcing slopes 
such as soil nailing and ground anchors against slope 
failures owing to heavy rains and for supporting 
tower structures against strong winds. Because they 
can be installed underwater, they are used as an 
anchor base for floating objects such as solar panels 
and floating piers. 

Fig. 1 Flip type earth anchor [1]. 

a) Installation process  (b) Pulling-out process 

Fig. 2 Installation process of a flip type earth anchor 
[1]. 

Figure 1 shows the flip anchors. Fig. 2 shows an 
installation process of the anchors. The flip anchors 
are driven into the ground as percussion anchors with 
the anchor head closed (Fig. 2a). After driving into a 
designated depth, the anchor head rotates to open by 
pulling it with a jack (Fig. 2b) such that soil pressure 
sufficiently acts on it. Because the grouting and 
curing periods of grout are not required, flip anchors 
are suitable for small-scale reinforcement or 
restoration works in emergency situations. Although 
the installation of flip anchors is simple and fast, the 
mechanism of their pull-out resistance has not been 
completely understood to date. 

Objectives of this Research 

The behaviors of square, rectangular, or circular 
anchors in sandy ground conditions have been 
previously studied. Ground failure patterns and 
certain methods for designing the pull-out capacity 
have been proposed [2–10]. For clayey soil 
conditions, several studies have proposed empirical 
approaches to estimate the uplift capacity of various 
plate anchors [11–18]. However, there is no similar 
research on flip anchors. Moreover, field experiments 
have not been conducted to estimate the pull-out 
capacity of actual flip anchors. 

To widely use flip anchors in practical 
applications, this study aims to provide the results of 
field pull-out experiments of various sizes of actual 
flip anchors driven into clayey and sandy soils. 
Moreover, based on experimental results, a design 
method for the pull-out capacity of flip anchors in 
clay is discussed. 
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OUTLINE OF FIELD EXPERIMENT 

Property of the Ground 

The test site was located at Shiga Prefecture, 
Japan. Figure 3 shows a total of 27 flip anchors, which 
were set at a position of 2 m pitch grids comprising 
three rows: A, B, and C. Moreover, nine anchors were 
installed in each row. 

Fig. 3 Ground used for the pull-out experiments. 

The ground comprised a top sand layer overlying 
a soft clay layer. Portable dynamic cone penetration 
tests (DCPTs) were conducted at ten locations (Fig. 
4). The DCPT device comprised a cone with a 
diameter of 25 mm, a drop hammer mass of 5 kg, and 
a hammer drop height of 500 mm. The converted SPT 
N-values were empirically estimated from DCPT 
results. The N-value converted to a depth of 2 m 
within the top sand layer was around 5, and increased 
to around 15 near a depth of 3 m. 

Fig. 4 Converted SPT N-values of the ground. 

Furthermore, the test ground was excavated at two 
locations in the test site for direct soil observation. 
The top sand layer was 1-m deep, followed by the 
clay layer to a depth of 1.8 m. Moreover, flip anchors 
were driven in the top sand layer or clay layer.  

As shown in Fig. 5, the clay layer comprised two 
types of clay. The blue colored clay contained  a small 
amount of sand particles and the black colored clay 
was pure sticky clay. 

Fig. 5 Types of clay in the ground. 

The former was located on the top portion of the 
clay layer. Vane shear tests were conducted in the 
clay layer to measure the undrained shear strength cu. 
The black colored clay had a relatively larger cu than 
the blue colored clay. 

Fig. 6 Water content W of the ground. 

Figure 6 shows the water content W of the ground. 
The water content of the black clay was nearly three 
times that of blue colored clay. No significant 
difference was observed in the water content at each 
location. 

Flip Anchors Used in the Experiments 

Fig. 7 Flip anchors used in the experiments. 
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As demonstrated in Fig. 7, five types of flip 
anchors were used in the experiments. The smaller 
and larger ones are the H and HG series. The number 
after H and HG denotes the width of the anchors. 

Experimental Cases and Procedure 

As listed in Table 1, a total of 26 cases of pull-out 
experiments were conducted. Depth z” denotes the 
depth of the apex of the closed anchor plate. 

Table 1 Experimental cases 

Case Anchor 
Depth, 
z (m) 

Soil 
Max. force, 
Fmax (kN) 

A1 HG320 1.8 Clay *37.3
A2 HG320 1.2 Sand 35.8 
A3 HG180 1.2 Sand 51.1 
A4 HG100 1.2 Sand 45.9 
A5 HG320 1.8 Clay *16.2
A6 H110 1.0 Sand 26.0 
A7 H50 1.0 Sand 14.0 
A9 HG320 1.8 Clay *13.1
B1 HG100 1.8 Clay - 
B2 HG100 1.8 Clay *7.9
B3 H50x2 1.0 Sand 16.2 
B4 H110 1.0 Sand 20.5 
B5 HG100 1.8 Clay *12.5
B6 H110 1.8 Clay *6.1
B7 H110 1.8 Clay *8.5
B8 H50 1.8 Clay *4.5
B9 HG100 1.8 Clay *8.8
C1 HG180 1.8 Clay *17.1
C2 HG320 1.2 Sand 66.1 
C3 HG180 1.2 Sand 64.3 
C4 HG100 1.2 Sand 62.7 
C5 HG180 1.8 Clay *17.7
C6 H110 1.0 Sand 37.6 
C8 H50 1.0 Sand 22.3 
C9 HG180 1.8 Clay *12.5

BC2.5 H50 1.0 Sand 10.7 
Note: * Fmax between the depths of 1.8 and 1.3 m. 

Fig. 8 Percussion driving device and hydraulic jack. 

Figure 8 shows that the anchors were driven using 
a percussion device and pulled out using a hydraulic 
jack. The pull-out force F and upward displacement 
w were measured while pulling out the anchors. 

RESULTS OF THE EXPERIMENTS 

Pull-Out Force vs Upward Displacement 

Figures 9–13 compare the relation between the 
pull-out force F and upward displacement w of 
anchors planted in the sand and clay layers.  

Figure 4 shows the sand and clay layers, which 
were separated at a depth of 1 m. In the early stages 
of pull-out loading, the behaviors of all anchors 
showed similar trends. For all anchors except the 
HG320 anchor in the sand layer, the pull-out 
resistance is mobilized very quickly with a small 
upward displacement w and then levels off. 

Fig. 9 Pull-out force vs. upward displacement of H50 
anchors installed in the sand and clay layers. 

 

Fig. 10 Pull-out force vs. upward displacement of 
H110 anchors installed in the sand and clay 
layers. 

For anchors in the sand layer, the pull-out forces 
began to increase again after this plateau and reached 
a peak value at a relatively large w of 400–500 mm. 
Therefore, the anchors in the sand layer were 
significantly influenced by the sand. By comparing 
Figs. 12 and 13, the pull-out force of the 440-mm long 
HG320 began to increase at about 50% of the 
displacement of the 340 mm long HG180 in the sand 
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layer. This is reasonable because HG320 had a 
smaller relative distance (the distance between the 
bottom of the overlying sand and anchor plate divided 
by the anchor length).  

In clay, the anchors maintained a plateau from the 
early stage to the large upward displacement, as 
shown in Figs. 9 and 10 in which small-sized anchors 
were tested. As shown in Figs. 11 and 12, HG100 and 
HG180 anchors (length = 340 mm) required upward 
displacement equal to their anchor length until the 
pull-out forces began to increase again. Subsequently, 
with an additional pull-out displacement of around 
100 mm, the anchors appeared to be fully open and 
reached their peak values in the clay layer.  

 

Fig. 11 Pull-out force vs. upward displacement of 
HG100 anchors installed in the sand and clay 
layers. 

 

Fig. 12 Pull-out force vs. upward displacement of 
HG180 anchors installed in the sand and clay 
layers. 

However, the pull-out forces in the clay layer did 
not increase similar to those in sand. As shown in Figs. 
9–13, the anchors in the sand layer had significantly 
greater F values than their clay counterparts, although 
the overburden pressures on the anchors in the sand 
layer were less. 

 

Fig. 13 Pull-out force vs. upward displacement of 
HG320 anchors installed in the sand and clay 
layers. 

Therefore, if the anchors are installed in the clay 
layer below the sand layer, the effects of the top sand 
layer should be ignored in design of the pull-out 
forces when the anchors do not reach the sand layer. 

Fig. 14 Pull-out force vs. displacement of HG anchors 
installed in the clay layer through the sand 
layer. 

Figure 14 shows the relation between F vs. w of 
the anchors installed at a depth of 1.8 m. The F values 
of HG180 and HG100 began to increase rapidly when 
the anchors reached the sand layer. In the sand layer, 
the larger the anchor, the greater the pull-out force. 
Figure 14 shows that when the anchors were pulled 
out of the clay layer, the pull-out forces were not 
affected by the overlying sand layer. 

Figure 15 shows the relation between the pull-out 
pressure, p = F/A (A = projected area of the flip 
anchors), and w of the HG anchors. In sandy ground 
conditions, plate anchors such as rectangular and 
circular anchors are well known to lift inverted 
trapezoidal soil wedges over the anchor plates [6–8, 
19–21]. This ground failure mechanism usually 
decreases p as A increases. The measured trend of p 
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in the sand layer conformed to the above mechanism. 
However, the p values of HG100 and HG180 
remained nearly constant, and their amplitudes were 
almost similar during pulling out in the clay layer. 
Thus, the p values of HG320 were smaller than the 
former two anchors. Because HG320 had 
approximately three times the area of HG100, a larger 
displacement was required to open it sufficiently. 
Therefore, at a displacement of 500 mm, the p values 
of HG320 were nearly equal to the p values of HG100 
and HG180 at a 400 mm upward displacement. 
Therefore, in the clay layer, the p values of 
sufficiently opened anchors were nearly constant 
regardless of the size of the anchors. 

 

Fig. 15 Pull-out pressures vs. displacements of HG 
anchors installed in clay through sand layer. 

Calculation Method of Pull-Out Resistance Force 
of Flip Anchors in Clay 

Calculation methods for plate anchors in clay 

First, the calculation methods for plate anchors 
other than flip anchors are reviewed. The calculation 
methods of the pull-out capacity for the square, 
rectangular, or circular anchors in clay have already 
been proposed. Das [11] proposed Eq. (1) and 
Merifield [17] proposed Eq. (2) for the ultimate 
pressure acting on the anchor plates: 

𝑞 = 𝑐୳𝐹ୡ +  𝛾𝐻  (1) 

𝑞୳ =  𝑄௨/𝐴 =  𝑐୳ 𝑁ୡ   (2) 

where q0 is the net ultimate loads per unit area, cu is 
the undrained shear strength of soil, Fc and Nc are 
anchor breakout factors,  is effective unit weight of 
soil, H is the embedment depth of the anchor, qu is the 
average ultimate pressure, Qu is the pull-out force; 
and A is the anchor area. The value of Fc or Nc is a 
function of embedment ratios, H/B or H/D (B = width 
of a plate anchor and D = diameter of a circular 
anchor), and overburden pressure [11, 17]. The values 
of Fc and Nc are functions of soil profile, anchor shape, 

embedment ratios H/B or H/D, and overburden ratio, 
H/cu. Several calculation steps are required to obtain 
the Fc and Nc values, hindering their practical use.  

A calculation method for the flip anchors in clay 

The T-bar penetration test is used to estimate the 
undrained shear strength cu of clay ground. The cu 
value is estimated using Eq. (3) [22] with the 
measured value of pressure p on the T-bar, regardless 
of the size of the T-bar: 

𝑐୳ = 𝑝/𝑁ୠ   (3) 

where Nb is the bearing factor of T-bar. Nb ranges 
from 8.5 to 12.5 for various types of clay with an 
average value of 10.5 [23]. In this field experiment, 
the range of cu values for the clay layer was estimated 
using the VSTs, as mentioned earlier. When 
estimating the cu values from soil tests other than the 
T-bar test, the pressure of the anchor p can be 
estimated using Eq. (4): 

𝑝 =  𝑁ୠ 𝑐୳  (4) 

In Fig. 16, the range of the calculated values of p 
reasonably agrees with the measured values of p.  

 

Fig. 16 Calculated p in clay vs. measured p. 

Therefore, when performing a T-bar penetration 
test on site, the p values from the T-bar test can be 
used to directly estimate the approximate pressure on 
the flip anchor as Eq. (5). 

𝐹 =  𝑝𝐴  (5) 

Currently, the T-bar penetration test is rarely used 
for site investigations in Japan. In practice, the cu 
values are empirically estimated from the SPT-N 
values, VST, pressuremeter test, or unconfined 
compression test. Therefore, if the cu value is 
obtained, the pressure on the anchor can be estimated 
using Eq. (4).  
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CONCLUSION 

The pull-out experiments of the flip-type anchors 
were conducted in ground where a top sand layer 
covered a clay layer to investigate the pull-out 
mechanisms of flip anchors in clay. It was clearly 
shown that the pull-out mechanism of the anchor in 
clay was quite different from that in sand. As for the 
anchors being pulled out in clay, the pull-out force 
was not affected by the overburden pressure. It was 
proportional to the anchor size. This indicates that the 
pressure acting on the anchor head was constant 
regardless of the size of the anchor.  

To predict the pull-out force of flip anchors in clay, 
the interpretation method of the T-bar penetration test 
was used. The predicted p range estimated from the 
cu values of the VSTs and bearing factor of T-bar Nb 
of 10.5 agreed well with the measured p range. 
Therefore, this interpretation method can be 
promising for the prediction of the pull-out capacity 
of flip anchors in clay. 
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ABSTRACT 

      In this paper, finite differences for solving Transient heat conduction equation of the Cast iron by using the 
finite difference method using the MATLAB algorithm for the direct problem of calculating the value of 
temperature in different time quantities for a separate point required as well as checking the temperature field 
according to the time quantity as shown by Examples and Figures, the proposed method is still very accurate and 
since the cast iron is an important material and metal in mineral installations in various engineering fields 
through many bridges, tunnels, buildings, towers, sports facilities and industrial facilities and others. 
We note that the design standards that relate to structural stability, the length of endurance, fire resistance, and 
control of environmental pollution and cost have become more acute and decisive. These standards, in addition 
to the continuous decline in national resources, have resulted in heavy pressure on engineers to try to reduce the 
quantities of construction materials required for the construction process as they in turn require induction 
Technical methods and knowledge of the quality of minerals used for construction,  it is evident from the 
examples and forms that we obtain, which shows the effectiveness of the method used to detect the quality of 
cast iron metal and the possibility of using it in making tools that are not subjected to shocks such as: water pipes 
or gas pipes or In a mother in the field of construction, it was limited to some simple structural elements to 
support the old stone and wooden buildings and help in the implementation of some of the roofs with a wider 
metaphor due to the property that it bears the extreme pressure and its low tolerance to tension. 

Keywords: Finite Difference Method, Transient Heat Conduction Equation, Cast Iron, Matlab. 

INTRODUCTION 

Finite difference method is one of several 
techniques for obtaining numerical solution of partial 
differential equation. Finite difference method 
describes functions as discrete values across a grid 
and approximate their derivatives as differences 
between points on the grid. Knowing a little about 
how difference methods are formulated and in what 
regimes they are stable can help save a lot of time, 
both in the design of finite differencing algorithms, 
and in the time that they take to run, the finite 
difference approximations for derivatives are one of 
the simplest and of the oldest methods to solve 
differential equations.  

We need a fast, realistic and reliable method to 
solve the heat conduction equation of the Cast Iron.  

The exploitation and manufacture of iron began 
during the thousand years BC in Syria and in the 
country Hitter, and the history of the simplest types 
of iron dates back to the early BC. 
It is the twelfth century AD developed charcoal kilns 
in Europe and was able to provide the heat necessary 
to melt iron. The iron produced in this way was not 
amenable to road because of the high carbon content 
in it, so it was necessary to purify it, that is, to reduce 
the carbon content in it by burning it. 

  Benjamin Huntsman in England in 1740 managed 
to melt iron and prepare cast iron in crucible fashion. 
In 1811, Friedrich Kropp founded the first cast iron 
preparation plant in Essen. This gave a major 
breakthrough in iron production for the nineteenth 
century, and the emergence of several inventions that 
helped to increase its manufacture: steam machines 
provided to the steel industry strong labor, and coal 
mines provided the coal needed for its manufacture, 
railways and development, as well as steam ships, all 
of which use products Steel which is a popular 
market. 
     The steel industry in all countries was of great 
importance from an economic point of view and has 
political significance, as it was considered one of the 
pride of the state among nations. The importance of 
steel at the time appears in the construction of the 
Eiffel Tower, as it opened on the occasion of the 
International Exhibition in 1889 as one of the pillars 
of technological progress. 

FINITE DIFFRENCE METHOD FOR HEAT 
CONDUCTION EQUATION  

The linear second order partial differential 
equation  
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𝐴𝐴𝑢𝑢𝑥𝑥𝑥𝑥 + 2𝐵𝐵𝑢𝑢𝑥𝑥𝑥𝑥 + 𝐶𝐶𝑢𝑢𝑥𝑥𝑥𝑥 + 𝐷𝐷𝑢𝑢𝑥𝑥 + 𝐸𝐸𝑢𝑢𝑥𝑥 + 𝐹𝐹𝑢𝑢 + 𝐺𝐺
= 0 

as a parabolic equation if 𝐵𝐵2 − 𝐴𝐴𝐶𝐶 = 0.  A 
parabolic equation holds in an open domain or in a 
semi-open domain.  

The partial differential equation governing the 
flow of heat in the rod is given by the parabolic 
equation  
 

𝒖𝒖𝒕𝒕 = 𝒄𝒄𝟐𝟐𝒖𝒖𝒙𝒙𝒙𝒙,   𝟎𝟎 ≤ 𝒙𝒙 ≤ 𝒍𝒍, 𝒕𝒕 > 𝟎𝟎. 
Where 𝒄𝒄𝟐𝟐 is a constant and depends on the material 
properties of the rod. 
  
The heat conduction equation of the Cast Iron 
 

𝒖𝒖𝒕𝒕 = (𝟎𝟎.𝟏𝟏𝟐𝟐)𝒖𝒖𝒙𝒙𝒙𝒙 
𝒖𝒖(𝟎𝟎, 𝒕𝒕) = 𝒖𝒖(𝟏𝟏, 𝒕𝒕) = 𝟎𝟎,∀𝒕𝒕 ∈ (𝟎𝟎, 𝒕𝒕𝑭𝑭) 
𝒖𝒖(𝒙𝒙,𝟎𝟎) = 𝒖𝒖𝟎𝟎(𝒙𝒙),    ∀𝒙𝒙 ∈ [𝟎𝟎,𝟏𝟏], 

 
Where 𝒕𝒕𝑭𝑭  Denotes the terminal time for the model. 
Here without loss of generality, we assume that the 
spatial domain is [𝟎𝟎,𝟏𝟏]. 
At first divide the physical domain (𝟎𝟎, 𝒕𝒕𝑭𝑭) × (𝟎𝟎,𝟏𝟏) 
by 𝑵𝑵 × 𝑱𝑱 uniform grid points 
 

𝒕𝒕𝒏𝒏 = 𝒏𝒏𝚫𝚫𝒕𝒕,𝚫𝚫𝒕𝒕 =
𝒕𝒕𝑭𝑭
𝑵𝑵

,𝒏𝒏 = 𝟎𝟎,𝟏𝟏,⋯ ,𝑵𝑵, 

𝒙𝒙𝒋𝒋 = 𝒋𝒋𝚫𝚫𝒙𝒙,𝚫𝚫𝒙𝒙 =
𝟏𝟏
𝑱𝑱

, 𝒋𝒋 = 𝟎𝟎,𝟏𝟏,⋯ , 𝑱𝑱. 

 
Then, we denote the approximate solution 𝒖𝒖𝒋𝒋𝒏𝒏 ≈
𝒖𝒖(𝒙𝒙𝒋𝒋, 𝒕𝒕𝒏𝒏) .At an arbitrary point (𝒙𝒙𝒋𝒋, 𝒕𝒕𝒏𝒏) . To obtain 
afinite difference scheme, we need to approximate 
the derivatives in (1) by some finite differences. 
(Explicit scheme) 
Substituting  
 

𝒖𝒖𝒕𝒕�𝒙𝒙𝒋𝒋, 𝒕𝒕𝒏𝒏� ≈ (𝒖𝒖𝒋𝒋𝒏𝒏 − 𝒖𝒖𝒋𝒋𝒏𝒏−𝟏𝟏)/∆𝒕𝒕, 
𝒖𝒖𝒙𝒙𝒙𝒙�𝒙𝒙𝒋𝒋, 𝒕𝒕𝒏𝒏� ≈ (𝒖𝒖𝒋𝒋+𝟏𝟏𝒏𝒏 − 𝟐𝟐𝒖𝒖𝒋𝒋𝒏𝒏 + 𝒖𝒖𝒋𝒋−𝟏𝟏𝒏𝒏 )/(∆𝒙𝒙)𝟐𝟐, 

Into (1), another difference scheme for (1) can be 
constructed as: 

𝒖𝒖𝒋𝒋𝒏𝒏 − 𝒖𝒖𝒋𝒋𝒏𝒏−𝟏𝟏

∆𝒕𝒕
=
𝒖𝒖𝒋𝒋+𝟏𝟏𝒏𝒏 − 𝟐𝟐𝒖𝒖𝒋𝒋𝒏𝒏 + 𝒖𝒖𝒋𝒋−𝟏𝟏𝒏𝒏

(∆𝒙𝒙)𝟐𝟐 ,    𝟏𝟏 ≤ 𝒋𝒋

≤ 𝑱𝑱 − 𝟏𝟏,𝟏𝟏 ≤ 𝒏𝒏 ≤ 𝑵𝑵. 
 
 
SEVERALS EXAMPLES 

 
(i) Example1. Find the solution of the heat 
conduction equation of the Cast Iron 

𝒖𝒖𝒕𝒕 = (𝟎𝟎.𝟏𝟏𝟐𝟐)𝒖𝒖𝒙𝒙𝒙𝒙      𝟎𝟎 < 𝒙𝒙 < 𝟏𝟏,       𝒕𝒕 > 𝟎𝟎; 
𝒖𝒖(𝟎𝟎, 𝒕𝒕) = 𝒖𝒖(𝟏𝟏, 𝒕𝒕) = 𝟎𝟎,   𝒕𝒕 > 𝟎𝟎; 

𝒖𝒖(𝒙𝒙,𝟎𝟎) = 𝟐𝟐 𝐬𝐬𝐬𝐬𝐬𝐬(𝝅𝝅𝒙𝒙/𝟐𝟐) − 𝐬𝐬𝐬𝐬𝐬𝐬𝝅𝝅𝒙𝒙 + 𝟒𝟒 𝐬𝐬𝐬𝐬𝐬𝐬 𝟐𝟐𝝅𝝅𝒙𝒙 ,
𝟎𝟎 ≤ 𝒙𝒙 ≤ 𝟏𝟏. 

 
Applying the finite difference method using Matlab, 
then the result show as follows.  
 

 

 

 
 
Fig.1 Temperature distributions at several times for  
the heat conduction of the Cast Iron for example 1.  
 
(ii) Example2. Find the solution of the heat 
conduction equation of the Cast Iron 
 

𝒖𝒖𝒕𝒕 = (𝟎𝟎.𝟏𝟏𝟐𝟐)𝒖𝒖𝒙𝒙𝒙𝒙      𝟎𝟎 < 𝒙𝒙 < 𝟏𝟏,       𝒕𝒕 > 𝟎𝟎; 
𝒖𝒖(𝟎𝟎, 𝒕𝒕) = 𝒖𝒖(𝟏𝟏, 𝒕𝒕) = 𝟎𝟎,   𝒕𝒕 > 𝟎𝟎; 
𝒖𝒖(𝒙𝒙,𝟎𝟎) = 𝐬𝐬𝐬𝐬𝐬𝐬𝝅𝝅𝒙𝒙 ,    𝟎𝟎 ≤ 𝒙𝒙 ≤ 𝟏𝟏. 

 
Applying the finite difference method using Matlab, 
then the result show as follows.  
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Fig.2 Temperature distributions at several times for  
the heat conduction of the Cast Iron for example 2.  
 
(iii) Example3. Find the solution of the heat 
conduction equation of the Cast Iron 
 

𝒖𝒖𝒕𝒕 = (𝟎𝟎.𝟏𝟏𝟐𝟐)𝒖𝒖𝒙𝒙𝒙𝒙      𝟎𝟎 < 𝒙𝒙 < 𝟏𝟏,       𝒕𝒕 > 𝟎𝟎; 
𝒖𝒖(𝟎𝟎, 𝒕𝒕) = 𝒖𝒖(𝟏𝟏, 𝒕𝒕) = 𝟎𝟎,   𝒕𝒕 > 𝟎𝟎; 

𝒖𝒖(𝒙𝒙,𝟎𝟎) = 𝐬𝐬𝐬𝐬𝐬𝐬 𝟐𝟐𝝅𝝅𝒙𝒙 − 𝐬𝐬𝐬𝐬𝐬𝐬 𝟓𝟓𝝅𝝅𝒙𝒙 ,    𝟎𝟎 ≤ 𝒙𝒙 ≤ 𝟏𝟏. 
 
Applying the finite difference method using Matlab, 
then the result show as follows.  
 

 
 

 

 
 
Fig.3 Temperature distributions at several times for  
the heat conduction of the Cast Iron for example 3. 

CONCLUSION 
 

In this paper, calculations are performed by 
the MATLAB Programming Program and 
Evolutionary Laws for a one-dimensional thermal 
conductivity equation using the finite difference 
method in solving the thermal conductivity equation 
for cast iron. All examples demonstrate that the finite 
difference method is a powerful mathematical tool for 
solving the cast iron thermal conductivity formula. 
The graphic shapes we provided to define a higher 
resolution and simplicity for the proposed method. In 
addition, it should be noted that the described method 
can easily be generalized to build more heat for 
different materials. This work focuses on cast iron 
because Gray cast iron is an alloy of cast iron with a 
graphite microscopic structure. It is called gray 
because it is the color that appears inside it when 
breaking, which indicates the presence of graphite. 
Gray cast iron is the most popular and widely used 
cast iron alloy. Gray cast iron is used in applications 
that are not progressively perceived, such as the 
internal combustion engine, pump bodies, funds, 
electrical boxes and cosmetic castings. Gray cast iron 
also has high thermal capacity and thermal 
conductivity, often used in some cookware. 
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ABSTRACT 
 

In recent years, the formation of artificial beachrock and bio-cementation method has gained considerable 
attention as a sustainable alternative tool in the area of geotechnical and geo-environmental engineering field 
for soil improvement and construction materials. In general, earlier methods of soil improvement were mostly 
concentrated on microbes (Bacteria, Fungi, etc.) as a source of urease enzyme widely known as MICP method 
(Microbial Induced Carbonate Precipitation). To address some of the key limitations of MICP method this 
study focused on using crude enzyme (low cost, eco-friendly). Crude enzyme was extracted from watermelon 
seeds (Citrullus lanatus) considered as “food waste material” and the carbonate formation process known as 
EICP “Enzyme Induced Carbonate Precipitation.” Crushed and blended watermelon seeds (both dry and 
germinated) used as a source of urease enzyme. Subsequently, their urease activity was also investigated with 
various environmental parameters (Temperature, pH, etc.) and investigated the carbonate precipitation trend 
using calcium chloride (CaCl2) and urea [(CO(NH2)2]. The form of carbonate (calcite, aragonite, vaterite, etc.) 
was also confirmed by XRD and SEM-EDX analysis. Finally, syringe (d = 2.3 cm, h = 7.1 cm) sand 
solidification test was conducted using commercially available “Mikawa sand” (mean diameter, D50 = 870 
mm) and successfully achieved unconfined compressive strength (UCS) of about 1.2 MPa at neutral pH (~7) 
and temperature condition (30 °C) considering various curing days (14 days) and conditions. This study could 
be useful as an eco-friendly and sustainable method for numerous bio-geotechnical applications (for instance, 
ground improvement, liquefaction mitigation, artificial beach rock formations, coastal erosion protection, etc.) 
and the extracted crude urease from watermelon seeds could play as an alternative to replace commercially 
available urease for carbonate precipitation. 
 
Keywords: EICP, Watermelon seeds, Bio-cementation, Urease enzyme, Crude extract, Artificial beachrock 
 
 
INTRODUCTION 
 

Recently bio-inspired techniques have been 
widely used for different geotechnical applications. 
The maintenance, management of all of these 
methods were expensive and not eco-friendly [1, 2, 
3]. Therefore, a new alternative countermeasure 
was needed. One of the emerging alternative 
approach known as “Microbial Induced Carbonate 
Precipitation-MICP method,” learned from “natural 
beachrock.” A beach rock consisted of marine 
sediments that have been cemented in the intertidal 
layer mostly by CaCO3, and its deposition time was 
much shorter than that of other sedimentary rocks. 
The cemented portion of beachrock primarily made 
up of both calcium carbonate and silica. 

Several researchers have studied the beachrock 
formation mechanisms [3, 4]. However, some of the 
difficulties related to the current MICP method, 
have created requirements for alternative demand of 
solutions considering economic and ecological 
sustainability. For instance, the screening, isolation 
transportation, filtering, physical non-homogeneity, 
oxygen requirement, urease activity, viscosity, deep 

penetration, microorganism strength, etc. marked 
this approach a complicated process. It challenged 
the use of MICP method in real field applications. 
Likewise, researchers around the world have tried 
to overcome some of these leading limitations, but 
yet, some unresolved issues related to MICP 
persisted. As an alternative technology, EICP 
(Enzyme Induced Carbonate Precipitation) has 
drawn considerable interest to the researcher for 
investigating the feasibility of using this method 
from laboratory scale to real field application. 
The demand for using the EICP process may be 
fulfilled with commercially available urease 
enzyme, which is very costly because it has been 
manufactured for use in some specific applications 
in small amounts at high purity levels [5],[6],[7].  
Therefore, it was essential to find an alternative 
source of urease enzyme to optimize the benefits 
through bio-inspired engineering applications and 
making artificial beachrock considering cost, 
environmental safety, and sustainability. This study 
focused on using crude urease extracted from 
watermelon (Citrullus lanatus) seeds as the source 
of urease enzyme considering waste utilization, 
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cost-effectiveness, availability of the material, and 
environmental safety.  
During the CaCO3 precipitation, the following 
reaction occurred in the presence of urea, urease 
enzyme, and calcium chloride, Eq. (1-5). 
 
𝐶𝐶𝐶𝐶(𝑁𝑁𝑁𝑁2)2 + 𝑁𝑁2𝐶𝐶 

𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑈𝑈
�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯�  𝑁𝑁𝑁𝑁2𝐶𝐶𝐶𝐶𝐶𝐶𝑁𝑁 + 𝑁𝑁𝑁𝑁3  (1)     

𝑁𝑁𝑁𝑁2𝐶𝐶𝐶𝐶𝐶𝐶𝑁𝑁 + 𝑁𝑁2𝐶𝐶 →  𝑁𝑁𝑁𝑁3 +  𝑁𝑁2𝐶𝐶𝐶𝐶3                               (2)  

𝑁𝑁2𝐶𝐶𝐶𝐶3  ↔  𝑁𝑁𝐶𝐶𝐶𝐶3−  + 𝑁𝑁+                                                (3)  

𝑁𝑁𝐶𝐶𝐶𝐶3−  +  𝑁𝑁+ + 2𝑁𝑁𝑁𝑁4+ + 2𝐶𝐶𝑁𝑁−  ↔   
𝐶𝐶𝐶𝐶32−  + 2𝑁𝑁𝑁𝑁4+ + 2𝑁𝑁2𝐶𝐶                                                       (4) 
𝐶𝐶𝐶𝐶2+ + 𝐶𝐶𝐶𝐶32− ↔ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3 ↓                                               (5) 

 
The primary objectives of this study were to find 

out investigate an effective extraction procedure of 
crude urease enzyme from watermelon seeds and to 
develop cemented samples towards making 
artificial beachrock. In this study series of test-tube 
experiments were conducted to identify the 
variations of precipitated crystals and their 
morphology considering their reaction rate with 
time. The precipitated crystals were analyzed with 
SEM (Scanning electron microscope) and XRD (X-
Ray Diffraction) to confirm their morphology. 
Finally, the extracted crude enzyme was analyzed 
and compared with a pure commercial enzyme 
(Urease from Jack bean: Wako pure chemical 
industries, Ltd., Japan) for measuring urease 
activity.  

Besides, syringe sand solidification tests were 
conducted using the extracted crude enzyme and 
successfully obtained the cemented sand specimen 
in a laboratory scale up to several MPa, which could 
be a mimic of natural beachrock. The findings of 
these studies could play a significant role in the 
development of bio-cemented sand (natural 
beachrock imitation) using low-cost plant-derived 
urease enzyme. Moreover, it could also be possible 
to recycle waste food waste materials like 
watermelon seeds. 
 
METHODS 
 
Extraction of crude urease  
 

Finely crushed and blended watermelon seeds 
(0.5 g) using 10 mL of distilled water (concentration 
estimated 50 g / L) stirred at 600 rpm for around 1 
h. The crude extract was collected after 
centrifugation and filtration. After centrifugation, 
the collected transparent supernatant and pellets 
were used to investigate the urease activity 
considering different environmental parameters 
(temperature, pH, etc.) followed by the indophenol 
method [8], [9].  The extraction procedure presented 
in Fig. 1. The urease activity of the enzyme (crude 
extracts) solution was calculated by dividing the 
slope of the initial linear part of the ammonium 

corresponds to time curve. Finally, to validate the 
data, the urease activity was compared to available 
commercial urease enzymes (jack bean, Wako pure 
chemical industries, Ltd., Japan). 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 1 Extraction procedure of crude enzyme for making 
artificial beachrock 

CaCO3 precipitation test 
 

A series of experiments were conducted to 
confirm the morphology of CaCO3 precipitation 
and its precipitation trend, by various combinations 
of CaCl2-urea and urease. The set of experiments 
conducted in transparent polypropylene tubes. 10 
mL of equimolar solutions of CaCl2-urea was 
formulated as 0.3 mol/L, 0.5 M, and 0.7 M and 
adjusted the concentrated distinctly by adding crude 
extract solution from watermelon seed. The 
adjusted solution was then added to the test tube and 
kept in a shaker at 30 °C for 48 h. The obtained 
precipitation (CaCO3) was separated from the 
solution using a filter paper (Whatman filter paper, 
grade 4) and kept in an oven drier for about 24 h at 
100 °C. The crystal precipitation ratio (%) was 
calculated by the mass of the precipitated materials 
obtained from the test divided by the theoretical 
mass of CaCO3 (g) crystals. The sand solidification 
testing conditions were shown in table 1. 
 

Table 1: Testing conditions 
 

 Control    
Urea-CaCl2 

(M) 
0.3/0.5/0.7 

M 
0.3 0.5 0.7 

Enzyme 
Solution 

No Yes Yes Yes 

Initial pH 7.5/7.6/7.6 7.6 7.7 7.6 
Final pH 7.5/7.6/7.7 7.9 8.1 7.9 

 
The hydrolysis rate was measured immediately 
after mixing of solutions with time, and a standard 
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Sand 
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Watermelon seed (raw 
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3
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SEM and 
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curve was established using the obtained results 
after complete hydrolysis of several concentrations 
of urea. Finally, precipitated CaCO3 weighed using 
a scale to calculate the total carbonate precipitate 
amount. Scanning Electron Microscope (SEM) and 
X-ray diffraction (XRD) analysis were also 
conducted to investigate the morphology of the 
precipitated carbonate.  
 
Sand solidification (syringe) test 
 

Commercially available dried “Mikawa” sand 
(Fig. 2) placed at 110 °C for 24 h and were then 
transferred (85 g) into a 50 mL syringe (diameter, 
φ= 2.3 cm, height h=7.1 cm) and compacted gently. 
 
 

 
 

Fig. 2 Particle size distribution of Mikawa sand 
 

The prepared samples were then placed in an 
incubator (30 °C). Subsequently, 26 mL of prepared 
urea-CaCl2-urease solution (crude extract) was 
added to the syringe and maintained the final level 
of the solution above the top surface of the sand 
sample. After 24 h, a new cementation solution 
(urea-CaCl2) was injected into the samples with the 
same volume and concentration and drained the 
previously injected solution gradually (Fig. 3). The 
crude urease injection interval was 48 h. Different 
curing days were chosen for investigating the effect, 
variations, and distribution of precipitated calcium 
carbonate within the sand particles. The condition 
of the syringe solidification test outlined in Table 2. 
 

 

 
 

Fig. 3 Status of sand solidification test using extracted 
crude enzyme 

Table 2: Testing conditions 
 

Cases Crude 
urease 

 Crude 
urease 

Injection 
interval 

 Urea-
CaCl2 (M) 

(added 
everyday) 

Temp 
(˚C) 

Curing 
days 

1 No  Control sample 
2 Added  48 h  0.5 30 14 
3 Added  48 h  0.5 30 21 
 
 
RESULTS AND DISCUSSION 
 

 

Results of urease extraction 
 

A summary of urease activity (U/mL) of the 
extracted crude enzyme from watermelon seeds 
presented in Fig. 4. The urease activity was also 
compared with the commercially available urease 
enzyme made from jack bean (Wako pure chemical 
industries, Ltd., Japan). According to the results, the 
urease activity was highest for non-treated crude 
extract (around10 U/mL) and gradually decreased 
with time (up to 07 days). For the treated sample, 
the urease activity was somewhat lower than the 
non-treated sample (8 U/mL) but almost constant 
with time (up to 07 days).  

 

      
Fig. 4 Urease activity of the extracted solution 

For the commercial jack bean urease, the urease 
activity was observed around 15 U/mL. The 
purification level of the extracted crude enzyme was 
around 60-70% (Table 3). The fluctuation of these 
purification level and urease activity of the crude 
enzyme to commercial enzyme was influenced by 
certain metabolic factors [10]-[11] of seeds, 
including some biological reactions and presence of 
specific organic compounds. The maximum urease 
activity was obtained from jack bean seeds, as 
reported previously [9]-[11]. However, from the 
findings of this study, the urease enzyme could be 
extracted up to a purity level of 60 percent, which 
could be sufficient to make bio-cemented for 
different geotechnical approaches. 
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Table 3: Crude urease extraction results with their 
purification percentage 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CaCO3 precipitation test 

 
It is reported that, CaCO3 acts as the main 

binding materials in between the sand particles to 
stabilize the soil for producing artificial beach rock 
and bio-cemented sand [12-15]. In EICP process, 
the crystal precipitation amount closely related with 
CaCl2-urea concentration, and the CaCO3 crystals 
started to form immediately because of the 
accessibility of free urease enzyme (Fig. 5), which 
was also reported by previous studies [16]. Fig. 5 
showed the evidence of forming and enlargement of 
CaCO3 crystals. 
 
 

 
 
 
 
 
 
 

 

Fig. 6 Trend of CaCO3 precipitation 

It was revealed that, the efficiency of bio-
cemented samples depends on the type and structure 
of the precipitated CaCO3 polymorphs (vaterite or 
calcite). When the crystals formed bridges between 
the existing sand/soil grains, they prevented the 
movement of the grains, which identified as a 
primary reason for improving the strength and 
stiffness of the material [16]. Fig. 6 indicated the 
trend of CaCO3 precipitation at different CaCl2-
urea concentration. Results showed that, higher 
concentration of CaCl2-urea leads to precipitate 
higher amount of CaCO3 crystal.  
In addition, from the SEM images it showed that 
that the precipitated crystals morphology (CaCO3) 
is highly inconsistent in shape and size (Fig. 7). But 
the value for crystals precipitation depends on the 
concentration of urease enzyme and concentration 
of reactant solutions, which was also reported in 
previous studies [17]-[18]. The results of this study 
showed that, precipitated calcium carbonate 
crystals from crude extract enzyme may appear as 
highly disorder and amorphous due to presence or 
inheritance of different organic compounds 
confined to the raw materials (crude extract solution 
from watermelon seeds).  

Furthermore, the results also indicated that the 
reaction rate of EICP process were very fast which 
leads to precipitated different crystalline phases of 
CaCO3 crystals. However, the observation of this 
study could be considered as significant outcomes 
for various bio-geotechnical applications.  

 
 

 
 

 

Sand solidification test (Small scale) 
 

Mikawa sand was used for sand solidification 
using the extracted crude solutions from 
watermelon seeds. From the results, it showed that 
the higher UCS was obtained for the longest curing 
sample (case 2) compared with case 1. The 
variations of the UCS strength was also observed in 
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top, middle and bottom portions of the both 
specimens (case 1 and case 2). From the results, it 
was observed that, the bottom portion showed the 
higher UCS value compared to top and middle 
portions of the both treated samples (Fig. 8). The 
possible reason was the fast reaction rate of the urea 
hydrolysis and distribution variations of 
precipitated CaCO3 within the specimens (case 1 
and case 2). Because of the reaction rate, most of 
the precipitated CaCO3 tends to deposit at the 
middle and bottom portion and increased the 
bonding capacity in between the sand particles at 
the bottom and middle portion and increased the 
strength (UCS) (for both case 1 and case 2). But it 
was also observed that, with increasing the curing 
time (21 days), the distribution of CaCO3 
precipitation was also fluctuate at the top, middle 
and bottom portion (case 2) and strength (UCS) was 
also increased. Further investigation is needed for 
obtaining homogenous strength of the sample by 
ensuring uniform distribution of CaCO3 
precipitation. 

In addition, another reason could be higher 
solubility, lower viscosity, fast penetration and 
deposition at the bottom portion of the sand, which 
also supported by previous studies [19]-[20]. A 
higher UCS was also observed obtained (around 1.2 
MPa) after continuous curing (21 days) at 2.5% of 
CaCO3 for case 2. In case of 1, maximum UCS was 
obtained (below 1 MPa) with less than 2% of 
CaCO3 content and the bottom portion bearing the 
highest strength Fig. 9. And Fig. 10 also showed the 
results of the precipitated crystal behaviour in 
between the cemented sand particles.  
 
 

 
Fig. 8 Estimated UCS of the solidified sand with % of 
CaCO3 content 

Form the results, it showed that, CaCO3 is the 
primary binding materials for improving the 
strength of sand particles which is an agreement of 
previous studies [21]. Another important 
observation was viscosity of the cementation 
solution could affect the crystal precipitation rate to 
form CaCO3 and improving the sand strength to a 
most stable phase of calcium carbonate. However, 

further investigation is needed to improve this 
methodology, which could be appropriate for field 
application. 

 

 

 
Fig. 10 Status of solidified sand (left images) and SEM 
images of solidified sand showing the CaCO3 bonding in 
between the sand particles (right images) 

 
CONCLUSIONS 

 
The prospect of using the enzyme induced 

carbonate precipitation (EICP) method as an 
effective bio-inspired technique has been evaluated 
in this study using natural source of urease enzyme 
(watermelon seeds). The development of alternative 
sources for urease enzymes which are economical 
and easy to regulate in the natural world was a major 
problem in the feasibility of calcite Precipitations 
Strategies. Through extracting the enzyme from 
watermelon seeds (upto 60% purity level) in a 
sustainable, cost-effective, and eco-friendly way, 
this research successfully addressed these 
challenges. Furthermore, this study successfully 
obtained solidified sand sample upto 1.2 MPa using 
watermelon seeds as a source of urease enzyme and 
the results from this study clearly indicated that, 
plant derived urease enzymes could play a vital role 
for making artificial beachrock. However, still 
some major challenges for field implementations of 
this EICP method remained in this novel area. 
Nevertheless, the findings of these studies could 
play a substantial role for soil/sand stabilization, 
coastal erosion protection, ground improvement in 
deeper portion of the soil,  improvement of piles and 
slope stability, to support foundation and 
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embankment, improvement soils liquefactions 
under the existing structures and other bio-
geotechnical applications. 
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ABSTRACT 
 
At present, carbon-fiber reinforced plastics (CFRP) are not permitted to be used as structural members in the 

archi-tectural field. Therefore, in order to popularize CFRP in the architectural field, this study aims to show the 
usefulness of CFRP (CFRTP) using thermoplastic resin, which is inexpensive to manufacture and excellent in 
recyclability among CFRP, and evaluates the effectiveness when CFRTP strand rods are used for bracing 
material. As a result of comparing by eigenvalue analysis using round steel, PC steel stranded wire, and CFRTP 
for braces, the long period was able to be confirmed by the use of the frame of CFRTP brace. Then, this paper 
carries out comparisons by time history response analysis between a seismic resistant model using a three-
dimensional frame model and a seismic isolation brace model using a CFRTP brace and an oil damper in the 
lowest layer. As the result, it was proven that the isolation brace showed the reduction performance equivalent to 
the conventional isolation device for the input seismic motion. 
 
Keywords: carbon fiber reinforced thermo plastics, strand rod, brace of isolation, seismic isolation layer 
 
 
INTRODUCTION 
 

Carbon-fiber reinforced plastics (Carbon Fiber 
Reinforced Plastics: CFRP) are materials utilized in 
various fields because of their excellent properties 
such as light weight, high strength, corrosion 
resistance, and non-magnetism. Among them, a 
CFRP using a thermoplastic resin (Carbon Fiber 
Reinforced Thermo Plastics: CFRTP) as a base resin 
can be produced at a lower cost than a CFRP using a 
thermosetting resin which is generally popular, is 
easy to carry, and is also excellent in recyclability 
because it can be separated by heating a base 
material and a carbon fiber. Therefore, it is a 
material which can also be expected to be 
popularized in the architectural field in the future. 
However, CFRP is currently used in the civil 
engineering field as a substitute for reinforcing bars 
and carbon-fiber sheet wrapping reinforcement 
method, etc., but its use for structural members is 
not permitted because it is not designated as a 
designated building material under Article 37 of the 
Building Standards Construction Law in the 
architectural field, and it has not generally become 
popular. 

This study aims to evaluate the effectiveness of 
CFRTP strand rods for buildings when they are used 
as brace materials by referring to the use method of 
PC (Prestressed Concrete) steel materials, and to 
examine their application to the seismic isolation 
device "seismic isolation brace" (Fig. 1) of brace 
frames as an application method suitable for strand 

rods, and to contribute to the popularization of 
CFRTP in the architectural field. 

The structural analysis software midas iGen was 
used for the analysis of this study. 
 

 
 
Fig. 1 Seismic isolation 
 
STUDY ON TWISTING PERFORMANCE OF 
CFRTP 
 

In the bonding method of CFRTP using the inner 
thread cutting steel pipe by previous studies, the 
adhesion force between the adhesive resin is 
increased by using a member obtained by adding 
twisting, it has been confirmed that the advantage 
that the tensile stiffness of the joint is increased can 
be obtained. Therefore, in this chapter, we derive the 
equation for evaluating the twist angle of CFRTP 
strand rods and the tensile stiffness and tensile 
strength of members, and clarify the relation 
between them. (1a), (1b) The equation is the 2) of 
the equation for evaluating the twist angle of the 
strand rope of the steel material. 
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𝐸𝐸𝑤𝑤 = 𝐸𝐸(𝑐𝑐𝑐𝑐𝑐𝑐3𝛼𝛼 − 𝜈𝜈𝑐𝑐𝑠𝑠𝑠𝑠2𝛼𝛼𝑐𝑐𝑐𝑐𝑐𝑐𝛼𝛼)(𝑐𝑐𝑐𝑐𝑐𝑐3𝛽𝛽 −
           𝜈𝜈𝑐𝑐𝑠𝑠𝑠𝑠2𝛽𝛽𝑐𝑐𝑐𝑐𝑐𝑐𝛽𝛽)                                               (1a) 
𝑃𝑃𝑤𝑤 = 𝑚𝑚 ∙ 𝑠𝑠 ∙ 𝐸𝐸𝐸𝐸(𝑐𝑐𝑐𝑐𝑐𝑐3𝛼𝛼 − 𝜈𝜈𝑐𝑐𝑠𝑠𝑠𝑠2𝛼𝛼𝑐𝑐𝑐𝑐𝑐𝑐𝛼𝛼)(𝑐𝑐𝑐𝑐𝑐𝑐3𝛽𝛽 −
           𝜈𝜈𝑐𝑐𝑠𝑠𝑠𝑠2𝛽𝛽𝑐𝑐𝑐𝑐𝑐𝑐𝛽𝛽)𝜀𝜀𝑧𝑧                                           (1b) 
 
𝐸𝐸𝑤𝑤   : Young's modulus of member 
𝑃𝑃𝑤𝑤    : Axial force of child wire (steel) 
𝛼𝛼     : Strand angle of strand 
𝛽𝛽     : Twist angle of child wire 
E     : Young's modulus of the child line 
𝜈𝜈      : Poisson's ratio of the child line 
m, n: m × n strand ropes 
 

When this equation is adapted to CFRTP strand 
rods, the equation for evaluating tensile stiffness and 
tensile strength is as follows. 
 
𝐸𝐸𝑐𝑐 = 𝐸𝐸(𝑐𝑐𝑐𝑐𝑐𝑐3𝛽𝛽 − 𝜈𝜈𝑐𝑐𝑠𝑠𝑠𝑠2𝛽𝛽𝑐𝑐𝑐𝑐𝑐𝑐𝛽𝛽)                            (1c) 
𝜎𝜎𝑐𝑐 𝑚𝑚𝑚𝑚𝑚𝑚 = 𝜎𝜎𝑠𝑠 𝑚𝑚𝑚𝑚𝑚𝑚

𝑐𝑐𝑐𝑐𝑐𝑐3𝛽𝛽−𝜈𝜈𝑐𝑐𝑠𝑠𝑠𝑠2𝛽𝛽𝑐𝑐𝑐𝑐𝑐𝑐𝛽𝛽
                            (1d) 

 
𝐸𝐸𝑐𝑐         : Young's modulus of CFRTP strand rod 
𝜎𝜎𝑐𝑐 𝑚𝑚𝑚𝑚𝑚𝑚 : Breaking strength of CFRTP strand rods 
𝜎𝜎𝑐𝑐 𝑚𝑚𝑚𝑚𝑚𝑚 : Breaking strength of the strands 
 

(1c), (1d) From the equation, the relationship 
between the twist angle and Young's modulus using 
the physical properties in Table-1 and the breaking 
strength is shown in the graph as shown in Figure-2. 
 
Table 1 Physical Properties of Strand Rod 
 

Young's modulus of the child 
wire(kN/mm²)  94  

Breaking Strength of Wire(N/mm²)  1644  
Poisson's ratio  0.06  

 

 
Fig. 2 Relationship between twist angle and physical 
properties 
 

Young's modulus viewed the property of 
decreasing as the twist angle increases, the result 
that the strength increases as the twist angle 
increases conversely with respect to the breaking 

strength. 
Further, the value of the twist angle 14.7 ° 

obtained from the evaluation equation is a result 
which is not large difference even compared with 
the value of the experimental value measured from 
the test piece of the same twist angle, it was 
confirmed that the evaluation formula can be used 
roughly. 
 
COMPARATIVE STUDY OF PRESTRESSING 
STEEL BY NUMERICAL ANALYSIS 
 
Outline of the Analysis Model 
 

The effect of prestressing steel and the change in 
deformation performance and natural period due to 
prestressing force are verified when CFRTP strand 
rods are used with braced members in Table-2 and 
when prestressing steel stranded wires or round steel 
are used for the steel frame validation model shown 
in Fig. 3 with a span of 8000mm and a height of 
3500mm. Incidentally, since CFRTP is a material 
having a property of brittle fracture without plastic 
zone, this analysis is to consider only the elastic 
range, the braced section was set to stay in the 
elastic zone. 
 
Table 2 Comparative brace member 
 
Types of 
Braces 
(naming)  

Young's 
coefficient 
(kN/mm²)  

Strength 
of yield 
point 
(N/mm²)  

Diam
eter 
(mm)  

Tension 
force 
(kN)  

Round 
steel 
(SS400)  

205 235 27 0 

PC steel 
wire 
(SWPR7B)  

200  1583  10  
0  
61  

CFRTP(24
K3P×7)  85  1629  10  

0  
61  

 

 
Fig. 3 Analysis model 
 
 Static Analysis 
 

In the static analysis, the horizontal displacement 
was confirmed by applying a horizontal load of 
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100kN to the model upper beam. Figure 4 shows the 
results. 

 
Fig. 4 Horizontal displacement of the model 
 

As shown in Fig. 5, CFRTP with the smallest 
axial stiffness had the greatest displacement, and in 
the same member, the displacement became smaller 
because both the tension side and the compression 
side braces resisted the horizontal force by 
introducing the prestressing force. 

 

 
(𝑃𝑃 + ∆𝑃𝑃𝑠𝑠)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − (𝑃𝑃 − ∆𝑃𝑃𝑠𝑠)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 2∆𝑃𝑃𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 

 
Fig. 5 Concept of Horizontal Resistance 
 
 Eigenvalue Analysis 
 

As shown in Table-3, the natural period is longer 
in the order of CFRTP, PC-steel stranded wire, and 
round steel. In the case of the tensioned steel and the 
non-tensioned steel, the horizontal stiffness of the 
frame increases due to the introduction of tensioned 
force. Therefore, the natural period of the non-
tensioned steel model is longer, and the natural 
period of CFRTP is 1.93s at the highest. From this, it 
was clarified that the long period of the frame could 
be attempted by the utilization as a bracing member 
in CFRTP of non-tension. 
 
Table 3 Natural Period 
 

Bracing member  Fixed cycle (s)  
Round steel(non-tension)  0.46  
PC steel wire(non-tension)  1.26  
PC steel wire(tension)  0.89  
CFRTP(non-tension)  1.93  

CFRTP(tension)  1.37  
EXAMINATION OF SEISMIC ISOLATION 
BRACES ALONE 
 
Outline of Analysis 
 

In this analysis, time calendar response analyses 
were carried out by changing three types of 
parameters such as span length (2000-6000m in 
every 1000mm), brace cross section (9, 10, 16mm in 
diameter), and twist angle of brace (14.7°, 30°) of 
the framing model as shown in Fig. 3 to clarify the 
relationship between the critical horizontal 
displacement, brace proof stress usage rate, natural 
period, maximum acceleration of the upper beam, 
and horizontal stiffness, and to examine the shape of 
the brace frame suitable for seismic isolation braces. 
The time calendar response load used Tohoku1978 
NS seismic waves as the maximal acceleration of 
500gal. 
 
Analysis Results 
 
Span Length (Fig. 6, 7) 

The critical horizontal displacement became 
comparatively large in the models of 2000mm span 
and 6000mm span. This increases the aspect ratio of 
the frame, especially in the case of short spans, and  
the horizontal displacement increased because the 
large effect of the brace deformation on the column. 
Also, if the span is long, the axial stiffness decreases 
due to the length of the brace and the amount of 
deformation increases. (Fig. 6) 

For the bearing capacity utilization factor (= 
sectional force/breaking load) of the brace member, 
it was kept relatively small at 2000 and 6000mm 
spans, but no large difference between spans was 
observed. (Fig. 6) 

Although the natural period is influenced by the 
aspect ratio of the frame and the axial stiffness of the 
brace, the natural period tends to be longer as the 
span becomes longer as a whole model comparison.  
Since the maximum acceleration of the upper beam 
is affected by the natural period, the longer the span 
and the longer the natural period, the smaller the 
maximum acceleration can be suppressed. The 
horizontal stiffness of the model became larger for 
the longer span, because the angle of the brace faced 
horizontally as the span became larger. (Fig. 7) 

From the above, it is said that a frame with a 
long span is suitable, considering the 
appropriateness of the seismic isolation brace from 
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the viewpoint of the span length. 

 
Fig. 6 Comparison result by span ①  
 

 
Fig. 7 Comparison result by span ② 

 
Brace Section (Fig. 8) 
 

 
Fig. 8 Comparison results by cross section of brace 
 

The larger the cross section, the higher the axial 
stiffness and the horizontal stiffness of the frame, 
and the shorter natural period was shown. On the 
other hand, the smaller the axial stiffness, the longer 
the natural period and the smaller the horizontal 
stiffness. 

The maximum acceleration of the upper beam 
becomes smaller with the model of small section 
with longer natural period. 

Though the proof stress utilization factor of the 

brace member tends to increase slightly as the cross 
section increases, there was no big difference. The 
phenomenon in which the use rate is kept to the 
same level in each section is thin. 

It is considered that the brace has a softer 
structure as the whole frame, and the axial force 
borne by the brace material is small. 
Therefore, the smaller the cross-section of the brace, 
the better its performance as a seismic isolation 
device. 
 
Brace Twist Angle (Fig. 9) 

 
Fig. 9 Comparison Results by Twist Angle 
 

As shown in Chapter 2, the strength of the 
member is increased by increasing the twist angle. It 
has been found that there are physical property 
changes of degree increase and rigidity decrease. 
Therefore, the critical horizontal displacement of the 
bracing material was higher at a twist angle of 30° 
with a lower Young's modulus and higher fracture 
strength, and the intrinsic period was longer, 
resulting in a lower strength utilization rate of the 
bracing material. And, the maximum acceleration 
was reduced by the longer natural period, and the 
horizontal stiffness lowered. 

It can be said that using a strand rod with a large 
twist angle becomes a long period and is suitable for 
seismic isolation. 
 
EXAMINATION IN STEREO FRAME MODEL 
 
 Outline of Analysis 
 

In the five-story stereoscopic frame model, this 
paper carries out time calendar response analysis 
using a seismic resistant structural model of S pure 
rigid frame and a model incorporating a seismic 
isolation brace in the same model, and evaluates the 
performance as a seismic isolation device of seismic 
isolation brace from each response value.  
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A model of 3500,4500mm was set for the first 
floor height. Referring to the results of Chapter 4, 
which showed high seismic isolation performance, 
the span was set to 6000mm, and two CFRTP strand 
rods with a twist angle of 30° were used for the 
braces at 9mm and 10mm diameters. In addition, an 
oil damper is incorporated in the seismic isolation 
brace model, and the performance is shown in Tab.6. 

There are a total of six types of analytical models 
according to the height of the first floor, the 
structure, and the diameter of the strand rod, as 
shown in Table-5. 

Five types of El Centro1940 NS, Taft1952 EW, 
Hachinohe1968 NS, Tohoku1978 NS, JM-
Kobe1995 NS seismic waves (Fig. 10) were adopted 
as time calendar response loads, and time history 
response analyses were carried out for each seismic 
wave. The seismic waves were used in the X‐ and 
Y‐axis directions as the maximum acceleration of 
500gal. 
 
Table 4 Oil damper performance 
 

Type  Oil damper  
Company  Kayaba System 

Machinery, Inc  
Product  BDS model 500kN 

stroke500-1400  
Model number  BDS901400-L-4  
Initial attenuation 
coefficient  0.25kN＊s/mm  
Spring rigidity  155kN/mm  

 
Table 5 List of Analysis Models 
 

Model 
symbol Format  Brace 

section Dam
per  

3.5-  earthquake-
resistant  ━  ━ 

3.5-9d  seismic 
isolation braces  9 mm 〇  

3.5-10d  seismic 
isolation braces  10 mm 〇  

3.5- earthquake-
resistant  ━  ━ 

4.5-9d  seismic 
isolation braces  9 mm 〇  

4.5-10d  seismic 
isolation braces  10 mm 〇  

 
Fig. 10 Waveform of input seismic wave 
 
Analysis Results 
 

The natural period was lengthened to 3.7-4.6 s 
for the seismic isolation model, compared to 0.8-1.0 
s for the seismic model (Fig.11).The maximum 
acceleration is also amplified in the upper floors of 
the seismic isolation model, whereas the maximum 
acceleration in the upper part of the seismic isolation 
bracing model is In terms of structure, it is possible 
to reduce the earthquake motion by 50-60% of the 
input motion, which is about the same as that of 
ordinary seismic isolation devices such as laminated 
rubber(Figs.12 and 13). The interlaminar 
deformation angle is more than 1/200 for the seismic 
structure model, while the seismic isolation brace 
model is more than 1/200. For each model, for the 2-
5 floors above the seismic isolation layer, about 
1/750 in the X-axis, 1/600 in the Y-axis It was 
reduced to the extent (Figs. 14 and 15). 
 

 
 
Fig.11 Eigenfrequency of each model 
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Fig.12 X-axis maximum acceleration 
 

 
 
Fig.13 Y-axis maximum acceleration 
 

 
 
Fig.14 X-axis interlayer deformation angle 
 

 
 
Fig.15 Y-axis interlayer deformation angle 
 

SUMMARY AND CONCLUSIONS 
 
In order to show the usefulness of CFRTP, this 

study examined the performance of CFRETP and 
evaluated the performance when CFRTP was used 
as bracing material. 

The equation for evaluating Young's modulus 
and twist angle of CFRTP was derived, and it was 
proven that the Young's modulus decreased and the 
rupture strength increased as the twist angle 
increased for CFRTP strand rod. 
 

When CFRTP was used for the brace frame, it 
was more rich in deformation performance than the 
steel material, and the natural period became 
comparatively long, and it came to the application as 
a seismic isolation brace. 

By the examination in the seismic isolation brace 
single body model, the result was that the shape of 
the seismic isolation brace has the aspect ratio of 1 
or less, the brace member is long and thin, and the 
seismic isolation performance is improved as the 
twist angle is bigger. 

When a seismic isolation brace was incorporated 
into a three-dimensional model of a five-story S 
structure, it was possible to make a four-second 
seismic isolation in which the maximum 
acceleration was reduced to 50-60% of the vibration 
at the time of input, but the point that the 
deformation of the first layer, which is a seismic 
isolation layer, becomes larger than the seismic 
structure is a problem. And, it was proven that 
security of the floor height of the base isolation layer 
and small section of the member were effective in 
order to suppress the proof stress use rate of the 
brace material. 
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ABSTRACT 

The development of construction is currently advancing rapidly, the positive and negative impacts of the 
construction of this construction can begin to be felt. One negative impact is the reduction in natural resources that 
can not be renewed as the main material for development, for example limestone as the material for cement. It is 
well known that concrete is a building material and as an effort to meet high quality concrete, a good compiler is 
also needed. Various kinds of research and experiments have been carried out to improve the quality of concrete. 
Starting from the addition of additives, concrete treatments, improving the quality of concrete materials and the 
utilization of industrial waste as a concrete reinforcement mixture. This study aims to utilize waste from burning 
iron, namely Grand Granulated Blast Furnace Slag (GGBFS) or cement slag. GGBFS can be used for concrete 
mixes because it has almost the same properties as cement, C3S2  which can increase the elasticity and reduce the 
heat of hydration in concrete. GGBFS is used to replace some of the fine aggregate in concrete that aims to 
determine the extent of its effect on compressive strength of the high quality of concrete. The composition of 
substitution of fine aggregate with GGBFS is 0%, 25%, 50%, 75% of the volume cement. The method be used is 
initial setting time, compressive strength, linear regression and slag activity index. Based on research result initial 
setting time increases with a variation of 75%, for the optimum compressive strength test GGBFS in this mixture 
of 75%, linear regression reaches a value of 0.9781 with a category of strong relationship and applicable as well 
as slag index activity values enter grades 100 and 120 approaching OPC 100. Beside that GGBFS is very good to 
be used as a substitute for some cement in concrete and can also reduce production cost 3% and environmentally 
friendly. 

Keywords: GGBFS, Cement, Concrete, Compressive Strength, Production Cost 

INTRODUCTION 

In the development world of construction, most 
building compilers are concrete. For examples road 
infrastructure, buildings and many more and encourage 
us to be able to maintain the quality of the concrete. 
Concrete is very popular because the basic materials are 
easily obtained from natural resources and easy to use. 
Along with the development of concrete material needs, 
the need for cement which is becoming scarce and 
expensive is needed for innovation to develop 
technology including utilizing industrial waste. For 
examples GGBFS (ground granulated blast-furnace 
slag) or cement slag. GGBFS according to ACI 233R-
95 [1], is a slag furnace of metal or iron with a 
temperature of about 1500o C. GGBFS is used to make 
strong and durable concrete structures that can be 
combined with ordinary Portland or other pozzolan 
materials. When cement is blended with slag, it modifies 
mineralogical distribution and surface electrical 
properties, increases tortuosity, and reduces porosity 
and threshold pore size to show high chloride resistance 
and better durability performance[2]. In developed 
countries the use of Concrete Slag has been used, but in 
Indonesia not all constructions have implemented 

concrete slag waste. Utilization of industrial waste in the 
construction sector is used to improve the quality and 
compressive strength of concrete because it contributes 
to reducing the use of natural resources. 70% of 
construction materials are concrete [3]. With the 
utilization of concrete slag can reduce the potential loss 
or save money of construction companies [4]. The 
purpose of this research is to measure the utilization of 
GGBFS with variations of 0%, 25%, 50% and 75% in 
the quality of K200 - K700. From this variation, will be 
chosen the optimum one for Tokyo Apartment 
construction. From the laboratory test results, it is 
recommended to utilize GGBFS with a variation of 25% 
with the quality of the K400. 

Fig.1 Tokyo Apartment Project using GGBFS 
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Figure 1 shows The Tokyo Tower Apartment 
construction project is owned by PT Agung Sedayu 
Group (ASG) and is carried out by PT Multikon, PT 
Rekaguna Teknik and PT Pulau Intan, with an 
implementation time of 356 (three hundred and fifty six) 
calendar days starting on 1 August 2019. The Tokyo 
Tower Apartment construction project was carried out 
by 6 towers in advance with 2 towers from each 
contractor, of which 5 towers will be carried out after the 
3rd quarter of 2020. The land area of 35.000 m2 and the 
volume of concrete for 6 towers 300.000 m3, foundation 
work 56.000 m3, has a contract value of 1.5 trillion 
rupiah. To minimize the need for cement which has a 
higher price, it is necessary to innovate to substitute 
cement with other materials without reducing quality. 

In designing concrete used for high-rise buildings, 
good quality is needed to meet the specifications 
including the quality of the K200 - K700 concrete. This 
compressive strength calculation is supported by other 
formulations such as initial setting time (w/c), slag index 
activity and linear regression. 

TOOLS AND MATERIALS 

To support the fulfillment of concrete needs, the 
material used are as follows : 
a. GGBFS Slag : ex. PT. KSI
b. Natural Sand : Ex Belitung
c. Coarse aggregaten10-25mm : ex. Purwakarta
d. Admixture Type F : Standard Adhimix
e. Cement : Type 1 (OPC) and water : Concrete Standard

Fig. 2 Materials Research 

Tools need that are used as follows : 
a. Mortar Mixer : 1 Unit
b. Mortar Cube Mold 5x5x5 cm : 12 set @ 3 ea
c. Mortar Flow Test : 1 Set
d. Cylindrical Mold D15 X h30 cm : 40 ea
e. Compressive Strength equipment

Fig. 3 Required Tools 

      Figure 3 shows some of the tools that used in the 
experiments of mortar and concrete specimens.  

METHODOLOGY 

Experiments carried out at the laboratory scale 
include mortar cube experiments and concrete 
experiments using a small mixer with a capacity of 100 
liters. Variations in mortar experiments are with a 
mixture of GGBFS 0%, 25%, 50% and 75%. While the 
concrete experiment was carried out looking for the 
correlation w/c (cement water factor) to the percentage 
of GGBFS use is w/c K200 – K700. 

To find out the quality of GBFS in addition to direct 
testing of the slag material both physical and chemical 
testing, a comparison method is also performed. By 
conducting laboratory scale experiments on cube 
compressive strength of 5x5x5 cm, which refers to 
ASTM-C 109 Standard Test Method for Compressive 
Strength of Hydraulic Cement Mortars [5]. As well as 
the compressive strength of concrete cylinders 15 x 
height 30 cm which refers to ASTM-C39 [6] Standard 
Test Method for Compressive Strength of Cylindrical 
Concrete Specimens. Furthermore, applying Slag index 
activity and linear regression. 

Fig. 4 Research Methodology 

RESULT 
Mortar Experiment 

The results of mortar experiments conducted 3 
(three) times obtained the following average data as 
follows : 
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Fig. 5 Initial setting Time of Mortar 

From figure 5 shows the addition of GGBFS has the 
effect of increasing the initial setting time, as the greater 
use of GGBFS the longer the initial setting time.  

Fig. 6 Mortar Strength Mortar Comparison 

Figure 6 shows, the greater the use of GGBFS, the 
compressive strength at the age of 3 and 7 days are 
resulting lower, but at the age of 28 days there was a 
significant increase can even exceed 100% OPC so that 
will influence the value of linear regression. At the age 
of 28 days and 56 days the need for water is greater so 
using slag is not recommended. 

Fig. 7 Development of Mortar Strength 

Figure 7 shows, The development of compressive 
strength using GGBFS at the age of 3 and 7 days is very 
slow compared to 100% OPC. With the development of 
a 50% variation the regression value reached 0.8577, 
meaning that the strong relationship between mortar age 
and compressive strength can be used. The linear 
regression formulation is as follows: 

Y = a+bx  (1) 

a = water requirement (ltr/m3) 
b = w/c 

determination coefficient of the correlation relationship 
is formulated: 

r2= 
(∑ ௬) ା  (௫௬) ି  (௬ത)మ

(∑ ௬మ) ି (௬ത)మ  (2) 

coefficient value of relations 
0 = no relation  
1 = perfect relation 

Concrete Experiment 

The results of concrete experiments using 
variations of GGBFS compared to 100% OPC are as 
follows: 

Compressive strength = 



  (3) 

f’c  = Concrete compressive strength (Mpa) 
P = maximum load (N) 
A = press area of test object (mm2) 

Fig. 8 Initial setting time of Concrete 

Figure 8 shows, The use of GGBFS has a tendency 
that the initial concrete setting time will increase by an 
average of 30 minutes. Although the data does not show 
a clear pattern and some data shows the opposite, 
namely in w/c sample K200 for GGBFS 25% and w/c 
sample K600 GGBFS 75%. The greater the use of 
GGBS the smaller air needed to get the same working / 
slump ability. It can be seen that the greater quality of 
concrete the smaller initial setting time since the 
achievement of GGBFS is greater and the requisite for 
cement is smaller so that the binding time of concrete is 
lower. 

From Fig. 8 for water per cement (W/C) is not too 
significant because the addition of water to cement for 
each constant quality is between 10-20 liters. 

Before making a testing sample or printing a test 
sample on a cylindrical mold, a slump test is needed so 
that the researcher can find out how much water is 
needed in a concrete mixture. The effects of 
combinations of mineral admixtures in concrete on the 
performance-related properties under different aspect 
ratio are compared to conventional concrete[7]. The 
following are the results of water needs and slump tests: 
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Fig. 9 Water requirements perm3, slump 12cm, size 
25mm 

Figure 9 shows, the greater the use of GGBFS the 
less water needs to get the same workability / slump. 
With the utilization of GGBFS 50%, the greater the 
water/cement used, the less water used and the results of 
the linear regression show the value of 0.9896 means 
that it has a strong relationship and can be used[8].  

Fig.10 Quality of Compressive Strength (K200) 

The greater the use of GGBFS, the compressive strength 
produced is lower, especially in the early age. But the 
development of compressive strength increases every 
time, this can be seen from the graph above. For K200 
quality, the utilization of GGBFS can use a Slag mixture 
with a variation of 0%, 25% and 50%, a variation of 75% 
does not meet the compressive strength and does not 
reach the required compressive strength. 

Fig. 11 Development of Quality Concrete (K-200) 

Figure 11 shows, the percentage achievement of 28 
days of age varies 0% -75% in accordance with the 
requirements for compressive strength but for 75% 
variation the use of slag is not recommended because the 
compressive strength does not meet the specifics even 
though the percentage is 100%. 

Fig.12 Quality of Compressive Strength (K300) 

Based on the results of the compressive strength test 
of K-300 concrete quality, it can be seen that in each test 
3 days, 7 days, 28 days and 56 days the compressive 
strength of concrete has decreased every additional 
variation in the percentage of GGBFS substitution for 
cement. At the age of 28 days, the quality of K300 using 
GGBFS can use a mixture of Slag with a variation of 
0%, 25% and 50%, the variation of 75% does not meet 
the compressive strength and does not reach the required 
compressive strength. This can be seen at the age of 28 
days, the compressive strength value of 0% variation is 
359.79 kg / cm2, GGBFS variation 25% = 345.88 kg / 
cm2 and 50% GGBFS variation 314.60 kg / cm2, while 
the 75% variation in compressive strength value 
decreases 225.95 kg/cm2 and not included in the 
category required. 

Fig.13 Development of Quality Concrete (K-300) 

Figure 13 shows the development of compressive 
strength increases every time, this can be seen from the 
graph above. The achievement of the percentage of 28 
days of variation 0% -50% meets the requirements for 
compressive strength but for variation of 75% is not 
recommended because the compressive strength does 
not meet specifications even though the percentage is 
100%. 
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Fig. 14 Quality of Compressive Strength (K400) 

Figure 14 shows, the results of the compressive 
strength test of K-400 concrete quality, at the age of 28 
days the incoming variation is only 0% with a 
compressive strength of 420.62kg / cm2 and 25% with a 
compressive strength of 415.41kg/cm2. 

Fig.15 Development of Quality Concrete (K400) 

Figure 15 shows compressive strength increases 
every time, this can be seen from the graph above. The 
achievement of the percentage of 28 days of variation 
0%-25% meets the requirements for the compressive 
strength but for variations of 50% and 75% are not 
recommended because the compressive strength does 
not meet specifications even though the percentage is 
100%. 

Fig.16 Quality of Compressive Strength (K500) 

Figure 16 shows the compressive strength test of the 
K-500 concrete quality, it can be seen that the use of 

GGBFS is not required because from the point of view 
of compressive strength still does not meet the 
requirements. 

 Fig.17 Development of Quality Concrete (K500) 

Figure 17 shows, compressive strength increases 
every time, this can be seen from the graph above. The 
percentage of K 500 quality development increases 
every time, for example the age of 3 days with a 
variation of 72.85% at the age of 28 days to 100%. 

Linear Regression Experiment 
From the results of the compressive strength of the 

K200 – K400 quality taken samples for linear regression 
calculations, where the result is the higher the age of the 
concrete produced the higher the compressive strength. 
From the results of linear regression analysis it can be R 
= 0.9781 on variation of 25% with quality of K400 
which means it approaches the value of 1 and the 
concrete on the construction project can be applied [8].  

Fig.18 Quality of Compressive Strength (K600) 

Figure 18 shows, the results of the compressive 
strength test of K-600 concrete quality, it can be seen 
that in each test 3 days, 7 days, 28 days and 56 days the 
compressive strength of concrete has decreased with 
each variation of the GGBFS substitution percentage 
variation for cement. For K600 quality is not required 
because the compressive strength for variation 0% = 
577.05 kg / cm2, 25% = 535.34 kg / cm2, 50% = 
451.91kg / cm2 and 75% = 359.79 kg / cm2, the result of 
all variations are below the standard even though the 
percentage values reaches 100% and the linear 
regression approaches 1.  
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The higher the quality of the concrete, the more 
cement is needed so that the use of GGBFS to achieve 
the compressive strength is not optimal since it is 
influenced by the quality of materials other than cement. 

Fig.19 Development of Quality Concrete (K600) 

Figure 19 shows, the percentage of K 600 quality 
development increases every time, for example the age 
of 7 days with a variation of 50% results 41.28% while 
the age of 28 days the quality of development rises to 
100%. The use of the K600 is not recommended because 
it does not comply with the required standards. 

Fig.20 Quality of Compressive Strength (K700) 

Figure 20 shows, the results of compressive 
strength testing of K-700 concrete quality, it can be seen 
that in each test at the age of 28 days does not meet the 
specifications because the compressive strength does 
not meet the required standards. 

Fig.21 Quality of Compressive Strength (K700) 

Figure 21 shows, the percentage of K 700 quality 
development increases every time, while the age of 28 
days the quality development increases to 100%. 

Slag Activity Index Experiment 

Slag Activity Index, % = 
𝑺𝑷

𝑷
 x100%  (4) 

SP = average compressive strength of the slag-
reference cement cubes 

P = average compressive strength of the  reference 
cement cubes 

In this test, the compressive strength values of 7 days 
and 28 days [9]were compared by comparing samples 
with a 25%, 50%, 75% GBFS mixture divided by OPC 
cement with a sample that had a 100% OPC cement 
mixture. Following are the results of slag activity index 
testing:  

Table 1. Slag Index Activity 

Variation 
of 

GGBFS 

Compressive 
Strength(kg/cm2) 

Slag Index Activity 

7 days 
28 

days 
7 days  

28 
days 

0% 384.09 475.86 
100.89 

Grade 
120 

112.14 
Grade 
100 25% 387.49 533.65 

0% 384.09 475.86 
89.38 

Grade 
100 

127.14 
Grade 
120 50% 343.30 605.03 

0% 384.09 475.86 
76.99 

Grade 
100 

96.43 
Grade 
100 75% 295.72 458.87 

Production Cost 

Production costs are all costs associated with the goods 
produced, in which there are elements of raw material 
costs, direct labor costs, and overhead costs. Based on 
[10] As production costs increase, it is necessary to find 
alternative solutions for the mix of raw materials for 
concrete production. Prices for concrete for K200 - 
K700 concrete for 2020 are as follows: 

Table 2. Price of Concrete Quality 2020 

Concrete Quality 
Price per m³ (IDR) 

GGBFS 
 Concrete 

Conventional 
Concrete 

K200 700.000 720.000 

K300 750.000 775.000 

K400 800.000 830.000 

K500 900.000 930.000 

K600 1.000.000 1.030.000 

K700 1.200.000 1.230.000 

In implementing the Tokyo Apartment construction 
project used the K 400 concrete quality, with the 
utilization of slag, the resulting difference is: 
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Cost = Volume x Selling Price       (4) 
So, the calculation is as follows: 

1. Utilization of Slag 300.000m3 x 900k = 270
billion

2. With Conventional Concrete 300.000m3 x
930k = 279 billion

 From the difference generated for the sale price with the 
use of slag is 9 billion. The construction value of the 
construction can reduce the efficiency of materials or 
cost of production by 3%. The utilization of this slag has 
an impact to improve a friendly environment without 
reducing quality in the use of high quality of concrete. 

CONCLUSIONS 

In mortar experiments, the more levels of GGBFS 
content, the longer the initial time or the initial binding 
of concrete for 30 minutes. 

Concrete compressive strength and the 
development of K200-K700 concrete quality at the age 
of concrete 3 days, 7 days, 28 days and 56 days on each 
variation will decrease in value. For examples variations 
of 0%, 25%, 50% and 75% in the age of concrete results 
will decrease. However, the compressive strength value 
of each variation will increase, for example 0% 
variation, 3,7,14 days and 28 days the value will 
increase. The use of Slag for over K500 quality is not 
recommended because it does not meet specifications 
even though the percentage is 100% and the linear 
regression is close to 1. 

Slag index activity is categorized in grades 100 and 
120 according to ASTM C989, Linear Regression 
generated from K500 concrete quality with a correlation 
of R = 0.913 can be used for high level quality of 
concrete. 

The utilization of GGBFS can reduce the cost of 
production by 9 billion or 3% and it can also improve a 
healthy environment without reducing the quality of 
high quality concrete. 
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ABSTRACT 

 
The production of waste glass (WG) in Australia from 2016 to 2017 was about 1.1 million tonnes, and 

approximately 612 kilotonnes were recycled, while around 467 kilotonnes went to landfill. The current recycling 
techniques practiced for crushed waste glass (CWG) are limited, resulting in a growing environmental challenge. 
Therefore, there is an interest in the development of novel technologies to recycle WG. This paper provides a 
comprehensive review of the research conducted on recycling CWG in fired-clay bricks. The relationship between 
the firing temperature and the resulting physical/mechanical properties of bricks incorporating CWG is particularly 
examined. It was found that recycling CWG in bricks facilitates in reducing the global carbon footprint and 
improves the physical/mechanical properties of bricks. Therefore, incorporating CWG in fired clay bricks is a 
practical and feasible method to develop an environmentally friendly construction material and solve a growing 
waste issue. However, further research on the application of CWG in fired clay bricks is recommended. 
 
Keywords: Waste glass, Recycling, Fired clay bricks, Physical and mechanical properties, Sustainability, 
Geomaterials. 
 
 
INTRODUCTION 

 
Bricks are a common construction material used 

widely around the world [1]. The production of fired 
clay bricks relies on extensive mining of natural 
resources and the use of non-renewable raw materials. 
Therefore, it is becoming vital to develop 
environmentally friendly and energy-efficient 
construction material by the addition of wastes. A 
number of studies have been conducted on recycling 
various wastes in fired clay bricks. Such wastes 
include cigarette butts [2], biosolids [1], microplastics 
[3], olive mill wastewater (OMW) [4], rice husk [5], 
foundry by-products [6] and marble powder [7]. 
Figure 1 illustrates the overall trend of documents 
published by year on recycling wastes and waste glass 
(WG) in fired clay bricks. An upward trend in the 
number of papers published on recycling WG in fired 
clay bricks can be seen to increase dramatically 
following the year 2015.  

 

 

Fig. 1 The number of documents published 
between 1996 to 2020 on recycling waste and WG in 
fired clay bricks. 
 

WG is a readily available domestic material, and 
around 11 million tonnes of glass containers are 
manufactured each year. Typically, WG is deposited 
in landfills. However, many countries are limited with 
space, and therefore landfills are facing a growing 
issue with the space available for WG [8]. For 
instance, the amount of waste generated per capita in 
Australia has gradually increased to an unprecedented 
level in the recent period. According to the Australia 
National Waste Report [9], a total of 1.1 million 
tonnes of WG was generated in the 2016 to 2017 
period alone. 612 kilotonnes of WG were recycled, 
and landfills received the rest of 467 kilotonnes. 
Besides, the disposal of solid waste has an immense 
impact on the environment, economy, and health, 
which is a significant management issue that many 
countries are facing. Based on the statements from the 
World Wildlife Fund (WWF), recycling WG is a 
feasible method to reduce the space consumed in 
landfills. Likewise, because using recycled glass to 
produce glass products decreases the use of energy 
and raw materials, related air pollution and water 
pollution will be reduced by 20% and 50% 
respectively [10]. Evidently, using CWG as an 
additive in the making of fired clay bricks is 
becoming popular. 

In Victoria, according to the fact sheet from Net 
Balance, each year, around 257,000 tonnes of glass 
waste is produced, and the majority was from glass 
packings such as beverage bottles, jars, beads, and 
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bowls. The remaining glass waste was from post-
consumer glasses, flat glass (windows), and other 
sources.  While 195,000 tonnes are recovered, only 
124,000 tonnes are crushed into glass cullet for glass 
manufacturing. Victoria's recycled glass inventory is 
estimated to exceed 300,000 tonnes, mainly 
contaminated by ceramics, stoneware, Pyrex glass, 
and plastic. Besides, up to 62,000 tonnes of glass is 
expected to be sent to landfills each year [11]. 

Most glass packaging is collected from 
households or commercial sites (such as bars, clubs, 
sports venues, hotels, and restaurants) in mechanized, 
bin-based, fully commingled systems. Some glass is 
collected separately from other materials. On-site 
glass crushers are often used to reduce volume. The 
mixed materials are sorted from paper grads, plastics 
and metals by using the recycling facilities in the 
capital and regional centers. The glass is then sent to 
one of the beneficiation plants, including Visy, SKM, 
and Polytrade [12]. However, an issue has been 
indicated by many stakeholders that although the 
collection efficiency has been improved, mixed 
materials and compaction can cause cross-
contamination and reduce the quality of the collected 
materials.  

 
 Figure 2 indicates the glass cullet and glass fines 

recovery process in Victoria. 
 

 
Note: MSW:  Municipal solid waste   C&I: Commercial & 
IndustrialC&D: Collection & Disposal 

 
Fig. 2 The generic process for glass cullet and glass 
fines recovery in Victoria [11]. 
 

In addition to reusing glass packaging waste for 
packaging production, many other secondary markets 
can be used. The glass can be used for water quality 
projects as a filter medium. Similarly, CWG can also 
be used in various road base and sub-base 

applications. The advantage is that it can 
accommodate large quantities of material [12]. As 
time progressed, the development of novel 
technology increased, including the addition of CWG 
in construction materials. According to a study [8], 
CWG is being added into concrete as a fine aggregate, 
in asphalt concrete, and in ultra-lightweight fibre 
reinforced concrete.  

The objective of this paper is to collect and review 
major research studies on the recycling of CWG in 
fired clay bricks. Six CWG recycling proposals and 
practices are studied, including; type 1: 30% black 
dust and 70% superfine WG, type 2: recycled PC and 
TV WG, type 3: soda-lime glass powder WG, type 4: 
shop glazing window WG, type 5: thin-film transition 
liquid crystal display (TFT-LCD) WG powder and 
type 6: the combination of sludge and WG. 
 
RESEARCH ON RECYCLING OF WASTE 
GLASS 
 
Type 1: 30% Black Dust and 70% Superfine WG 
 

Federico [13] studied the effects of CWG on the 
properties of fired clay bricks. Eleven sets were 
prepared with A (0% glass), B (5% glass), C (5% 
glass), D (10% glass), E (10% glass), F (15% glass), 
G (15% glass), L (0% glass), X (0% glass), FL (0% 
glass), and FX (0% glass). Each set contained 30 
samples. Set A was categorized as the control group, 
and the remaining were test groups. B, D, and F 
contained different percentages of WG with the same 
glass mesh size. C, E, and G contained different 
percentages of WG with the same glass mesh size. As 
a result, the influence of the percentage of WG 
addition by mass, as well as the influence of WG 
particle size on the properties and durability of the 
bricks can be investigated. In addition, samples L, X, 
FL, and FX were prepared to investigate the influence 
of the methodology used and the firing temperatures 
on the bricks.  Lignosulfonate (20 ml) was added to 
the water during the mixing process in order to 
increase the plasticity of the clay. The test results 
show that the percentage of WG has a significant 
effect on compressive strength. The maximum 
compressive strength was found to be 133.4 MPa for 
G (15% glass). Additionally, the particle size of the 
WG had a great effect on water absorption properties. 
A microstructural analysis was conducted, it was 
found the increase in WG reduced the porosity of the 
brick samples.   
 
Type 2: Recycled PC and TV WG 
 

According to a study, the disposal of PC monitors 
and TV sets is becoming a growing issue, 
approximately 25,000 m3 of PC monitors and TV sets 
are being produced in European countries per year 
[14]. Moreover, a high concentration of lead, barium, 
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and strontium exists in the funnel and panel of the 
cathode ray tube display, which results in the 
technical problem of re-using PC and TV glass to 
manufacture new glass. Therefore, the focus of this 
study is to add PC and TV glass into fired clay bricks. 
Three different mixture ratios of clay and glass are 
prepared: control sample without waste (C0), 2% and 
5% by weight (wt.) funnel glass (CT2 and CT5), and 
2% and 5% by wt. panel glass (CS2 and CS5). The 
samples were fired at three different temperatures 
900°C, 950°C, and 1000°C. The firing shrinkage, 
bending strength, water absorption, open porosity, 
and bulk density were investigated. The results 
revealed bricks incorporating CWG result in higher 
bulk density, bending strength, and firing shrinkage 
and lower water absorption. The maximum bending 
strength (22.8 MPa) was found for bricks 
incorporating 5% screen glass, with a firing 
temperature of 950 °C. 

 
Type 3: Soda-lime Glass Powder WG 
 

Demir [15] investigated the effect of milled WG  
on the properties of fired clay bricks. The waste was 
added at a ratio of 0%, 2.5%, 5%, and 10% by wt. and 
the samples were fired at four different temperatures 
of 850°C, 950°C, and 1050°C. The results showed a 
linear relationship between shrinkage and the firing 
temperature. Shrinkage increased with an increase in 
temperature, while the increase in firing temperature 
resulted in a decrease in porosity and water 
absorption. The results additionally revealed higher 
firing temperature increases the mechanical strength, 
as shown in Table 1. 
 
Table 1 Compressive strength test results [15]. 
 

Waste glass 
content  

Compressive strength MPa 
850 °C 950 °C 1050 °C 

0% 16.45 19.50 20.37 
2.5% 18.75 22.65 24.50 
5% 20.15 25.13 27.15 
10% 20.62 27.56 29.35 

 
Another study discussed the effects on the 

physical-mechanical properties of fired clay bricks 
when incorporated with WG (soda-lime glass) [16]. 
The study aims to reduce the firing temperature of the 
brick in order to save energy. The study has been 
performed by utilizing different amounts of glass, 
including 0%, 5%, and 10% by wt., with a firing 
temperature within the range from 900°C to 1000°C. 
The glass additive contains sodium oxide (Na2O) and 
has a Non-crystalline structure, which helps with 
reducing the required firing temperature, increasing 
the glassy phase in the brick to enhance the durability, 
and reducing the costs of manufacturing. In addition, 
the Na2O assists in the vitrification of the bricks 

resulting in higher density and lower water absorption 
and drying shrinkage.  

In 2017, a study proved the firing temperature can 
successfully be decreased from 1050°C to 650°C for 
fired clay bricks with the addition of WG powder 
(borosilicate glass, colored glass, and soda-lime 
glass) [17]. The ratio of glass content used in the 
study included 0%, 20%, 35%, and 50% by wt. and 
the specimens were fired at 650°C, 850°C, and 
1050°C. Besides, the results indicated that the bricks 
(35% soda-lime glass) have better compressive 
strength than others, as shown in Table 2. 

 
Table 2 Compressive strength test results [17]. 

 

 
Furthermore, a study was performed on the 

addition of various sizes of glass cullet in red clay 
bricks with a focus on the subsequent physical and 
mechanical properties [18]. All specimens were air-
dried at room temperature for 72 hr and later fired at 
1000°C for 12 hr. The bricks with glass cullet 
incorporated demonstrated a lower water absorption 
compared to the controlled bricks. The compressive 
strength increased with the decrease in the particle 
size of the glass cullet brick samples. The results 
show that increasing the glass content and reducing 
the particle size of the glass can significantly improve 
the properties of the fired clay bricks for water 
absorption and compressive strength.  
 
Type 4:  Shop Glazing Window WG 

 
Abdeen [19] studied the performance of fired clay 

bricks containing waste glazing window glass. The 
selected contents of waste glazing window glass 
included 0%, 10%, 20%, 30%, and 40% by wt. The 
firing temperatures for the fired clay bricks 
incorporated with glazing window glass were 900°C, 
1000°C, and 1100°C. The result revealed the 
compressive strength of the fired clay bricks 
increased with the increase in glazing window glass 
content and firing temperature, as shown in Table 3. 
 

Table 3 Compressive strength test results [19] 
 
 

Waste glass 
content 

Compressive strength MPa 
650 °C 850 °C 1050 °C 

0% 21.88 22.22 25.62 
35% soda-
lime glass 

28.88 31.79 35.14 

35% 
borosilicate 

glass 

24.18 27.44 31.78 

35% coloured 
glass 

26.84 27.04 30.08 
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Waste 
glass 
content _%  

Compressive strength MPa 
900°C 1000 °C 1100 °C 

0 18.61 21.33 28.82 
10 22.91       30.67 47.45 
20       20.41 32.34 77.75 
30 21.91 42.75 96.37 
40 17.88 43.17 55.98 

 
Type 5:  Thin-film Transition Liquid Crystal 
Display WG Powder 
 

In 2018, Chao-Wei [20] investigated the addition 
of TFT-LCD WG in fired clay bricks. The ratio of 
TFT-LCD glass content used in this study were 0%, 
10%, 20% and 30% by wt. The specimens were fired 
at 900°C, 950°C, 1000°C, and 1050°C. Several tests 
were conducted to evaluate the effects of adding TFT-
LCD WG powder in fired clay bricks. The results 
displayed a decrease in water absorption and an 
increase in compressive strength with the increase in 
TFT-LCD WG content in the fired clay brick samples.  
The maximum compressive strength (48.2 MPa) was 
reached by adding 20% glass cullet into bricks and 
firing at 1050°C. 
 
Type 6:  The combination of Sludge and WG 

 
Rahman et al. investigated the effects of adding 

WG in textile sludge-based bricks [21]. The bricks 
contained textile sludge, which increased the porosity, 
and as a result, reducing the mechanical properties of 
the fired clay bricks. However, the compressive 
strength and water absorption are known to increase 
with the addition of WG. Therefore, textile sludge 
and WG additions were combined and incorporated 
in fired clay bricks for the purpose of this 
investigation. Various percentages of sludge content 
were added in the production of bricks between 0% 
to 40% by wt., in addition to 5% and 10% by wt. WG. 
All specimens were fired at 1150°C. The results 
confirm the addition of WG to the textile sludge-
based bricks improved the compressive strength, 
shrinkage, and water absorption properties. In 
addition, the bricks incorporating sludge and WG 
were tested for heavy metal leaching. The results 
revealed the leachate concentrations for heavy metals 
for bricks incorporating WG and sludge were below 
the standard regulatory limits. Therefore, recycling 
fabric sludge and WG in the production of fired clay 
bricks is an environmentally friendly solution to a 
growing pollution issue.  

A group of researchers investigated the use of WG 
in addition to galvanized sludge in brick production 
to boost the immobilization of heavy metals [22]. 
Various contents of WG were studied, including 0%, 
10%, 15%, 20%, 25%, and 30% by wt., while the 
galvanized sludge content studied was 10%. The 
firing temperatures were 850°C, 950°C and 1050°C 

respectively. The experimental results revealed when 
more than 15% WG content was added, the 
concentration of heavy metals leached from bricks 
incorporating 10% galvanized sludge was found to be 
below the regulatory limits. Therefore, WG can be 
used as an enhancer in conjunction with hazardous 
wastes (galvanized sludge) in the production of fired 
clay bricks for the stabilization and solidification of 
heavy metals.  
 
CONCLUSION  
 

In conclusion, this study provides a review of the 
research conducted in utilizing various WG types in 
the production of fired clay bricks. The six CWG 
recycling proposals and practices studied were 30% 
black dust and 70% superfine WG, recycled PC and 
TV WG, soda-lime glass powder WG, shop glazing 
window WG, thin-film transition liquid crystal 
display (TFT-LCD), WG powder and the 
combination of sludge and WG. The effects of the 
WG particle size, WG content, firing temperature, 
and brick preparation process on the physical and 
mechanical properties of fired clay bricks were 
analyzed. The distinct procedures and sample types 
followed in recycling WG into fired clay bricks are 
summarized in Table 4. 

It was found whether WG is added exclusively or 
with the addition of another waste, the addition of 
WG in fired clay bricks demonstrated encouraging 
physical and mechanical properties, particularly with 
the improvement in compressive strength. Moreover, 
the addition of WG assists in reducing the maximum 
desired firing temperature significantly and, 
consequently, the firing time. Therefore, it 
contributes to minimizing the world’s carbon 
footprint. Besides, the reviewed research studies 
reveal and confirm the addition of WG in fired clay 
bricks is a feasible and effective approach to reduce 
the growing amount of WG in landfills worldwide. 
Furthermore, the partial replacement of clay with WG 
in brick production will assist in decreasing the 
consumption of natural materials.  
 
RECOMMENDATIONS  

 
Based on the review, the following research and 
developments are recommended for widespread 
industry adoption: 
• Further study is recommended to determine the 

optimal ratio of WG content in fired clay bricks, 
in addition to the optimal firing temperature. 

• A comprehensive study on the combination of 
WG with other waste additives is recommended 
with an emphasis on environmental implications. 

• A life cycle assessment is recommended to 
evaluate the negative and positive environmental 
impacts of incorporating WG in fired clay bricks.  
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• A comprehensive and feasible manufacturing 
method is recommended to be developed for the 
incorporation of CWG in fired clay bricks. 

 
 
 
 

Table 4 Summary of some of the research conducted in recycling various WG types in fired clay bricks 
  

Glass sample 
type 

Particle size Waste glass 
by wt. 

Drying process Firing process Ref. 

Black dust and 
superfines 

150 -300 
µm 

75-150 µm 
45-75 µm 

0%, 5%, 
10% and 

15% 

Air dry for 24 hr 
Oven dry for 12 hr at 

110 °C 

Fired between 
999.6°C and 

1106 °C 

[13] 

Recycled PC 
and TV waste 

glass. 

Passing 0.25 
mm sieve 

2% and 5% Air dry for 48 hr 
Oven dry at 100°C 

overnight 

Fired at 900°C, 
950°C and 1000°C 
with 4 hr soak time 

[14] 

Crushed waste 
glass powder 

(bottle) 

21 µm 0%, 2%, 
2.5%, 5% 
and 10% 

Air dry for 24 hr 
Oven dry at 110 °C 

Fired at 850°C, 
950°C, and 1050°C 
with a heating rate 

of 3°C/min and held 
for 2 hr 

[15] 

Soda-lime 
glass 

 Ball mill 
crushed (1 

hr) 

0%, 5% and 
10% 

Air dry for 24 hr 
Oven dry for 24 hr at 

110 °C ± 5°C 
 

Fired at 900°C, 
950°C and 1000°C 
and held for 1 hr 

[16] 

Sodalime 
glass, coloured 

glass, and 
borosilicate 

glass 

0.85 mm 0%, 20%, 
35%, and 

50% 

Air-dry overnight 
Oven dry at 110°C for 

24 hr 

Fired at 650°C, 
850°C and 1050°C 

for 3 hr with a 
heating rate of 5°C 
/min and soaking 
period of 15 min 

[17] 

Crushed Glass 
Cullet 

<500, <300, 
and <212 
𝜇𝜇m 

0%, 20%, 
25%, and 

30% 

Air dry for 72hr Fired at 1000 °C for 
12h 

[18] 

Shop Glazing 
windows 

150 𝜇𝜇m and 
<600 𝜇𝜇m 

0%, 10%, 
20%, 30% 
and 40% 

Air dry for 24 hr 
Oven dry at 45°C for 6 
hr and then at 110°C 

for 24 h 

Fired at 900°C, 
1000°C and 1100°C 
with a heating rate 
of 2.5°C/min until 

600°C reached, and 
then 5°C/min until 

900°C reached, 
1000°C and 1100°C 

[19] 

Thin-film 
transition 

liquid crystal 
display waste 
glass powder 

 

Ball mill 
crushed 

0%, 10%, 
20%, and 

30% 

Set one: air dry for two 
days 

Set two: air dry one 
day 

Set three: Oven dry at 
100°C for one day 

Set four: oven dry at 
50°C for one day 

Fired at 900°C, 
950°C, 1000°C, and 

1050 °C 

[20] 

Combination 
of sludge and 
waste glass 

(bottle) 

<250𝜇𝜇m 5% and 10% Air dry for one day and 
oven-dry overnight 

Fired at 1150°C [21] 

<74μm 0%, 5%, 
10%, 15%, 
20%, 25% 
and 30%. 

Oven dry for 24 hr at 
110°C. 

Fired at 850°C, 
950°C, and 1050°C 
with a heating rate 
of 300°C/h for 3 hr 

until target 
temperature reached 

[22] 
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Fig. 1 Renovation of the deteriorated bridge to 

lightweight embankment. 
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ABSTRACT 

The aim of this study is to clarify the dynamic properties of rigid polyurethane foam. A method for renovating 

a deteriorated bridge as a lightweight embankment was proposed. The space underneath a bridge is filled with 

polyurethane to support the upper structure. In this case, the upper structure of the bridge is considerably heavier 

than the polyurethane. Therefore, it is important to examine the seismic behavior of this new lightweight 

embankment. However, the dynamic deformation characteristics of polyurethane have not been clarified 

previously. In this study, stress-controlled cyclic triaxial tests based on JGS0542-2009 are used to evaluate the 

effect of the confining stress and the presence of a rigid layer on the dynamic properties of rigid polyurethane 

foam. As a result, the shear modulus of rigid polyurethane foam increases with increasing confining stress 

regardless of the absence of the rigid layer. The shear modulus of polyurethane with the rigid layer is lower than 

that of polyurethane without the rigid layer. The value of shear modulus of rigid polyurethane foam was 

measured in the range of approximately 1.6~3.2MPa. Moreover, the stiffness degradation and of rigid 

polyurethane foam are in good agreement with the Hardin-Drnevich model. 

Keywords: Cyclic triaxial tests, Dynamic properties, Lightweight embankment, Rigid polyurethane 

INTRODUCTION 

 There are approximately 720,000 bridges in Japan 

will be more than 50 years old within 10 years. 

Along with a decline in the number of civil 

engineers engaged in bridge maintenance work, 

local governments may not be able to adequately 

cover inspection costs. Therefore, measures against 

bridge deterioration must be undertaken to improve 

maintenance efficiency [1]. Solution achieve this, 

the aim of this study is to establish a method for 

renovating a deteriorated bridge as a lightweight 

embankment by filling the bridge’s substructure 

space with polyurethane foam, which is a 

lightweight embankment material. This lightweight 

embankment method takes advantage of the low 

weight (36 kg/m3), adhesiveness, and foamability of 

polyurethane. 

In this method, two types of rigid polyurethane 

foam stock solution are mixed and foamed at site. 

The volume increases by approximately 30 times 

because of the foaming, and a lightweight 

embankment of any shape can be formed to suit the 

topography and shape of the structure. Because the 

polyurethane is formed of closed cells, it is 

impermeable to water and air. In this study, this 

technology was applied to renovate deteriorated 

bridges as lightweight embankments by directly 

spraying/filling the substructure space and allowing 

the polyurethane to take the vertical load.  

Figure 1 shows a schematic diagram of the 

method of renovation of a simple girder bridge to a 

lightweight embankment. Both dead and live loads 

are supported by spraying/filling the substructure 

space of the bridge with polyurethane. Owing to the 

adhesiveness of polyurethane, water/air is prevented 

from penetrating the bridge member in positions 

where the polyurethane adheres to the member, and 

this is expected to inhibit member deterioration. The 

design should be such that even if, after a long 

period of time, the bearing capacity of the support 

covered in polyurethane is reduced or lost because 

of deterioration and the condition cannot be 

confirmed visually, the dead and live loads are 

within a range that can be supported by the 

polyurethane.  

In a situation where the vertical load is supported 

https://ejje.weblio.jp/content/heavy+sentence
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by the polyurethane, the embankment would be 

heavier at the top, and its seismic stability could 

decrease. However, the dynamic properties of 

polyurethane required to evaluate the seismic 

stability of an embankment have not been 

investigated [2]. The mechanical properties of 

expanded polystyrene (EPS), which is a lightweight 

polymeric material with properties similar to those 

of polyurethane, have been evaluated in static and 

dynamic shear tests. For example, the higher is the 

density of EPS, the greater is its compressive 

strength. Moreover, the shear modulus G also 

increases. The density is reported to have little 

influence on the damping ratio h [3]–[6]. Gatto et al.

[7] investigated the dynamic properties of 

polyurethane using resonance tests. They reported 

that, in the micro-strain range, G and h were not 

affected by the changes in the confining pressure 

when the confining pressure was in the range 50–300

kPa. Golpazir et al. [8] used stress-controlled cyclic 

triaxial tests to show the influence of initial shear 

stress on the dynamic properties of one-liquid type 

polyurethane. Their results showed that, as the initial 

shear stress increases, G decreases. They also 

reported that, unlike typical soil materials, h of 

polyurethane decreases with increasing shear strain, 

and the viscoelasticity of polyurethane is considered 

to be the cause. A decrease in h with increasing 

shear strain was also reported for EPS [6]. 

Currently, there is limited research on the 

dynamic properties of polyurethane foam using 

cyclic triaxial tests, and data needs to be 

accumulated. The rigid polyurethane foam used in 

this study is foamed approximately every 10 cm, and 

polyurethane layers form inside the embankment. A 

rigid surface, called a “skin,” exists at the 

boundaries between layers (see Fig. 3). The 

influence of this skin on the dynamic properties has 

not been examined previously. 

Therefore, the objective of this study was to 

examine the influence of the presence or absence of 

a skin and the differences in confining pressure on 

the dynamic properties of polyurethane using stress-

controlled cyclic triaxial tests. 

Table 1 Properties of polyurethane 

Name 
Density 

ρ (kg/m3) 

Yield strength 

σy (kPa) 

Allowable stress 

σa (kPa) 

Poisson’s ratio 

ν 
Cell type 

Rigid 

polyurethane 
36 120 60 0.05 Closed 

Golpazir et al. 31.3 68 ― 0.02 Open 

Fig. 2  Test specimens of polyurethane (left: two-

layer sample; right: one- layer sample,  =50mm). 

Fig. 3  Gap due to the rigid layer (skin) of two-layer 

specimen. 

Fig. 4  Cyclic triaxial apparatus. 

Gap
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MATERIALS AND METHOD 

Sample preparation 

The rigid polyurethane foam used in this study is 

a two-liquid (polyol and isocyanate) mixed-type that 

is used in lightweight embankment construction 

methods. Table 1 shows the values of the physical 

properties of the rigid polyurethane foam. For 

comparison, Table 1 also shows the physical 

property values of the one-liquid type polyurethane 

used by Golpazir et al. [8] The density of the rigid 

polyurethane foam used in this study is higher than 

that used by Golpazir et al. [8] and the yield strength 

is approximately double. Furthermore, the rigid 

polyurethane foam used in this study is a closed-cell 

type, whereas Golpazir et al. [8] used an open-cell 

type. 

The time required since the spraying until the 

completion of foaming is approximately 1 min. 

When the foam hardens, more than 95% of the 

prescribed strength develops within 24 h. In this 

study, a sample in which polyurethane foam is 

foamed continuously to a height of 100 mm is called 

a “one-layer sample,” and a sample in which 

polyurethane foam is foamed to a height of 50 mm 

and a second layer is sprayed/foamed on top such 

that it has two layers and a skin is called a “two-

layer sample” (Fig. 2). As shown in Fig. 3, an area 

where the density of the polyurethane is low occurs 

at the boundary in the samples with a skin.  

Test procedure for cyclic triaxial shear tests 

In this study, a stress-controlled cyclic triaxial test 

was performed to evaluate the effect of the confining 

stress and the presence or absence of a rigid layer on 

the dynamic properties, namely, the shear modulus 

and damping ratio of polyurethane. 

 Figure 4 shows the cyclic triaxial test apparatus. 

The cyclic triaxial test was performed in accordance 

with the Japanese Geotechnical Society standard 

0542-2009 [9]. The sample was covered with a 

membrane and placed in the tester and an isotropic 

stress was applied until the prescribed confining 

pressure σc was reached. The sample was left to 

stand for 1 h, and then cyclic loading was started 

immediately. At each cyclic loading stage, a 

sinusoidal cyclic load at a frequency f = 0.1 Hz was 

applied for 11 cycles, under a prescribed deviator 

stress q. The deviator stress was increased in 15–17 

stages. The load and axial displacement were 

measured during the cyclic loading. The axial 

displacement was measured using a gap sensor. 

In the polyurethane lightweight embankment 

method, the allowable compressive stress of the 

polyurethane is established as 60 kPa. To minimize 

the creep deformation of the polyurethane when a 

bridge is renovated as a lightweight embankment, 

the dead load acting on the polyurethane should be 

designed to be approximately 20 kPa. Therefore, σc 

was set at 20 kPa and 40 kPa in the cyclic triaxial 

test. These values of σc are within the elastic region 

of the rigid polyurethane foam. The one-layer and 

two-layer samples were tested with the two 

aforementioned values of σc. 

The equivalent Young’s modulus Eeq was 

obtained from the hysteresis loop using Eq. (1) and 

this was converted to the equivalent shear modulus 

Geq using Eq. (2). Here, v = 0.05.  

Eeq=
σd

(εa)SA

×
1

10
 (MPa)  (1)

where 

        σd: single amplitude cyclic deviator stress (kPa) 

        (εa)SA: single amplitude axial strain (%) 

Geq=
Eeq

2
×(1+v)   (MPa) (2) 
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The hysteresis damping ratio h was determined 

using Eq. (3). 

h=
1

2π
∙
∆W

W
×100   (%)    (3) 

where 

ΔW: area of the hysteresis curve (N･cm) 

W: equivalent elastic energy in that loading 

cycle 

In this study, Geq and h were calculated using data 

from the 10th cycle in each loading stage. Figure 5 is 

an example of hysteresis loops that show the 

relationship between q and (εa)SA for one-layer 

samples at σc = 20 kPa. It is evident from the figure 

that polyurethane deforms to the same extent in 

compression and extension. However, when (εa)SA 

exceeded approximately 0.4%, the extension 

deformation of the polyurethane did not follow the 

load on the extension side and pulled the membrane. 

Therefore, in this study, the test was stopped at 

approximately (εa)SA = 0.4%. 

RESULTS AND DISCUSSION 

Dynamic properties of rigid polyurethane foam 

Figure 6 shows the relationship between the 

vertical displacement and time for one-layer and 

two-layer samples under each σc. As shown in the 

figure, the vertical displacement of each sample 

increased with an increase in σc. The amount of 

compression was greater in the two-layer samples at 

both the confining pressures. This is because the gap 

caused by the skin (Fig. 2) was filled when the 

sample was isotropically compressed. Two-layer 

samples have a gap between the bottom and top 

layer. It is probable that the density of polyurethane 

is low in this gap. In all the samples, the vertical 

displacement became constant after approximately 

120 s from the initiation of loading. Therefore, 

isotropic compression was stopped at 1 h. 

Figure 7 shows the relationship Geq–γSA and h–γSA 

for the one-layer and two-layer samples, respectively. 

γSA is the single amplitude shear strain. 

As shown in Fig. 7, the value of Geq increases and 

the value of h decreases with increasing σc, 

regardless of the presence or absence of a skin. This 

is assumed to be because the higher the confining 

pressure, the harder the polyurethane becomes. 

At either value of σc, h increased with increasing γ. 

This trend is opposite to that shown in the test 

results by Golpazir et al. [8]. Additionally, the value 

of h in this study was approximately one tenth of the 

value in their test results. The loading frequency of 

the cyclic load in tests performed by Golpazir et al. 

[8] was 0.02 Hz, whereas in this study it was 0.1 Hz. 

However, Athanasopoulos et al. [4] reported that, in 

the case of EPS, the loading frequency has little 

effect on the dynamic properties. Therefore, it is 

assumed that the differences in the structure of the 

polyurethane, such as open and closed cells, and 

strength influence the test results, not the different 

test methods. Therefore, data must be collected from 

tests performed using several types of polyurethane 

with different physical properties. 

Figure 8 shows the relationship Geq–γSA and h–γ 

comparing the presence and absence of a skin. 

Regardless of the size of σc, Geq was larger and h 

was smaller in the one-layer samples compared with 

the two-layer samples. Geq was small in the two-

layer samples because there was cyclic loading at 

the gap caused by the skin. The effect of the 

presence or absence of a skin on Geq and h was 

smaller when σc = 40 kPa than when σc = 20 kPa. 

This is considered to be because, as shown in Fig. 6, 

the greater the value of σc, the more the gap caused 

by the skin was filled, and therefore the differences 

in Geq and h between the one-layer and two-layer 

samples were smaller. 

Degradation curves of rigid polyurethane foam 

 Figure 9 shows the relationship between G/G0, 

which is Geq normalized by the initial shear modulus 

G0, and γSA. Figure 9 also shows the G/G0–γSA 

relationship approximated by the Hardin-Drnevich 

model (H-D model) [10], which is a nonlinear soil 

model represented by Eq. (4). The H-D model is a 

nonlinear formula that easily determines the related 

model parameters. Table 2 shows the parameters 

used in the H-D model.  

G

G0

=
1

1+
γ
γ

r
⁄

  (4)

where 

   G0: shear modulus at minimum shear strain  

γr：shear strain in  G/G0=0.5 

In the cyclic triaxial test results, the relationship 

between G/G0 and γSA can be expressed using σc, 

regardless of the presence or absence of a skin. It is 

evident from Fig. 9 that there is good agreement 

between the experimental values and the H-D model. 

 Figure 10 shows the relationship between h and 

γSA from the H-D model, calculated using Eq. (5), 

and the experimental values from the cyclic triaxial 

test. 

h=hmax×(1-
G

G0

)  (5) 

where 

hmax: maximum value of damping ratio 



GEOMATE – Melbourne, Australia, 11-13 November 2020 

386

Figure 10 shows that there is a difference in the h–

γSA relationship between the experimental values and 

the H-D model. Unlike the G/G0–γSA relationship, 

the h–γSA relationship differs depending on the 

presence or absence of a skin under both values of σc, 

particularly when γSA = 0.02% or more. Although not 

illustrated here, even when a different nonlinear 

model (the modified Ramberg-Osgood model [11]) 

was used, it was not possible to accurately 

approximate the h–γSA relationship. This means that 

the h–γSA relationship obtained using Masing’s rule, 

as in the H-D model and the modified R-O model, 

might not be appropriate for the rigid polyurethane 

foam.  

Figures 9 and 10 show the test results for marine 

clay (void ratio e=1.391) at σc = 50 kPa. In marine 

clay, G/G0 decreases and h increases with increasing 

γSA. In clay, G/G0 decreases significantly after γSA = 

0.003%, whereas a striking decrease in G/G0 is not 

observed in rigid polyurethane foam until γSA = 0.1%. 

Furthermore, in clay, G0 = 15.6 MPa, which is 

approximately three times greater than that in rigid 

polyurethane foam. Additionally, h of rigid 

polyurethane foam is substantially small compared 

with that of clay. Consequently, rigid polyurethane 

foam can be considered as a material with lower 

stiffness than soil materials, but one whose stiffness 

does not readily decrease.  

CONCLUSIONS 

(1) For the rigid polyurethane foam used in this 

study, the value of Geq increases and the value 

of h decreases with increasing confining 

pressure. This trend was not affected by the 

presence or absence of a skin. 

(2) In samples with a skin, there was cyclic 

loading at the gap caused by the skin; therefore, 

Geq was smaller in two-layer samples than in 

one-layer samples. When σc increased, the gap 

caused by the skin was filled, and thus, the 

difference in the Geq–γSA relationship between 
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  Fig. 7  Relationship Geq–γSA and h–γSA of rigid polyurethane foam with varying confining stress. 
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the one-layer and two-layer samples became 

smaller. 

(3) When the H-D model representing the 

nonlinearity of soil was applied to the rigid 

polyurethane foam, there was good agreement 

with the experimental values for the G/G0–γSA 

relationship, but not for the h–γSA relationship. 

Therefore, the applicability of other nonlinear 

models and prediction formulas must be 

examined.  
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ABSTRACT 

In cold regions in the world, the deterioration of a concrete surface such as scaling and pop-out is caused by 

freezing and thawing action, which has a major influence on the durability and the appearance of the concrete 

structure. Deterioration resistance generally improves with densification. In this study, I evaluated the frost damage 

resistance of concrete using Low Heat Portland cement and fly ash (LPC-FA concrete). In long-term material, 

various tests were carried out using specimens that had been cured in water and exposure, focusing on the void 

structure and strength properties. In the strength properties, all mix proportions are around 50 N/mm2, it was 

confirmed that it had a sufficient strength regardless of the W/B and Air. On the other hand, the exposed specimens 

are expected to have supplied less water. Therefore, it is considered that the densification of the structure by the 

pozzolanic reaction is insufficient. About the scaling test, the mix proportion of W/B 45% - Air 2.5% was 0.70 

kg/m2 when cured in water for 1 year, so resistance equal to or higher than that of general concrete was confirmed. 

However, in the exposed specimens, gravel peeling was observed in small proportions of Air. In this regard, 

considering the results of the air void spacing factor and the pore size distribution, it was suggested that a dense 

structure with a lot of fine voids less than 60nm that is difficult to freeze has high deterioration resistance. 

Keywords: Air voids structure, Compressive strength, Fly ash, Frost damage, Low heat portland cement 

INTRODUCTION 

Concrete structure and concrete products are 

strictly controlled to use materials, mix proportions, 

curing, construction and the like so as to have 

predetermined quality and performance. However, in 

cold regions where the temperature is below freezing, 

surface deterioration such as scaling and pop-out is 

sometimes observed due to freezing and thawing 

action. Furthermore, the compounding with salt 

damage, carbonation and the like has a major 

influence on the durability and the appearance of the 

concrete structure [1]. 

Since these deteriorations progress from the 

surface, the degree of deterioration tends to be small 

if the strength property and the mass transfer 

resistance of the surface layer are favorable. The 

concrete surface layer has a role as a protective layer 

to prevent external deterioration factors entering the 

inside, and is a very important part for enhancing 

deterioration resistance. 

In order to improve the resistance to deterioration 

of concrete, it is necessary to densify the surface layer. 

It is known that these concretes become very high 

resistance to deterioration by curing long term [2]. In 

particular, concrete using fly ash degrades in response 

to changes in void structure due to material age, such 

as the transition zone that becomes coarse voids with 

a diameter of 50nm several years resistance also 

changes [3]. Deterioration resistance generally 

improves with densification. However, the resistance 

of frost damage may be reduced in terms of expansion 

pressure and osmotic pressure [4]. 

Therefore, in this study, I fabricated a specimen 

whose properties change significantly with age. At 

various ages, various tests such as scaling tests were 

performed, and the deterioration resistance at long-

term age was examined from the viewpoint of 

strength characteristics and void structure. 

EXPERIMENT OUTLINE 

Materials used and mix proportion 

Design policy 

In this study, concrete using low heat portland 

cement and fly ash (LPC-FA concrete) was taken as 

a cement matrix with large changes in strength 

property and void structure on material age. The used 

materials and the mix proportions were designed in 

consideration of strength development, physical and 

chemical performance, suppression of cracks, and 

workability so that effects other than void structure 

change are minimized. The design principal of the 

materials used and the ingredients are shown in Table 

1. 

Materials used 

As the binder, low heat portland cement and fly ash 

were added with super plasticizer and limestone fine 
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powder in consideration of self-filling property so 

that there was no difference in the quality of the 

specimens due to the factors at the concrete placing. 

Also, in order to eliminate the influence caused by the 

aggregate as much as possible, the materials other 

than the binder were unified with the materials based 

on chemically stable limestone. An outline of the 

materials used is shown in Table 2. 

Mix proportion 

The mix proportion was based on LPC-FA 

concrete with the water binder ratio of 45%, which 

has execution of workability test in previous studies 

[5] [6]. The water binder ratio was set to 60% and 

75% to make a clear difference in pore structure. In 

addition, the unit amounts of water, powder and 

aggregate were adjusted so that the fresh property 

would not cause harmful materials separation, and the 

slump flow would have the same ratio within the 

range satisfying the standard. The mix proportion of 

the specimens is shown in Table 3. 

Experimental method 

Specimens 

 The concrete was mixed in a mixing amount of 

about 20 to 50 liters per batch and the mixing time for 

120 seconds by a twin screw forced mixer. Each mix 

proportion was placing concrete in two batches of 

100*100*400 mm, 100*500*400 mm, φ100*200mm. 

 The content of air was adjusted to be 

approximately 2.5%, 5.0%, 7.5% depending on the 

content of admixture added, and the slump flow was 

confirmed to be 65±5.0cm. The prepared specimens 

were demolded at 1 day of material age, and after 

curing water for 28 days, 91 days, 365 days in 

constant temperature curing tank (20℃) respectively, 

they were subjected to various tests. Figure 1 shows 

the exposed specimens. 

 The test sample for bubble measurement was 

100*100*50 mm, and the test sample for scaling test 

was cut to 150*150*50 mm for the test. For the 

compressive strength test and the electrophoresis test, 

a specimen of φ100*200 mm was used, and the 

Characteristic Policy

Strength expression Increase compressive strength

Reduce the large air voids and densify

Crack control

Suppression of heat of hydration

Suppression of drying shrinkage

Suppression of self-contraction

Physical and

chemical

performance

Reduce permeability and diffusivity

Set appropriate congelation time

Use chemically stable materials

Workability
Increase flowability and

material separation resistance

Table. 1 Design principal 

LPC FA

2.5

5.0 0.060

7.5 0.150

2.5 0.005
※

5.0 0.060

7.5 0.030

2.5

5.0 0.015

7.5 0.090

Powder :  P

S G SP ASBinder :  B
LS

W/B

(%)

Gmax

(mm)

s/a

(%)

Slump

flow

(cm)

Air

(%)

Unit amount (kg/m
3
)

W

780 0.9560 156 186 80 265

45

20 53.4 65±5.0

160 249

886

75 155 148 64 318 887

107 178 883

Table. 3 Mix proportion 

※ Defoamer 

Table. 2 Outline of the materials 

Code

AS

Carboxyl group-containing

polyether compound

Polyalkylene glycol derivative

Limestone fine powder LS

Sand : Lime crushed sand S

Gravel : Lime crushed stone G

Admixture : Air entraining and high

range water reducing admixture,

Air amount regulator

SP

Density=2.70g/cm³,

Specific surface area=5250cm²/g

Density=2.66g/cm³, FM=2.79

Hachinohe Matsudate Production

Density=2.69g/cm³, FM=6.63

Hachinohe Matsudate Production

Material, Name

Low heat portland cement LPC

Fly ash FA

Note

Density=3.24g/cm³,

Specific surface area=3730cm²/g

Density=2.17g/cm³, JIS typeⅡ,

Specific surface area=3610cm²/g
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crushed specimen after the compressive strength test 

was used for the mercury injection method. As for 

exposed specimens, specimens of φ50*100 mm and 

φ100*200 mm were sampled by coring. The φ50*100 

mm specimen was subjected to the compressive 

strength test and the mercury injection method, and 

the φ100*200 mm specimen was subjected to the 

scaling test. 

Experimental item 

 In the experiment, the Compressive strength was 

measured to obtain a general indicator, and a Scaling 

test and Electrophoretic diffusion test based on 

deterioration in a chloride environment was 

performed. Moreover, in order to obtain the index of 

the air voids structure, manual linear traverse method 

was carried out. They based on various standards. The 

test items and methods are as follows. 

➢ Scaling amount : Scaling test (RILEM-CDF 

method) 

➢ Compressive strength : Compressive strength 

test (JIS R 5201) 

➢ Air content and Air void spacing factor after 

curing : Manual linear traverse method (ASTM 

C 457) 

➢ Pore size distribution : Mercury injection 

method 

➢ Effective diffusion coefficient : Electrophoresis 

test (JSCE-G571) 

TEST RESULTS AND DISCUSSION 

Scaling test 

 The scaling amounts up to 50 cycles was measured 

under each mix proportions and material age. In the 

exposed specimens, when the air content was small, 

the coarse aggregate peeled and the surface layer was 

destroyed. Figure 2 shows the exposed specimen 

before and after the scaling test. The test results are 

shown in Figure 3. 

 At 28 days of age, it was confirmed that the larger 

the air content, the higher the resistance, and the 

larger W/B, the lower the resistance regardless of the 

air content. However, at this point, even with a 

proportion of W/B 60% and air content 7.5%, 2.625 

kg/m2 was obtained, which is equivalent to that of 

general concrete. Furthermore, at 365 days of age, all 

the formulations were less than 2.5 kg/m2, confirming 

a significant improvement in resistance with material 

age. In particular, it was 0.70 kg/m2 at W/B 45% and 

air content 2.5%, and the result was that the scaling 

amount was extremely small even when the air 

content was small.  

 Then, I will compare the specimens that were aged 

365 days in water and the specimens that were 

exposed for 3 years. In the case of a proportion with 

a small amount of air, the exposed specimen tends to 

greatly exceed the scaling amount. On the other hand, 

with the formulations with air content 7.5% and the 

formulation with W/B 45% air content 5.0%, the 

exposed specimen had a smaller scaling amount. 

Especially for W/B 45%, when the air content was 

5.0% and 7.5%, the specimens cured in water were 

0.789 kg/m2 and 1.213 kg/m2 respectively, but the 

exposed specimens were 0.237 kg/m2 and 0.416 

kg/m2, which was about one-third the value of the 

exposed specimens for both formulations compared 

to the specimens cured in water. This is equivalent to 

or better than the commonly used concrete structures. 

Compressive strength test 

 Figure 4 shows the compressive strength test 

results of the specimens that were aged in water for 1 

Fig. 1 Exposed specimens 

Fig. 2 Before and after the scaling test 

Fig. 3 Scaling amount 
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year and 3 years, and Figure 5 shows the compressive 

strength test results of the exposed specimens that 

were aged in air for 3 years. Regarding the exposed 

specimens, it was 3.8% and 7.5% due to the 

adjustment of the air volume. Moreover, cracks could 

not be confirmed visually. 

 As a result, the strength after 1 years underwater 

curing and 3 years in-air curing were close to each 

other, and there was not much difference due to the 

composition. At W/B 75%, the strength tends to be a 

little low, but still 40 to 50 N/mm2 was secured. From 

Figure 5, the strength of W/B 45% and 60% are about 

60 N/mm2, which is about the same, and no 

correlation depending on the air content was seen. 

 Then, when the cumulative temperature at 1 years 

old age of the specimen cured in water is calculated, 

it becomes 10950℃. From the Japan Meteorological 

Agency data, the cumulative temperature of the 

exposed specimen was approximately 12580℃, and 

no clear difference was observed. And, the number of 

cycles that received the freeze-thaw action was about 

330 times. In a previous study, in freeze-thaw tests, 

specimens that had been aged in water for 1 year 

tended to break at 150 cycles at a W/B 75% and an air 

content 2.5%. However, the exposed specimens had 

sufficient strength for all mix proportions [7]. In 

addition, it is estimated that about 50 m3 of water was 

supplied in three years from the rainfall. It can be seen 

that this is extremely small compared with the supply 

amount in underwater curing. 

 From these, it is considered that the difference due 

to the curing method is not due to the cumulative 

temperature or the freeze-thaw action, and is because 

the water supply necessary for the pozzolanic action 

is not sufficient. It is estimated that strength will 

develop with the supply of water due to precipitation 

in the future, so observation will continue until the 

material age of 5 years. 

Air content after curing and air voids spacing 

factor 

Air volume after curing 

 The content of air of each mix proportions 

measured using the linear traverse method is shown 

in Figure 6. The air content was about 2/3 of the air 

content of air at the time of freshness. In addition, the 

values were almost the same for each mix proportions 

regardless of the curing period. This is considered to 

be due to the fact that the influence of densification is 

not reflected, since the measurement of the content of 

air by the linear traverse method cannot measure the 

pore diameter of about 10μm or less.  

Air voids spacing factor 

 Figure 7 shows the air voids spacing factor for each 

compounding condition measured using the linear 

traverse method. 

Fig. 5 Compressive strength (exposed specimens) 

Fig. 4 Compressive strength (water curing) Fig. 6 Air content of hardened concrete 

Fig. 7 Air void spacing factor 



GEOMATE – Melbourne, Australia, 11-13 November 2020 

392 

 The air voids spacing factor tended to double in the 

specimens with a relatively small content of air at 365 

days of age. This is considered to be due to the fact 

that during the curing period of 365 days, the voids 

with minute bubble diameters became less than the 

bubble diameters that could be measured by the 

progress of the pozzolanic reaction, and the air voids 

spacing factor increased significantly. There was no 

change in the specimen with an air content of about 

7.5% when fresh. 

 Here, based on the results of the scaling test, in the 

exposed specimens, the air voids spacing factor is 

about 800 to 1200 µm in all of the formulations in 

which the scaling amount was remarkably large. On 

the contrary, it can be confirmed that the mix 

proportions with good results is about 400 µm or less. 

Therefore, if the air voids spacing factor exceeds a 

certain value, it is considered that there is a high 

possibility that deterioration such as peeling of coarse 

aggregate will occur along with a significant decrease 

in scaling resistance. 

Pore size distribution 

 Figure 8 shows the results of 365 days of the pore 

size distribution of each specimen obtained by the 

mercury injection method, and Figure 9 shows the 

results of the exposed specimen. 

 From Figure 8, it can be confirmed that in the 365 

days old specimens, an extremely dense cement 

matrix was formed in all the mix proportions. It is 

known that the voids that affect freeze-thaw action 

are 100 to 1000 nm, and voids of 6 to 20 nm do not 

freeze up to -43℃ [8]. Furthermore, the capillary 

voids (3 to 2000 nm) occupy about 2/3 of the voids in 

concrete. Based on this, it can be confirmed that the 

specimens cured in water for 365 days have a very 

small amounts of voids of 100 to 1000 nm, and most 

of them are fine voids of 30 to 40 nm or less that are 

hard to freeze. From this, it is considered that since 

the water in the voids does not freeze, a dense 

structure with high resistance that can relieve the 

expansion pressure and the osmotic pressure is 

formed. 

On the other hand, as shown in Figure 9, the 

exposure specimens varied depending on the 

composition, and the correlation with the scaling test 

could not be confirmed. It is considered that this is 

because the densification of the tissue due to the 

hydration reaction and the pozzolan reaction was 

insufficient because it was not cured in water. In 

particular, in the case of W/B 60% air content 7.5% 

and W/B 75% proportions, there is a peak at about 

100 nm, so there is concern about the effect of freeze-

thaw action. 

From these results, it is considered important to 

densify the voids, which are detrimental to the freeze-

thaw action, in water for a certain period of time so 

that the voids do not freeze until they become dense. 

As a result, deterioration resistance was able to be 

improved, so it is expected that the specimens at 365 

days of age had good scaling resistance, although the 

bubble spacing coefficient was significantly large. 

Effective diffusion coefficient 

 Figure 10 shows the effective diffusion coefficient 

of each mix proportions measured by the 

electrophoresis test. 

 Until 28 days of age, the effective diffusion 

coefficient was in the order of 10-12 m2/s in all cases. 

At 91 and 365 days of age, most of the mix 

proportions had small values on the order of 10-13 

Fig. 8 Pore size distribution (water curing, 365 days) 

Fig. 9 Pore size distribution (exposed for 3 years) 

Fig. 10 Effective diffusion coefficient 
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m2/s. The reason why the effective diffusion 

coefficient is large in any of the mix proportions is 

considered to be that the number of samples is one. 

However, very good results have been obtained in 

comparison with general concrete. From these results, 

the mass transfer resistance, which is important for 

complex deterioration such as salt damage and 

neutralization, was confirmed that is sufficiently 

small regardless of the mix proportions if good curing 

conditions are satisfied using LPC-FA combined 

concrete. 

CONCLUSIONS 

 In this study, the deterioration resistance of LPC-

FA concrete was evaluated from the viewpoint of 

strength characteristics and void structure. 

 In compressive strength, it was suggested that the 

water supply was low and the pozzolanic reaction did 

not proceed sufficiently in the exposed specimen. 

However, no difference due to W/B was observed, 

and it was confirmed that even W/B75% had 

sufficient strength, so it is considered that the strength 

characteristics are sufficient. 

 From the viewpoint of the void structure, it has 

been confirmed that the scaling deterioration 

resistance is significantly reduced when the air voids 

spacing factor exceeds a certain value. On the other 

hand, it was suggested from the results of the pore 

size distribution that it is important to perform 

underwater curing for an appropriate period to form a 

dense structure with many fine voids that are difficult 

to freeze. In this case, it is considered that the 

deterioration resistance may not decrease even if the 

air voids spacing factor is large. 

 From the result of the effective diffusion 

coefficient, the invasion of deterioration factors from 

the outside was found to be sufficiently small 

regardless of the mix proportions at the material age 

of 365 days. 

 From these, it is important to densify the structure 

to reduce the deterioration of frost damage under 

chloride environment, and it is necessary to 

sufficiently advance the pozzolanic reaction after an 

appropriate curing period. By satisfying these 

requirements, LPC-FA concrete is considered to have 

sufficient practicability. 

 In the future, I plan to conduct an electrophoresis 

test and voids measurement of exposed specimens at 

the material age of 3 years. Furthermore, I will 

continue to observe for 5 years of material age, and 

will carry out various tests such as compressive 

strength test, scaling test, mercury injection method, 

etc. to evaluate and examine changes in strength 

characteristics and voids structure. 
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ABSTRACT 

 
Most social infrastructures in Japan have been aging rapidly because there were constructed during the high 

growth period. Moreover, the number of skilled workers with a lot of experience are decreasing. As a result, there 
is a concern about degradation of structure quality. That is why it is necessary to develop new materials that have 
excellent long -tern durability and easy workability. 

Owing to previous studies, it is known that concrete using low heat portland cement and fly ash (hereinafter, 
this is called "LPC-FA concrete") has excellent long - term durability, but there is a problem with low initial 
strength. Therefore, in this study, basic research was carried out to enhance the initial strength of LPC-FA concrete. 
The initial strength of LPC-FA concrete was tried to improve by using a combination of accelerating admixture 
(MXS) to accelerate the hydration reaction with C-S-H nanocrystals, air entraining and high-range water reducing 
admixture (ME). Two materials have been confirmed to be good combination by previous research. 

In this study, the W/B were at 30% evaluated the initial strength and fluidity. In addition, the effective diffusion 
coefficient of chloride ions was measured as the mass transfer resistance of the deterioration factor from the 
surface.  

From the test results, it was confirmed that the initial strength of LPC-FA concrete could be increased by 
combining ME and MXS, and an extremely dense cement matrix was formed. 
 
 
INTRODUCTION 

 
Most social infrastructures in Japan have been 

aging rapidly because there were constructed during 
the high growth period. Moreover, the number of 
skilled workers with a lot of experience are 
decreasing. As a result, there is a concern about 
degradation of structure quality. That is why it is 
necessary to develop new materials that have 
excellent long -tern durability and easy workability. 

In this study, we carried out basic research aimed 
at improving the initial strength of fly ash concrete 
(LPC-FA concrete) using low heat Portland cement.  
Owing to previous studies, it is known that concrete 
using low heat Portland cement and fly ash 
(hereinafter, this is called "LPC-FA concrete") has 
excellent long - term durability, but there is a problem 
with low initial strength. On the other hand, the 
development of chemical admixture technology has 
enabled us to obtain products with unprecedented 
results. Therefore, in this study, we tried to improve 
the initial strength of LPC-FA concrete by using air 
entraining and high-range water reducing admixture 
and accelerating admixture together. Also, by 
reducing W / B, voids can be reduced, and high initial 
strength and improved mass transfer resistance can be 
expected. 

In the experiment, the initial strength and fluidity 
of LPC-FA concrete were confirmed by preliminary 
experiments using mortar. In addition, the effective 
diffusion coefficient of chloride ions was measured as 

the penetration resistance of the deterioration factor 
from the surface. 

 
EXAMINAION SUMMARY 
 
Fluidity Evaluation 
 

A slump flow test was performed to evaluate the 
fluidity. Fluidity evaluation was performed according 
to THE SLUMP FLOW TEST METHOD FOR 
CONCRETE (JIS A 1150). Assuming on-site 
construction for the construction time, after kneading 
for 0, 30, 60, 90 and 120 minutes, tests were 
conducted using mortar. 

 
STRENGTH EVALUATION 
 
 The strength evaluation was performed according 
to THE COMPRESSIVE STRENGTH TEST 
METHOD FOR CONCRETE (JIS A 1108). The 
specimens were cured by underwater curing. Material 
age was 3, 7, 28 and 91 days. 

 
MASS TRANSFER RESISTANCE 
EVALUTION 
 
 Evaluation of mass transfer resistance was 
conducted in accordance with the Society of Civil 
Engineers' Procedure “TEST METHOD FOR 
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EFFECTIVE DIFFUSION COEFFICIENT OF 
CHLORIDE ION CONCRETE BY MIGRATION” 
(JSCE-G 571-2003)1). As the specimen, a column 
specimen cut into a size of φ 100 × h 50 mm was used. 

The diffusion cell used in this test is shown in Fig.1. 
This diffusion cell is taken into consideration so that 
the side of the specimen is made into the state shown 
in Fig.2 with the epoxy resin and the heat shrinkable 
rubber, and the cells on the NaCl solution side and the 
NaOH solution side are connected. As a result, 
chloride ion moves only in the specimen, and 
movement from the joint surface at the side of the 
specimen is blocked. Even when solution leakage 
occurs from a fine gap, there is no contact of the 
solution outside the specimen, so it has an advantage 
that is not reflected in the data. 
 
MIX PROPORTIONS DESIGN 
 
Mix Proportions of Viscosity Study by Adjusting 
the Substitution Rate of Limestone Fine Power 
 

 The basic mix proportions were created based on 
the W / B = 50% mortar composition 2) of the previous 
study. We believe that fluidity will change 
significantly with changes in W / B, so we decided to 
adjust with substitution rate of limestone fine powder 
(LS)4) . It was set in three mix proportions of 10%, 
20% and 30%. Below, LS10 indicates that the ratio of 
limestone fine powder to fine aggregate is 10%. The 
common condition is W / B = 30%. Fly ash (FA) 
addition rate is 30%, and the addition amounts of   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
ME and MXS are both C × 3%. Trial mixing was 
carried out with mix proportions shown in table.1. In 
LS10, the fluidity is high, but separation was 

confirmed at the edge. It did not separate at 20% and 
became high flow. At 30%, the fluidity decreased and 
did not flow uniformly on the flow table. From this 
result, the substitution rate was determined to be 20%. 
There was no change in the LS substitution rate when 
W / B = 50%. It is considered that this is because the 
unit cement amount and fly ash amount increased due 
to the change of W / B, and the chemical admixture 
amount also increased.  
 
MIX POPORTIONS DURING VARIOUS WITH 
MORTAR 
 

Mix proportions of mortar were determined in table2. 
table.3 shows the materials used. Mix proportions are 
  Table1. Viscosity study mix proportions 

W Ｃ Ｆ LS S ME MXS
LS10 178 483 207 145 1304 14.5 14.5

LS20 178 483 207 290 1160 14.5 14.5

LS30 178 484 207 436 1016 14.5 14.5

Type Unit volume weight （kg/㎥）

Table3. Using materials 

Material

Limestone fine
powder

Accelerating
admixture

MXS　

   

Amount to use = C×0.5 6.0%

Fly ash FA
JIS type Ⅱ

Density=2.190g/cm3

Specific surface

LS Density=2.700g/cm3

Air entraining
and high-range
water reducing

admixture

ME
PAE、Amount to use=C×0.5∼

3.0%

Abbreviation Overview

Cement

OPC
Ordinary Portland Cement

Density=3.160g/cm3

Specific surface

LPC
Low Heat Portland Cement

Density=3.220g/cm3

Specific surface

Table2 mix proportions during various with mortar 

OPC：Ordinary Portland Cement，LPC：Low Heat Portland 
Cement，F：fly ash，LS : Limestone fine powder，ME：Air 
entraining and high-range water reducing admixture，MXS：
Accelerating admixture 

Fig.1 Diffusion cell 

Fig.2 Specimen for electrophoretic method 

W Ｃ Ｆ LS S ME MXS
OPC-ME-MXS 30 178 483 207 290 1161 14.5 14.5
OPC-ME-MXS 50 211 322 138 322 1288 9.7 9.7

OPC-ME 30 193 483 207 290 1161 14.5 ー
LPC-ME-MXS 30 179 483 208 291 1164 14.5 14.5

Type Unit volume weight （kg/㎥）W/B
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OPC-ME which added only air entraining and high-
range water reducing admixture to OPC and OPC- 
ME-MXS which added air entraining and high-range 
water reducing admixture and accelerating admixture 
to OPC, LPC-ME-MXS which added air entraining 
and high-range water reducing admixture and 
accelerating admixture to LPC, In three types. As a 
general condition, W / B = 30%, FA replacement rate 
30%. C and 3% were added to ME and MXS, and LS 
was 20% to fine aggregate. 
 
FLUIDITY EVALUATION 
 
Slump Flow Test Results 
 

Fig.3 shows the decrease in viscosity with the three 
formulations (W/B=30%). Fig.4 shows the W / B = 
50% viscosity reduction obtained in the previous 
study 2) and the W / B = 30% viscosity reduction 
obtained in this test. Fig.5 to 7 show the state of slump 
flow immediately after kneading the three types of 
mix proportions (W/B =30%). LPC-ME-MXS (30%) 
showed very high fluidity. As a result, it could not be 
measured because it did not fit in the 80 x 80 cm flow 
table. In addition, the measurement was performed 
from 2 hours after kneading, but no decrease in the 
flow value was observed. Both OPC-ME and OPC- 
ME-MXS showed very high fluidity immediately 
after kneading. Comparing the flow values of the two 
mix proportions, the flow value immediately after 
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Fig.3 Slump flow test results 
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kneading was 60.9 cm for OPC-ME and 73.0 cm for 
OPCME-MXS, a difference of 12.1 cm. After that, 
the flow values of the two mix proportions decreased 
with time, and after 2 hours, OPC-ME was 52.2 cm 
and OPC-ME-MXS was 55.3 cm. The decrease in the 
flow value after the lapse of 2 hours was 8.7 cm for 
OPC-ME and 17.7 cm for OPC-MEMXS. The OPC-
ME-MXS has a larger decrease in the flow value over 
time. 

The flow values immediately after kneading of 
OPC-ME-MXS and LPC-ME-MXS were much 
larger than those of OPC-ME without MXS added. 
However, after 2 hours, the LPC-ME-MXS kept a 
high flow, but the flow value of OPC-ME-MXS 
decreased to the same level as OPC-ME. Comparing 
OPC-ME-MXS with W / B = 50% and W / B = 30%, 
50% had a decrease in flow value of 8.5 cm after 2 
hours, which was about half of 30%. By setting the 
W/B to 30%, the decrease in the flow value with the 
passage of time became large. Therefore, it is 
necessary to consider the deterioration of fluidity with 
the passage of time when constructing with a low 
water cement ratio. 

 
SLUMP FLOW TEST CONSIDERATIONS 
 

The result of the slump flow test of LPC was 
extremely large compared to the result of the OPC test. 
Also, there was a big difference in the tendency of 
viscosity decrease. This is probably because LPC has 
less interstitial phase that adsorbs the admixture more 
easily than OPC5) . Especially at low water cement 
ratios such as high strength concrete, low porosity and 
admixtures such as fly ash tend to be compatible. 
Therefore, it is considered that such a difference in 
the flow value appears. The results of the slump flow 
test of OPC-ME and OPC-ME-MXS show that the 
addition of MXS has a great influence on the fluidity. 
It is generally believed that addition of MXS 
accelerates curing and reduces the flow value. 
However, with this mix proportions, the flow value of 
OPC-ME-MXS and LPC-ME-MXS with MXS 
increased. From this, it is considered that chemical 
factors that have not been confirmed so far have 
occurred, such as MXS inhibiting the adsorption of 
ME. In the future, it is necessary to examine the 
chemical factors. Regarding the properties related to 
pumpability, all three mix proportions showed 
thixotropy, in which the viscosity decreased when the 
shear stress was continued and increased when it was 
stationary. Therefore, when applying it, it is 
necessary to confirm the pumpability in consideration 
of its workability. Then, in some cases, it is 
considered that the driving with the bucket may be 
suitable. 
 
 
 
 

STRENGTH EVALUATION 
 
Compressive Strength Test Results 
 

Fig.8 shows the results of the compressive strength 
test. As a result, the 3-days strength was 20 N/mm2 or 
more in all mix proportions, and sufficient strength 
could be obtained. Among them, OPC-ME-MXS was 
61.1 N/mm2, which was about 1.7 times stronger than 
OPC-ME. The lowest strength mix proportion was 
LPC-ME-MXS at 26.3 N / mm2. However, the 
increase from 3 to 7 days intensity was the largest and 
increased by about 22N / mm2. Therefore, it became 
the same level as OPC-ME. 

Next, pay attention to the presence or absence of 
MXS and compare OPC-ME-MXS and OPC-ME. At 
3-days strength, the difference in strength between 
the two mix proportions were 25.1 N/mm2. After that, 
the strength of OPC-ME-MXS was higher than that 
of OPC-ME. From 28-days strength to 91-days 
strength, OPC-ME increased by about 12 N/mm2, 
while OPC-ME-MXS increased by about 25 N/mm2, 
which was about twice the increase of OPC-ME. It 
was confirmed that the effect of adding MXS was 
remarkable by the age of 3 days. It was found that the 
long-term strength increase was higher in the mix 
proportion containing MXS. It can be considered that 
MXS influenced the pozzolan reaction by FA. 

The strength of the two OPC mix proportions 
continued to increase up to the 91-days age, while 
LPC decreased by 11.6 N/mm2 from the 28-days 
strength to the 91-days strength. Fig.9 shows a 28-
days strength comparison of LPCME-MXS with W/B 
= 30% and W/B = 50% obtained in a previous study2). 
By lowering W / B, W/B = 30% was about 15 N / 
mm2 higher than W / B = 50% at 3 days strength. 
Even in the strength after 3 days, the mix proportion 
of W / B = 30% was high. The increase from 3-days 
intensity to 28-days intensity was about 40 N / mm2 
for W / B = 50% and about 70 N / mm2 for W / B = 
30%. Therefore, a large increase in strength could be 
confirmed in the long term. 
 
COMPRESSIVE STRENGTH TEST 
CONSIDERATIONS 
 

According to the compression test results of this 
mix proportions, a compression strength of over 20 
N/mm2 was obtained for all the mix proportions at 
the time of 3-days strength. This is considered to be 
because the W / B of this mix proportion was 30%, 
and the voids were reduced due to the very low 
water-cement ratio. In addition, the water-powder 
ratio was also extremely small at 20%, so it is 
considered that the specimen was a dense sample. 
OPC-ME-MXS has much higher compressive 
strength than OPC-ME. Among them, there was a 
remarkable difference in the amount of increase in 
strength up to 3 days. This is considered to be due to 
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the mechanism of hardening promotion by MXS 
shown in Fig. 10. MXS is accelerating admixture 
whose main component is calcium silicate hydrate 
(C-S-H) nanocrystals. This introduced C-S-H seed 
crystals into the liquid phase and accelerated 
hardening without waiting for C-S-H to form from 
the cement. It is considered that this improves the 
initial strength. Furthermore, the increase in OPC-
ME-MXS from 28-days intensity to 91-days 
intensity was about double that of OPC-ME. It is 
considered that this is because the C-S-H structure 
was more compacted by the pozzolan reaction with 
FA. 

LPC-ME-MXS was the smallest at 3-days 
intensity but the largest at 28-days intensity. This is 
considered to be due to the characteristic that the 
strength of LPC increases over a long period of time. 
The cause of the 91-days intensity decline has not 
been clarified at present. Fig.11 shows the condition 
of LPC-ME-MXS specimens after the 91-days-old 
compression. It is considered that the peeling 
observed on the side surface of the test piece after 
the compression test is one of the causes of the 
decrease in strength. It is known that there is a close 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
relationship between the phenomenon that the 
strength increases as the size of the specimen 

increases and the total length of cracks that occur 
until the destruction. That is, it is said that the 
smaller the size of the test piece, the shorter the 
elapsed time from the occurrence of local 
microcracks to the destruction of the entire system, 
so that the strength decreases. In the future, we will 
investigate the cause of the decrease in 91-days 
strength from the viewpoint of fracture mode and 
specimen size. 
 
 MASS TRANSFER RESISTANCE 
EVALUTION 
 
Mass Transfer Resistance Results 
 

Fig.12 shows the electrophoresis test results. All 
were below the order of 1.0 × 10⁻12 m2 / s in this mix 
proportions. OPC-ME-MXS has a smaller value than 
OPC-ME, and LPC-ME-MXS has an even smaller 
value. The average value of LPC-ME-MXS was 1.0 
× 10⁻14m2 / s. There were also specimens of the order 
of 1.0 × 10⁻14m2 / s in OPC- ME-MXS. The average 
value of OPC-ME-MXS was less than half the 
average value of OPC-ME. 

 
MASS TRANSFER RESISTANCE 
CONSIDERATION 
 
 The value of the effective diffusion coefficient 
shows that an extremely dense cement matrix was 
formed. This time, we were able to obtain very small 
values for all mix proportions. It is considered that 
because W / B was very low at 30%, the voids were 
reduced and the mortar became dense. The 
water/powder ratio was about 20%, and the amount  

 
  

Fig.11 LPC-ME-MXS specimens after the 91-
days-old compression test. 
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of powder was very large. This is also considered to 
be one of the factors that reduced the effective 
diffusion coefficient. 

OPC-ME-MXS was able to get a smaller value 
than OPC-ME. It is considered that this is due to the 
seed crystal of the above nanoparticles contained in 
MXS. From this, it is considered that the addition of 
MXS is effective in increasing the mass transfer 
resistance. 

This mix proportions have extremely high mass 
transfer resistance even at 28 days of age, and it was 
found that the effect of MXS was much larger than 
expected. In the future, it is expected that the effective 
diffusion coefficient will be further reduced by the 
pozzolanic reaction due to the addition of fly ash. 
 
CONCLUSION 

 
The following findings have become clear from 

this study. 
1)   By using MXS and ME together, a large flow 

value could be obtained for mortar. Moreover, 
when MXS and ME are used together, LPC has 
a larger flow value than OPC. 

2)   By combining MXS and ME, it was confirmed 
that a high initial strength could be obtained in 
the LPC-FA mortar, and a very dense cement 
matrix was formed. 

3)   In mortar, LPC-ME-MXS had the highest 
compressive strength of 28-days-old specimens. 
However, the 91-days intensity was decreased 
only in LPC-ME-MXS. 

4) By setting the W / B to 30%, the strength of all 
three mix proportions was higher than that of the 
previous study 2) where the W / B was 50%. 

5) At the 3-days intensity, OPC-ME-MXS showed 
a marked increase. However, the increase in 
LPC-ME-MXS also increased at 7-days intensity. 

6) An extremely small effective diffusion 
coefficient was obtained. This is probably 
because the W / B was 30% and the voids were 
reduced. Moreover, it is expected that the large 
amount of powder contributed to the 
compactness of the specimen. The effective 
diffusion coefficient was reduced by adding 
MXS, and the mass transfer resistance was 
improved. In the future, it is expected that the 
effective diffusion coefficient will be further 

reduced by the pozzolanic reaction due to the 
addition of fly ash. 
 

FUTURE TASKS 
 
1) Examine the chemical basis for the factors of 

high workability, strength, and mass transfer 
resistance obtained by adding MXS. 

2) Examine the factors that reduced the long-term 
strength of LPC-ME-MXS. 

3) We will study the fluidity and initial strength 
when W / B is further reduced. 

4) Considering economic efficiency, we will study 
the fluidity and initial strength when the addition 
rate of the chemical admixture is reduced. 

5) The concrete mix proportion is decided based on 
the data of the preliminary experiment with 
mortar, and each test is conducted. 
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ABSTRACT 

 
Throughout the world, the generation of wastes is increasing in quantity and diversity at a rapid rate. To slow 

down the deterioration of our ecosystem, effective and efficient methods must be developed to dispose of and 
recycle the wastes produced. Besides, there is a need to reduce the resources utilised and lower the impact on our 
environment. In 2017, over 13.5 million square meters of tiles were produced globally, and the demand for ceramic 
tiles has escalated along with social development. There has been an increasing incentive to recycle waste materials 
in ceramic tiles due to the high heterogeneity of the raw materials in the composition of ceramics and the matrix 
for creating ceramic tiles being flexibly interchangeable. The objective of this paper is to review and discuss the 
various recycling options of waste materials in the production of ceramic tiles. Past experimentation includes the 
addition of glass, coal ash, municipal solid waste ash, and sewage sludge in the production of ceramic tiles. They 
were used as an additive or substitute of the key ingredient to the ceramic matrix. The results show that there are 
generally enhancements on the physical and mechanical properties with minor adverse effects of the tiles. 
Furthermore, the heavy metals found in toxic wastes were found to be immobilised during the firing process of 
tiles. Hence, the addition of wastes in tiles offers a sustainable solution in easing the necessity of managing wastes 
and decreasing the consumption of natural resources. Further research developments are essential. 
 
Keywords: Waste Materials; Ceramic Tiles; Recycling; Sustainability; Geomaterials 
 
 
INTRODUCTION 

 
From the beginning of the industrialisation and 

the continued growth in the population of worldwide, 
how to deal with wastes has become a significant 
problem that can't be ignored [1]. In 2016, the annual 
global municipal solid waste generation reached 2.01 
billion tonnes, and it will rise to 3.40 billion tonnes 
by 2050 if all conditions remain the same. The same 
report from the World Bank also indicates more than 
33% of waste is mismanaged, and only 13.5% of 
waste has been recycled globally [2]. Moreover, the 
common uncontrolled disposal methods in 
developing and transition countries can cause severe 
heavy metal pollution to the ecosystem and have 
negative impacts on human society, such as economic 
sustainability and social inclusion [3]. As natural 
resources are depleting and climate change by gas 
emission and environmental contaminations are 
increasing, many researchers are focusing on reusing 
waste materials, and the outcomes indicate a 
prominent future for recycling. 

Ceramic tiles are considered to be a feasible 
product for waste materials recycling. Technological 
innovations in the manufacturing cycle of the ceramic 
tile industry cause extreme changes in the range of 
raw materials and the development of novel ceramic 
products like porcelain tile. These novel ceramic 
products have significant advancement in technical 
performance and aesthetic appearance, but also have 
brought difficulties to the classification of ceramic 

tiles due to the various formulations and wide 
selection of raw materials [4].  

Research confirmed that modern ceramic 
products exhibit high tolerance in its compositional 
structure, which shows the potential to recycle waste 
materials without compensating the overall quality 
[5]. Furthermore, research reported that there are 
13.552 million m2 of ceramic tiles produced in 2017, 
with a compound annual growth rate of 5.2% [6]. 
Therefore, the ceramic tile industry has the capability 
to recycle a large amount of waste material while 
reducing the usage of natural raw materials. Utilising 
waste materials in the manufacturing process of 
ceramic tile can be a sustainable solution to ease the 
pressure on waste management. 

 
USE OF WASTE MATERIALS  

 
Waste glass, coal fly ash, coal bottom ash, 

municipal solid waste incineration (MSWI) fly ash, 
MSWI bottom ash, sewage sludge and sewage sludge 
incineration ash will be reviewed and discussed in 
this article. 

 
Glass Waste 

 
Glass is one of the most common materials in our 

life. Despite the superior properties of glass products, 
the popularity is because of its high recyclability, 
where recycled glass products have no apparent loss 
in purity and quality [7]. Due to the different chemical 
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compositions of different types of glass, it is essential 
to categorise glass wastes before the recycling 
process. Most glass wastes are soda-lime-silicate 
(SLS) glass, which can be found in containers and flat 
glasses of windows and doors. Other common glass 
types that will be reviewed include alkali-barium 
silicate from cathode ray tubes, sodium borosilicate 
from liquid crystal display and Pyrex, lead glass from 
crystal glassware and cathode-ray tubes, and 
alumino-borosilicate from glass fibres [8]. Due to the 
glass types, other than SLS, commonly being used for 
electronics and other purposes, it is necessary to sort 
before recycling as they might contain hazardous 
chemicals and heavy metals. However, recent studies 
show special treatment like washing with acid can 
increase the recovery rate [8, 9]. 

Incorporating high amounts (>60 wt.%) of end of 
life fluorescent lamp glass (FLG) and waste packing 
glass (PWG) into ceramic tiles have received 
promising experimental results. The final products 
achieve comparable mechanical properties to 
traditional ceramic tiles. Furthermore, FLG (<400 
µm) tile passes the ISO requirement of BIA group of 
water absorption (<0.5%) and bending strength 
(>35MPa), which is equivalent to high sintered floor 
tiles. It is to be noted that these two types of glasses 
are close to typical SLS glass but contain different 
impurities and at different ratios of chemical 
components. The differences in the composition of 
these two glass wastes cause different characteristic 
temperatures, which further affect the properties of 
the final tiles (shown in table 1). Unfortunately, this 
experiment didn't carry out control sample tile and 
PLG (<100 µm) tile, so we can only assume that the 
finer particle size of PGW results in better 
performance, and the tiles with different waste 
glasses have noticeable performance gap [10]. 

 
Table 1   Properties of ceramic tiles with waste glass 
[10]. 

 
Sample 

type 
Linear 

shrinkage 
(LS %) 

Water 
absorption 
(WA %) 

Bending 
strength 
(MPa) 

 
PGW 

(<400μm) 
4.87 1.83 23.37 

PGW 
(<100μm) 

5.46 0.29 30.6 

FLG 
(<400μm) 

8.79 0.02 40.93 

Note: Results are under the same manufacturing processes. 
Sintering 60 min at 1000 °C, and formed by pressing (40 MPa). 

 
 
Another comprehensive review paper compared 

multiple research studies on recycling different types 
of glass into ceramic tiles. Overall, waste glass has 
the potential to be recycled into ceramic tiles and 

enhance the properties. Water absorption will 
decrease with the increase of glass regardless of the 
types of glass waste, and bending strength will 
generally improve with a high amount of glass waste 
and higher temperatures [8]. It is worth mentioning 
that multiple studies have found that firing 
temperature is critical to the performance of the tiles. 
Firing shrinkage is found to increases with increasing 
firing temperature [11], but it will decrease if the 
firing temperature is beyond a certain range [12]. 
Firing temperature also has a similar effect on 
flexural strength. Flexural strength improves at higher 
temperature [13], but another study found flexural 
strength decreases if firing temperature rises beyond 
the range of 1120℃ to 1140℃ [14]. Besides, waste 
glass can increase the hardness of tile, but there is 
some controversy about the effects on abrasion 
resistance [11, 15].  

Significantly, studies found tiles incorporating 
waste glass contain a high content of heavy metals; 
however, the leachate of heavy metals decreases after 
the firing process [16, 17]. Therefore, it can be 
considered safe to recycle hazardous glass waste into 
the ceramic tile as the firing process can destruct toxic 
organic compounds and encapsulated hazardous 
contaminants through immobilisation. Recycling 
waste glass into ceramic tiles can reduce natural 
resource usage, lower the mixing requirement, reduce 
energy usage on firing, and offers a possible recycling 
option for hazardous glass waste [8, 10]. 

 
Coal Ash 
 

Many power plants generate electricity from coal 
combustion. The unburned solid residues are known 
as ash, and they can be classified as fly ash or bottom 
ash according to the location where it was captured 
[18]. Due to the enormous amount of coal ashes and 
potential impact on the ecosystem, such as leaching 
toxic or chemical substances and accumulation 
throughout the food chain [19], researchers put lots of 
effort into utilising coal ash [20]. 

 
Fly ash 

 
Zimmer and Bergmann incorporated 20 – 80 wt.% of 
coal fly ash in their experiments on tile production. 
They have found 60% of fly ash is the maximum 
amount that satisfied the minimum flexural strength 
(green) requirement of handling under industrial 
conditions. The optimum sample tile, with 60% fly 
ash, passed the technical properties requirement with 
a flexural strength of 30 MPa, water absorption of 
12%, and shrinkage of 7.5%. Moreover, with addition 
of limestone and feldspar into fly ash tiles can result 
in reducing total linear shrinkage and reduce porosity 
with flexural strength increase achieving the 
requirements for more versatile applications [21]. 
Another researcher achieved promising results on 



GEOMATE – Melbourne, Australia, 11-13 November 2020 

402 
 

recycling coal fly ash with borax solid waste to 
replace part of the potassium feldspar in the formula 
of ceramic wall tiles. The 10% fly ash tile showed an 
increase in flexural strength with other comparable 
properties to the control wall tiles, and the 10% fly 
ash and 5% borax waste tile have a significant 
improvement on its flexural and water absorption but 
slightly increase its firing shrinkage [22]. In the 
northwest of China, researchers incorporated 70 wt.% 
high alumina coal fly ash into ceramic tile to achieve 
67 MPa flexural strength and apparent porosity of 
0.13% [23], which have a massive potential to the 
ceramic industry and to reduce the quantity of wastes. 
However, coal fly ash usually contains toxic heavy 
metal, such as Pb, Cd and Cr, and even radioactive 
elements (238U, 232Th, 226Ra, 40K, etc.). Therefore, it is 
crucial to measure the level of leachability and 
radioactivity, and then apply proper mitigations on 
coal fly ash before reusing it [24].  
 
Bottom ash 

 
Coal bottom ash also can be used as a raw material 

for ceramic tiles. Namkane et al. [25] incorporated 20 
- 80 wt.% of bottom coal ash into the clay body, and 
they have found all samples can be classified as BIb 
group according to the ISO rules for water absorption 
under 1175℃ except for a sample that contained 80% 
bottom ash. The optimal bottom ash tile is the tile 
with 40% of bottom ash and 60% of clay as they have 
the lowest linear shrinkage with the smallest 
deformation, and the flexural strength can reach 24.8 
MPa, which is feasible for ceramic tile but lower than 
commercial products. Consequently, Namakane and 
his team continued their research with the addition of 
sand and leonardite, which are common wastes from 
coal mining, to enhance the plasticity of tiles, as 
bottom ash is a non-plastic material. The highest 
amount of waste content that achieved the properties 
required for ceramic tiles can reach up to 42.8 wt.% 
(21.4 wt.% of bottom coal ash and leonardite). 
Additionally, this tile can be used as a floor tile, as it 
satisfies the BIIa group of flexural strength (22-30 
MPa) and UA group for chemical aggression 
resistance [26], and further proved the possibility to 
recycle bottom coal ash in ceramic tiles. 

 
Municipal Solid Waste Incineration Ash 

 
Fly ash 
 

Municipal solid waste incineration (MSWI) ash is 
a type of hazardous waste, and significant quantities 
are generated daily all over the world. Researchers in 
China studied the recycling of untreated MSWI fly 
ash into ceramic tiles. They found that incorporating 
20 wt.% of MSWI fly ash would be the ideal ratio for 
recycling the maximal amount of waste and creating 
tiles in line with the Chinese standards, which shows 

in high compressive strength of 18.6 MPa and low 
water absorption of 7.4% after being sintered at 
960°C. Also, the firing temperature above 1000℃ 
can stabilise heavy metals. However, Cd, Hg, Pb, and 
Zn are still exceeding the limit when the leachability 
analysis was conduct on an unglazed tile. In contrast, 
the glazed tile can effectively encapsulate heavy 
metals in ceramic tiles to a lower amount of leaching, 
and even below the detection limit for the instruments 
used [27]. Another research also discovered that glaze 
could effectively stabilise fly ash, and only when used 
in a strongly acidic environment will cause the heavy 
metal leach out [28]. 

 
Bottom ash 
 

Italian researchers also attempted to make 
porcelainised tiles with untreated MSWI bottom ash 
and vitrified bottom ash (50% MSWI bottom ash + 
50% glass cullet). Results show all tiles with up to 
15% of untreated or vitrified bottom ash can meet the 
requirements for floor tiles with the features of water 
absorption below 0.1%, bending strength around 45 
to 53 MPa, and some improvement on linear 
shrinkage compare to the control tile. Besides, the 
vitrified bottom ash tile has more visible 
enhancement of properties and would be more 
suitable for ceramic tile making. However, bottom 
ash can cause noticeable deformation on the planarity 
[29]. Therefore, consideration should be taken on the 
amount of bottom ash used or maybe reformulate the 
recipe for better performance. 
In another study, researchers used 2 – 5 wt.% 
untreated bottom ash and 5 – 10 wt.% vitrified bottom 
ash (with glass) to replace part of Na-feldspar sand to 
test the possibilities of making porcelain tiles and 
monoporsa tile. The result shows MSWI bottom ash 
is technically feasible for ceramic tile making. For 
porous single firing tile, with the addition of 5%, 
untreated bottom ash does not have many impacts on 
its water absorption and linear shrinkage. Vitrified 
bottom ash is not tested due to its not cost-effective to 
put in production. For porcelain stone tile, vitrified 
bottom ash tiles exhibit clear improvement on its 
water absorption and linear shrinkage compared with 
the control tile at a temperature above 1160℃. 
Additionally, MSWI bottom ash is classified as not 
dangerous waste, but it does release heavy metals and 
solubilisation of alkaline metals. Therefore, a 
leachability test was conducted. The result of the 
leaching test shows all fired tiles only release a small 
amount of leachate, and they are below the limit value 
for inert waste [30]. Similarly, another research result 
also shows that post-treated bottom ash does not have 
significant ecotoxicity impacts on the environment 
due to the sintering and vitrification process which 
can immobilise the heavy metals, alkali and anions 
[31]. Thus, there is an opportunity for recycling 
MSWI bottom ash into ceramic tiles. 
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Sewage Sludge 
 

Sewage sludge is another high volume solid waste 
generated by human activities from wastewater 
treatment plants. Zhou et al. [32] used 50 - 65 wt.% 
untreated sewage sludge to replace the kaolin in the 
raw materials of tiles. The XRD pattern indicates the 
composition of sewage sludge is like natural clayey 
material, mainly composed of quartz, kaolinite, and a 
small amount of illite and albite. Hence, it would be a 
viable alternative to traditional raw materials. 
Furthermore, tiles with up to 60% of sewage sludge 
can achieve the tile requirements. Tiles with 60% of 
sewage sludge have water absorption of 1.14%, 
bending strength of 25.5 MPa, and linear sintering 
shrinkage around 12% under sintering temperature at 
1210℃. To sum up the key findings, tiles with a high 
content (more than 60 wt.%) of sewage sludge and 
under high firing temperature (above 1210℃) easily 
have severe deformation defects. Tiles containing less 
than or equal to 60 wt.% sewage sludge satisfied the 
requirements of split tiles (bending strength > 23MPa 
& water absorption < 3%). The leachability of sewage 
sludge tiles are reduced significantly once they are 
fired, and the leaching is far below the regulatory 
limit [32]. However, in another research, the results 
are almost entirely different. Jordán et al. [33] tested 
the effects of adding 0 - 10 wt.% of three sources of 
sewage sludges into two types of ceramic clays in 
their experiments. The overall results show the 
amount of sewage sludge has no impacts to linear 
shrinkage (before and after firing), porosity and water 
absorption will increase with the increases in sewage 
sludge content, and bending strength will decrease 
while sewage sludge increases [33]. Differences in 
results might be caused by a different process of 
preparation, diverse raw materials selection, different 
firing temperatures etc. Besides, the methods of 
Jordán et al. [33] are not revealed in their report, and 
the processes and results of Zhou et al. [32] are shown 
in Fig.1. 

 

Incinerated ash 
 

Sewage sludge is also often incinerated, as this 
process can significantly reduce the mass, volume 
and hazardous components [34]. In a comprehensive 
review paper written by Lynn et al. [34], they 

reviewed and summarised the main findings of 
various research studies. In general, recycling sewage 
sludge ash into glazed and unglazed tiles is a possible 
solution with no significant production issues. The 
water absorption of unglazed ceramic tiles often 
exceeds the required limit; however, it only has minor 
impacts on low ash content tiles and application of 
glaze can effectively reduce water absorption. 
Bending strength and abrasion limit fulfils the 
standards, but they will decrease with the increase of 
sewage sludge ash. Moreover, there is no impact on 
chemical resistance, no significant effects on firing 
shrinkage, and there is a reduction of loss on ignition 
due to organic matter having been burned off prior to 
the tile firing process [34]. Subsequently, research 
shows the overall performance can be improved by 
adding nano-SiO2 additive into the tile recipe [35]. 
Thereupon, more in-depth studies on the 
manufacturing formula and processes need to be 
undertaken in order to recycle sewage sludge ash with 
high efficiency and high quality. 
 
DISCUSSION AND CONCLUSION 
 

As shown above, recycling of different wastes in 
ceramic tiles shows the ability to enhance some 
properties of ceramic tiles. Still, at the same time, the 
other properties might be compensated due to the 
addition of wastes. In addition, most studies did not 
apply glazing or use some fluxing agents like 
feldspar, which have shown the ability to improve the 
performance further, and they are commonly used in 
the industry. Moreover, many journal articles did not 
reveal the process of manufacture or did not set a 
control ceramic tile to compare with experimental 
tiles. This brought some difficulty compared with the 
properties of commercial tiles directly as the formula 
may not be able to produce qualified tiles.  

Many research studies have discovered that 
some factors can influence the properties critically. 
One is the firing temperature; many studies show that 
waste samples appear to have better performance than 
the control samples with increasing the firing 
temperature. However, if the temperature is over or 
below the optimal temperature range, inferior 
performance will occur. A suitable range of firing 
temperature needs to be determined, such as using 
XRD to determine the composition of waste material.  
The second factor is the differences in materials. 
Waste materials or raw materials of ceramic tile may 
have different chemical or mineralogical 
compositions if the acquired location is different. 
Therefore, it is necessary to determine the 
composition of materials and test them locally before 
they are included in the manufacturing process. The 
third one is the variations in manufacturing 
techniques. Since there are many commercial 
methods for making ceramic tiles, the experimental 
methods may not be suitable, and the results may be 

 
Fig.1    Flowchart of preparation process of municipal 
sewage sludge (MSS) [32]. 
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different. Hence, a suitable method in production 
needs to be selected and tested in trials in production 
conditions. 

Ceramic tiles have proven their strong tolerance 
for recycling waste materials. The high heterogeneity 
and versatile uses create the possibility to use various 
wastes to make the most widely used products. Plus, 
tiles used for different purposes have different 
product standards, which further expand the 
feasibility of recycling. For future development, the 
tiles with waste need to achieve a balanced 
performance by finding the optimal formula ratio and 
production method. As most of the studies did not 
apply glazing, use fluxing agents, and such 
techniques, more in-depth experiments can test their 
effect on performance and properties. In the future, 
researchers can investigate recycling more different 
kinds of waste material into ceramic tiles. 
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ABSTRACT 
 
Unbound graded aggregates are used to construct the base and subbase of the road pavement structure, and it 

is known that the mechanical properties of the unbound graded aggregates depend significantly on aggregate size 
and grading, especially on the maximum particle size and fines content (typically, particle size < 0.075 mm). In 
recent years, not only natural aggregates but also recycled aggregates from construction and demolition waste 
(CDW) have been used actively in the construction of road base and subbase. This paper investigated previous 
studies and reviewed results about effects of aggregate size and grading, type and quality of aggregates on the 
mechanical properties such as compaction, bearing capacity, resilient modulus, and shear strength for recycled 
aggregates from CDW and others including natural aggregates, and discuss how these properties affect their 
performance as unbound roadbed layers. The results collected from the literature indicated that the mechanical 
properties of most recycled materials and mixtures were comparable to natural aggregates and could be used to 
construct road base and subbase, except for reclaimed asphalt pavement and fine recycled glass.  
 
Keywords: Road Base and Subbase, Aggregate Size and Grading, Construction and Demolition Waste, 
Mechanical Properties 
 
 
INTRODUCTION 

 
Nowadays, apart from materials crushed from 

natural stones, there are many kinds of materials used 
for unbound road base layers, in which the CDW are 
the most widely used materials. In several developed 
countries, the use of CDW instead of natural 
aggregate (NA) in road base construction has become 
popular. Specifically, in 2017 Spain had the 
percentage of CDW recycled was highest by 98%, 
followed by Japan, France, Germany at 96%, 93%, 
85% respectively [1]-[2]. The use of CDW in road 
construction is one of the solutions to reduce the 
dumping of CDW, as well as the consumption of NA; 
however, there are some difficulties to recycle CDW 
because the types and quality of recycled aggregates 
affect significantly the mechanical properties of 
unbound roadbed materials.  

Base and subbase layers are the important layers 
in pavement structure, they are required to have high 
rigidity and strength to bear the vertical load 
transmitted from surface layers. Besides, due to the 
low impact of horizontal load, the base and subbase 
layers of the pavement structure are usually made of 
unbound aggregates. For example, Yoder and 
Witczak [3] presented that the stability of unbound 
aggregate depends on some factors such as particle-
size distribution, particle shape, relative density, 
internal friction, and cohesion. Among of the factors, 

the size distribution of aggregate, particularly the 
proportion of fines was the most important. Xiao et al. 
[4] investigated the effect of particle size distribution 
on the mechanical properties, permeability, frost 
susceptibility, and susceptibility to erosion. Therefore, 
the size of the aggregate particles, grading, especially 
fines content (Fc, kg/kg in %) need to be controlled 
to meet the technical requirements, ensuring the 
ability to work properly during construction and 
improving the performance and longevity of the 
pavement structure. 

This paper concentrated on reviewing previous 
studies to examine the effects of size and grading, 
type and quality of aggregates on the mechanical 
properties of unbound road base and subbase layers. 
The review working was done by comparing kinds of 
materials used, Fc, maximum particle size (Dmax, 
mm) mixing proportion, test results of references 
selected and suggestion the future research. 

 
METHODOLOGY 

 
Based on the keywords such as unbound 

aggregate, road base and subbase, aggregate size, 
fines content, grading, and CDW materials, journal 
papers, books, and reports published in English after 
1970’s were searched in this study [e.g., Web of 
ScienceTM (Clarivate Analytics)]. The classification 
and detailed search were conducted to find the 
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conferences related to the effects of size and grading, 
type and quality of aggregates on mechanical 
properties such as compaction, bearing capacity, 
stiffness and shear strength of unbound aggregate for 
road base and subbase. A total of 33 references was 
selected to compare and summarize the data in this 
study.  

A variety of materials were used in selected 
references, including NA, recycled aggregates (RA) 
such as recycled concrete (RC), recycled clay brick 
(RCB), reclaimed asphalt pavement (RAP), fine 
recycled glass (FRG), waste rock (WR) and mixed 
aggregate between them. These RA were classified 
with different properties as followed: 

+ RC:  has a minimum of 90%, by mass, of 
Portland cement-based fragments and NA [5]. 

+ RCB: is mainly contained brick rubble and also 
a high amount of adhered mortar and other impurities 
such as tile [6]. 

+ RAP: is more than 90% of composition 
composed of asphalt-based materials [5]. 

+ FRG: is the by-product of crushing mixed color 
bottles and other glass products collected from both 
municipal and industrial waste streams [7]. 

+ WR: is excavated during site preparation, they 
would have been disposed as waste [7]. 

There were two groups of materials classified 
according to Dmax of aggregates; Dmax ≤ 25mm for the 
road base and Dmax > 25mm for the road subbase.  

 
RESULTS AND DISCUSSION 
 
Effects of Size and Grading, Type and Quality of 
Aggregates on the Compaction Characteristic 
 

The maximum dry density (MDD) measured by 
the compaction test is one of the factors to evaluate 
the effects of aggregate size and grading, quality of 
aggregate on the compaction characteristic. Figure 1 
shows the relationship between Fc and MDD. It can 
be noticed that most of NA had higher MDD than RA 
regardless of Dmax and Fc since NA has less porous 
in particle than RA [6]. In comparison among RAs, 
MDD tends to increase with increasing Fc without 
regard for the type of aggregate, while it seems that 
the opposite tendency was shown when Dmax > 25 
mm from a comprehensive point of view. This is 
because fines fill the void of the mass of aggregate.  

However, it could be assumed that fines fully 
occupy the void of the mass at lower Fc, which is 
around 3-10%, and assume a role as a framework of 
soil structure if Fc exceeds a certain value. As the 
occupation of fines in the mass increase, dry density 
therefore decreases. In addition, it might be assumed 
that MDD depends on intrinsic particle strength of 
NA, RC, and RCB [6], that is the reason why the 
larger particle and the breakable material was 
compacted, the lower MDDs of RC and RCB were 
obtained. 

  

 

 
 
Fig.1 The effects of fines content and type of 
aggregates on MDD. (a) Samples with Dmax ≤ 25 mm, 
and (b) samples with Dmax > 25 mm 
 

 
 

 
 
Fig. 2 The effects of mixing proportion on MDD. (a) 
Samples with Dmax ≤ 25 mm, and (b) samples with 
Dmax > 25 mm 
 

Figure 2 shows the relationship between mixing 
proportion of RC or NA to RCB or RAP. It seems that 
MDD gradually increases or is almost constant with 
increasing the mixing proportion of NA or RC 
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regardless of Dmax. Focusing on results of [12] and 
[23], differences between specific gravities of RCB 
and NA or RC might cause the tendency given that 
single-particle strength becomes high in proportion to 
the specific gravity, whereas specific gravities of RC 
and RCB in [23] are not much difference (Fig. 2a). 
An increase in coarse-grained fraction causes a 
reduction of MDD since the larger particle is more 
breakable during compaction (Fig. 2b).  
 
Effects of Size and Grading, Type and Quality of 
Aggregates On Bearing Capacity 

 
Figure 3 illustrates the effects of Fc and type, 

quality of aggregates on CBR. It can be mentioned 
that CBR of recycled materials is much higher than 
that of natural materials except for FRG and RAP 
regardless of Dmax. Fines contribute to increase in 
MDD for NA, while it cannot be clearly seen a 
tendency due to Fc for RA. As is the case with the 
compaction test results, the peak of CBR also 
appeared around 3-10% of Fc for all materials, and 
CBR gradually decreases with increasing Fc since 
fines bear the load as a main frame of soil structure. 

With regard to the effect of the mixing proportion 
of RC or NA to RCB, CBR values exceed 100 % 
under all mixing conditions although a tendency due 
to mixing proportion did not appear, as shown in Fig. 
4a.  Whereas, CBR of RAP was improved mixing RC. 
On the other hand, the dependence of mixing 
proportion of RC to CBR is clearly shown increasing 
coarse-grains fraction. One possible reason might be 
that the amount of fine-grain fraction by breakage 
increases by breakage for RCB. 

 
 

 

 

Fig. 3 The effects of fines content and type of 
aggregates on CBR. (a) Samples with Dmax ≤ 25 mm, 
and (b) samples with Dmax > 25 mm 

 
 

 
 
Fig. 4 The effects of the mixing proportion on CBR. 
(a) Samples with Dmax ≤ 25 mm, and (b) samples with 
Dmax > 25 mm 
 
Effects of Size and Grading, Type and Quality of 
Aggregates on Stiffness Characteristic 
 

Resilient modulus (Mr) is a parameter 
representing the stiffness of the material and was used 
in most selected conferences. Mr is determined by the 
repeated load compression tests on test specimens. 
There were three trends of Mr with NA samples; Mr 
increased when Fc increased [26], Mr decreased 
when Fc increased [27], and Mr reached the highest 
value at a Fc value [16], [28] as shown in Table 1. 
Several researchers presented that Mr of RC was 
higher than Mr of NA, as in [29], [31], and satisfied 
to be greater than the minimum requirement of 300 
MPa [31] (Australia standard). This can be explained 
that there was an amount of existing cement particles 
inside RC, when RC was mixed to water, these 
particles would be hydrated and contributed to 
increasing the strength of RC samples [5]. In the 
comparison among Mr of kinds of RA, RC had the 
highest Mr, followed by RCB and WR (Fig. 5). 
Turning to the mixtures, Arulrajah et al. [23] reported 
that CB-RC blends had the higher Mr values than CB-
NA blends and most of the blends would perform 
satisfactorily as a subbase material. Arisha et al. [20] 
showed that Mr of RCB-RC blends reached highest 
with sample using 45% RCB, while Cameron et al. 
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[22] indicated that Mr of RCB-RC blends decreased 
when RCB content increased. Mr of NA-RAP 

mixtures increased with the increase of RAP content 
(Fig. 6). 

Table 1 The effects of size and grading, type and quality of aggregate on stiffness characteristic 
 

Test conditions 

Effects on Mr 

Ref. 

Materials Mixing proportion 
Fines 
size 

(mm) 

Range of 
Fc 

Dmax 
(mm) 

NA * <0.075 0 - 20% 31.75 
Mr reached highest with 5% fines 
content and lowest with 10% fines 
content 

[16] 

RC, RCB 
RC-RCB: 100-0, 90-10, 
80-20, 70-30, 55-45, 40-
60, 20-80, and 0-100 

<0.075 * 37.5 Mr reached highest with sample using 
45% RCB [20] 

RC, RCB RC-RCB: 90-10, 80-20, 
70-30 * * 20 A decrease in Mr as the RCB content 

increased [22] 

RC, CB, 
NA 

CB-RC/NA: 0-100, 15-85, 
20-80, 25-75, 30-70, 40-
60, and 50-50 

<0.075 * 20 The CB-RC blends had  higher Mr values 
than CB-NA blends. [23] 

NA * <0.075 7 - 12% * Mr increased with the increase of Fc [26] 
NA * <0.075 0 -17.7% 25 Mr decreased when Fc increased [27] 
NA * <0.074 2 - 14% 38.1 Mr reached highest with Fc = 6-10%  [28] 
RC * <0.075 * 20 RC had higher Mr than NA [29] 
RC, CB, 
WR * <0.075 * 20 RC had the highest Mr value and WR had 

the lowest Mr value [30] 

RC, NA * <0.075 * 20 
RC had higher Mr than NA and was 
greater than the minimum requirement of 
300 MPa 

[31] 

RAP, NA RAP-NA: 0-100, 25-75, 
50-50, 75-25 <0.075 * 20 Mr increased as the RAP content 

increased [32] 

Note: * data not available 
 

 
Fig.5 Mr of RA samples [30] 

 

 

Fig.6 The effects of the mixing proportion on Mr 

 

Effects of Size and Grading, Type and Quality of 
Aggregate on Shear Strength Characteristic 

 
The shear strength properties are assessed via the 

cohesion (c), friction angle (φ) of materials 
determined by drawing Mohr circles for the confining 
pressures of the triaxial tests. Figure 7 shows the 
effects of Fc on c and φ of NA samples in [16], [33]. 
It can be seen that φ reached the highest value when 
Fc = 5%, while c decreased when Fc from 0 to 5% 
and increased when Fc from 5% to 20%. Shear 
strength peaked highest with Fc =10% and reduced 
with higher fines [16]. This can be explained in [3], 
[33]. Specifically, when samples contain little or no 
fines (Fig. 8a), shear strength is formed based on 
grain to grain contact. When samples contain 
sufficient fines (Fig. 8b), the fines fill the voids 
between the grains and bind them together. This 
combines grain to grain contact to increase the shear 
strength of samples. However, with samples contain 
high fines content (Fig. 8c), the grains are surrounded 
by fines, grain to grain contact will be reduced 
significantly, the shear strength decrease and depend 
on the shear strength of fines. However, Osouli et al. 
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[9] studied crushed stone aggregates of Dmax = 25 mm 
using two values of Fc (5 and 12 %), and presented 
that shear strength properties were not affected by 

quality of fines, c = 70 kPa and φ = 41 degrees for 
both samples. 

Figure 9 shows that RAP had the highest c by 53 
kPa, followed by WR, RC, RCB (from 41 to 46 kPa) 
and FRG had the lowest c by 0 kPa. WR, RC, RCB 
had φ ranging from 49 to 51 degrees, whereas RAP 
and FRG had φ = 37 degrees.  Arulrajah et al. [23] 
showed that RCB–RC blends had c ranging from 41 
to 80 kPa and φ ranging from 43 to 50 degrees, and 
RCB-NA blends had lower c by 41 to 62 kPa and 
higher φ by 46 to 51 degrees.  
 

 
 
Fig.7 The effects of fines content on c and φ of NA 
samples 
 

 
a)            b)              c) 

 
Fig. 8 Physical states of soil-aggregate mixtures 
(Adopted from [3]) 
 

 
 
Fig.9 Cohesion and friction angle of RA samples [7] 
 
CONCLUSIONS 
 

Based on the results of series of experiments 
determined by many authors, some conclusions could 
be summarized below: 

+ Size and grading of aggregates had the influence 
on mechanical properties of unbound aggregate 
roadbed layers, in which Fc and Dmax were the most 
influential. Nevertheless, there was little research on 

the effects of Fc and Dmax on mechanical properties 
of recycled aggregates which are becoming popular 
as  substitutes for natural aggregates. Therefore, it is 
necessary to study the effects of Fc and Dmax on the 
mechanical properties of recycled aggregates in the 
future. 

+ Samples with Dmax ≤ 25 mm often have the 
higher MDD and CBR than that with Dmax > 25 mm. 

+ RC, RCB, WR and RC-RCB mixtures had 
lower MDD than NA but their CBR are comparable 
to or higher than NA and satisfied to be greater than 
the requirement for road base and subbase. CBR of 
RAP, FRG was smallest and did not meet the 
technical requirement for road base and subbase.  

+ Due to the hydration of the remaining 
unhydrated cement particles in RC, Mr values of RC, 
RC-RCB blends were higher than that of NA, NA-
RCB blends respectively, and met the technical 
requirement for road base and subbase.  

+ Most RA samples had lower cohesion and 
equivalent friction angle in comparison with NA 
samples. 
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ABSTRACT 
 
Trillions of cigarettes are produced every year around the globe, resulting in a large amount of mephitic waste 

cigarette butts (CBs) being dumped into the environment. Waste CBs take years to decompose with most 
containing a cellulose-acetate based filter, tar, nicotine, tobacco, and many highly toxic chemicals that leach into 
the soil and waterbodies thereby resulting in contamination and toxicity. In the area of asset management, the road 
and highway sector are the largest in the world. This research work has investigated the possible recycling of CBs 
in stone mastic asphalt. Waste CBs were processed and encapsulated with bitumen before the preparation of the 
mix. Modified stone mastic asphalt samples were prepared by replacing up to 2% of coarse aggregate with bitumen 
encapsulated CBs in accordance with the existing AASHTOO and Austroads guidelines. Laboratory tests were 
conducted on the CB modified asphalt samples and the results were compared with those of the standard control 
samples prepared without CBs. The preliminary results found are promising and show that recycling encapsulated 
CBs in asphalt concrete could contribute a solution to CB pollution around the world. This paper presents the 
experimental procedures and discusses some of the significant outcomes of the study. 

  
Keywords: Cigarette butts; Stone mastic asphalt; Recycling; Waste Management; Flexible pavement 
 
 
INTRODUCTION 
 
Cigarette butt pollution 

 
Around the world, approximately one billion 

people are cigarette smokers [1]. As reported by 
Euromonitor, during the year 2013, the total 
production of cigarettes was 5.7 trillion, 99% of 
which have a cellulose acetate (plastic based) filter. 
This production is expected to increase to 9 trillion by 
the year 2025 [2]-[4]. Hence, the ongoing concern 
about the recycling of waste cigarette butts. The 
‘Cigarette Butt Pollution Project’ in the USA 
estimated that approximately one-third of the total 
production is littered in the environment [2], [5]. 
Cigarette butts contain toxic materials that spread into 
the environment slowly as cellulose acetate is 
photodegradable but not biodegradable [6]-[8]. In 
order to save the environment from the pollution 
caused by waste cigarette butts, efficient recycling 
methods are needed. 

 Cigarette butt waste clean-up is very costly, with 
a San Francisco litter audit study finding the cost to 
be more than $7 million annually [5]. Furthermore, 
the incineration of waste cigarette butts creates 
hazardous fumes that are severely detrimental to 
public health and the environment [9], [10]. However, 
waste cigarette butts can be collected and processed 
for recycling in construction materials. Recent 
research at RMIT University has proved that waste 
cigarette butts can be used in the preparation of clay 
bricks [2], [11]. Mohajerani et al. (2017) developed a 
CB encapsulation method to incorporate CBs in dense 
asphalt for the first time [12]. Dense asphalt was 
prepared with bitumen C170 and C320 encapsulated 

with bitumen and paraffin wax, consecutively [12], 
[13]. The results revealed the possibility of using 
encapsulated CBs in asphalt for light, medium, and 
heavy traffic conditions. The development of 
advanced materials incorporating waste cigarette 
butts will bring a new dimension to the construction 
materials. 

Cigarette butt pollution exists all over the world. 
However, a sustainable technique to recycle waste 
CBs in asphalt concrete and bitumen can solve this 
problem. Previous studies have proved the prospect 
of recycling different waste materials in asphalt [14]-
[16]. This study can contribute to the solution of CB 
pollution problem around the world and bring 
sustainability to the environment by introducing a 
new procedure to recycle CBs in asphalt concrete for 
flexible pavements. This research adds knowledge to 
the sector of waste management and the roads and 
highway industry. 

 
Asphalt 

 
Hot mix asphalt (HMA) can be dense or open 

graded. As the name suggests, dense-graded HMA 
has a lower void ratio compared to open grade HMA. 
Dense-graded HMA contains a large variety of 
particle sizes to spread through the asphalt concrete 
mix effectively. Furthermore, dense grade HMA suits 
all traffic condition types and is considered the most 
commonly used type of asphalt concrete around the 
world [17]. Open-graded HMA is typically used as a 
drainage layer due to the higher void ratio, which 
allows the mix to be more permeable [17], [18]. 

Stone mastic asphalt (SMA) is a gap graded 
asphalt that is commonly used throughout Europe 
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[18]. The aggregates used in SMA mixes are often of 
higher quality compared to the aggregates used for 
standard HMA mixes due to the superior physical and 
mechanical properties that are required for the stone-
to-stone contact structure. The high content of coarse 
aggregates in SMA creates high rutting resistance and 
improves the longevity of the structure [19]. 

The comparative differences between HMA and 
SMA are illustrated in Table 1. Although the 
gradation may vary among the different types of 
asphalt, the basic ingredients are mostly the same. In 
the case of HMA, open-graded aggregates and 
bitumen are used, while gap-graded aggregate, fibers, 
and bitumen are used in SMA. 

 
Table 1. Advantages and disadvantages of HMA and 

SMA [14]-[16]. 
 

Type of 
Asphalt  Advantages Disadvantages 

Hot Mix 
Asphalt 
(HMA) 

Low cost 
 
Effective in all 
traffic 
conditions 
 
 
 

Lower rutting 
resistance 
 
Shorter service 
life 
 
Poorer quality 
aggregates used 

Stone 
Mastic 
Asphalt 
(SMA) 

Long service life 
 
High resistance 
to deformation 
 
Increased 
fatigue testing 
life 
 
Noise-reductive 
properties 
 
Decreased water 
spray when 
raining 

Low skid 
resistance 
 
High cost 
 
Increased risk of 
flat spots 
occurring due to 
SMA design 
procedure 

 
Use of waste materials in asphalt 

 
According to the statistics, around 95% of the 

world’s highways are flexible pavements that are 
constructed using asphalt concrete [15], [20]. The use 
of additives and modifiers can improve the properties 
and performance of asphalt concrete. Several research 
works have been carried out to investigate the use of 
waste materials in asphalt concrete, such as rice husk, 
fly ash, palm oil fruit ash, coffee grounds, waste 
cooking oil, waste rubber ground, steel slag, copper 
mine tailing, waste plastic, and crushed glass, etc. 
[21]-[26]. Waste cigarette butts can be a potential 
modifier in asphalt concrete and can introduce 
advanced asphalt concrete that will exhibit better 

engineering properties in terms of the stability, 
resilient modulus, and flow of asphalt concrete. 

.  
RESEARCH DESIGN  

 
This research was designed by following the 

industry standards. The materials were selected 
according to the Austroads and VicRoads guidelines. 
Stone mastic asphalt was selected for this part of the 
investigation. The research design diagram is shown 
in Fig. 1. In this research, asphalt samples were 
prepared with CBs by replacing coarse aggregates up 
to 2% by weight. Volumetric analysis and 
preliminary mechanical performance assessment 
were carried out for all samples, and the results were 
reviewed and compared with the control samples. 

 

Select materials (e.g. 
aggregates, binder, 
filler, fibers, CBs)

Prepare and condition samples mix with selected materials 
including encapsulated CBs in the following percentages
0% CBs (control sample), 1% CBs, 2% CBs and 3% CBs

Gyratory compaction

Determine air voids, 
VMA, VFB

Marshall Stability and 
flow

Compare with 
standard control 

sample

Prepare the materials 
for asphalt mixture 

(e.g. weight, oven dry

Encapsulate CBs with 
bitumen

Select type of 
Asphalt mix

 
 
Fig. 1. Research design. 
 
RESEARCH DESIGN  

 
Pre-processing and encapsulation of CBs 

 
Background of CB encapsulation 

 
Bitumen encapsulated CBs were first developed 

and incorporated in dense asphalt by Mohajerani et al. 
(2017) [12]. Encapsulation was done by curing oven 
dried CBs with hot bitumen. Fig. 2. exhibits the 
bitumen encapsulated CBs and some of the dense 
asphalt samples prepared in this breakthrough 
research. The physical and mechanical performance 
of the samples were propitious and this work has 
widened the scope of research for recycling cigarette 
butts (CBs) in asphalt concrete [12], [27]. Asphalt 
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samples were prepared incorporating CBs 10 kg/m3, 
15 kg/m3,  

and 25 kg/m3, and without CBs (control samples). 
The impacts of different quantities of CBs 
encapsulated with different classes of bitumen in 
terms of the Marshall Stability and Flow of dense 
asphalt samples are shown in Fig. 3. 

 

 
 

Fig. 2. Encapsulated CBs and a few dense asphalt 
samples used in the research conducted by 
Mohajerani et al. in 2017 [12]. 

 

 
 

Fig. 3. Marshall Stability and Flow of asphalt 
prepared with different amounts of CBs, 
encapsulated with C170, C320, and C600 
[12]. 

 
Mohajerani et al. (2017) assessed the resilient 

modulus of asphalt concrete prepared with CBs and 
found that all the samples met the standard range 
2500-4000 MPa for bitumen class C170 [12]. The 
results are shown in Fig. 4. 

 

 
 

Fig. 4. Resilient Modulus of Asphalt Concrete 
prepared with different amounts of  bitumen 
class C170 encapsulated CBs [12] 

 
Preparation of bitumen encapsulated CBs for stone 
mastic asphalt  

  
Cigarette butts were pre-processed by 

encapsulation with bitumen. Encapsulation was 
achieved by curing CBs in hot liquid bitumen. Fig. 5. 
and Fig. 6. show the condition of the CBs before and 
after encapsulation, consecutively.  

 

 
 

Fig. 5. CBs before encapsulation. Waste CBs (left) 
and oven dried and cleaned CBs (right). 

 
 

 
 

Fig. 6. Encapsulated CBs. 
 
A few arbitrary encapsulated CBs were picked 

and cut into pieces to observe the sections. It was 
found that the CBs were encapsulated properly, and 
that all the pores of the CBs were filled with bitumen. 
The sections of the encapsulated CBs are shown in 
Fig. 7. 

 

 
 

Fig. 7. Sections of Bitumen encapsulated CBs. 
 

Asphalt sample preparation 
 
The samples were prepared in the laboratory 

following the Austroads and VicRoads standards. The 
type of aggregate was granite, the gradation of which 
was adapted from VicRoads section 404; illustrated 
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in Table 2 [28].  The amount of materials used in the 
preparation of the sample is given in Table 3. 

 
Table 2. Adapted gradation for the preparation of 

stone mastic asphalt. 
 

Sieve 
retained 
(mm) 

% Passing 
(Adapted 
for this 

research) 

% Passing range 
according to 

VicRoads Standard 

9.5 95.0 90-100 
6.7 35.0 25-45 
4.7 32.0 18-32 
2.36 22.0 15-30 
<2.36 0.0 13-24 

 
The stone mastic asphalt mix was prepared using 

selected aggregates as per the gradation, 6% of 
mineral fillers, 0.3% of cellulose fibers, and 6.5% of 
bitumen PMB class A10E. The asphalt mix was 
prepared at 170℃. Compaction was done with a 
Gyratory Compactor. Pictures of some of the 
prepared stone mastic asphalt samples are shown in 
Fig. 8. 

 
Table 3. Amount of materials in stone mastic asphalt 

sample 
 

Aggregate Size 
(Retained) 

% Measured for 
asphalt mix (by 

weight) 
9.5 mm 4.36 
6.7 mm 52.32 
4.7 mm 2.62 
2.36 mm 8.72 
Fines 19.18 
Filler 
(limestone) 6 

Fiber 0.3 
Bitumen 6.5 

 
 

 

 
Fig. 8. Preparation of stone mastic asphalt sample. 

Mix without addition of bitumen (top left), 
Mixing process with bitumen (top right), 
compaction done with gyratory compactor 
(bottom left), and compacted stone mastic 
asphalt samples (bottom right) 

 
LABORATORY TESTING 

 
Preliminary laboratory investigation involved 

volumetric assessment and the Marshall Stability and 
Flow Test following AS/NZS 2891.5:2015 guideline. 
The stone mastic asphalt (SMA) samples were 
prepared following 4.8% - 5.2% air void according to 
VicRoads [28][29]. 

 
Results and discussion 

 
After preparation of the control sample, the CB 

modified samples were prepared with bitumen 
encapsulated CBs by 1% and 2%. The aggregates 
retained in the 9.5 mm sieve were replaced with 
encapsulated CBs by weight. Volumetric analysis on 
the control sample and the Marshall stability and flow 
test were conducted for all the samples as a 
preliminary investigation. The results are shown in 
Table 4. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 4. Preliminary test results. 
 

Type of 
Sample 

Type of 
test 

Test 
Results 

Standard check 
with the range 

Control 
Sample 

Air void 5% VicRoads and 
Austroads 
(4.8%-5.2%) 

VMA 19.1% VicRoads and 
Austroads 
(13%-20%) 

VFA 73.8% VicRoads and 
Austroads 
(65%-80%) 

Marshall 
Stability 

13.6 KN VicRoads and 
Austroads 
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(minimum 
5.5KN) 

Flow 10.8 mm Asphalt Institute 
(8 mm-16 mm) 

Sample 
with 1% 
CBs 

Marshall 
Stability 

13.9 KN VicRoads and 
Austroads 
(minimum 
5.5KN) 

Flow 9.2 mm Asphalt Institute 
(8 mm-16 mm) 

Samples 
with 2% 
CBs 

Marshall 
Stability 

15.1 KN VicRoads and 
Austroads 
(minimum 
5.5KN) 

Flow 10 mm Asphalt Institute 
(8 mm-16 mm) 

 
The results show an increase in the stability with 

the increase of CBs in the mix. Fig. 9. shows the 
change in stability of the samples before and after 
modification with encapsulated CBs. This shows that 
CB modified stone mastic asphalt can sustain under 
higher loading conditions. It has been observed that 
encapsulated CBs in stone mastic asphalt improves 
the strength. The flow value is within the range of 8-
16 mm. Comparative analysis shows a better 
perspective of the results in Fig. 10. 

 

 
 

Fig. 9. Stability of the samples. 
 
 

 
 

Fig. 10. Comparative analysis of Marshall stability 
and flow results. 

 
The sustaining period of the samples was 

analyzed based on the Marshall stability and flow 

results as shown in Fig. 11. It was found that the 
control sample with 0% CBs had a higher sustaining 
period, which is 13 seconds, however, this sample 
failed at a lower loading condition. Although the 
samples with 1% CBs and 2 % CBs failed quickly 
compared to the control sample, they can sustain 
higher loading conditions. The addition of 2% CB 
stone mastic asphalt presented a better sustaining 
period than the sample with 1% CBs under higher 
loading conditions. 

 

 
 
Fig. 11. Sustaining period of samples. 

 
 
CONCLUSION 

 
The aim of this study was to recycle waste CBs in 

asphalt. Stone mastic asphalt samples were prepared 
with bitumen encapsulated CBs in this research and 
the Marshall stability and flow test were performed to 
assess performance. The results from the laboratory 
investigation herald a new area to explore in the 
sector of advanced materials for flexible pavements. 
This paper has presented and discussed some of the 
results from a comprehensive study on recycling 
cigarette butts in asphalt. The results are promising, 
as incorporation of CBs enhanced the performance of 
asphalt. The outcomes were analyzed and compared 
with the control sample. This investigation reveals a 
possible sustainable method to recycle CBs in stone 
mastic asphalt. The results of this research provide 
evidence of the mechanical properties of this 
advanced material. This confirms the prospect of 
bitumen encapsulated CBs in asphalt concrete. This 
method can recycle up to 15kg CBs in each m3 of 
stone mastic asphalt. The improved method of 
encapsulation and mixing process was found suitable 
for heavy traffic conditions. This work contributes to 
the roads and highways sector in terms of adopting a 
sustainable approach in construction.  
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ABSTRACT 
 

The accident at the Fukushima Daiichi Nuclear Power Plant caused a large amount of high concentration 
of radioactive contaminated water due to groundwater flowing into the reactor building and core cooling. The 
radioactive contaminated water has been removed by adsorbing cesium, a major nuclide, on zeolite. Cement 
solidification technology is considered as one of the options as a solidification method for stabilizing cesium-
adsorbed zeolite based on economics, manufacturability, and experience with low-level radioactive waste. 

In previous studies on the development of cement solidification technology, we have studied zeolite mixing 
rates that can be solidified into good conditions from the viewpoint of fresh properties, physical stability, and 
nuclide containment performance. At present, it is possible to confirm the feasibility of zeolite mixing rate up 
to about 50% of the solidified body volume. In this study, we focused on further improvement of the volume 
reduction rate and prepared a specimen with a solidified body volume of 75 % and conducted the same study. 

As a result, it was confirmed that production was possible and excellent strength development. 
In addition, as for the physical properties after curing, the hydration reaction and the pozzolanic reaction were 
promoted because the curing condition was sealed at 80 °C and the compressive strength and the effective 
diffusion coefficient showed a peak after 28 days of curing.  When the curing period was 91 days, changes in 
the pore structure and the occurrence of microcracks were confirmed. 
 
Keywords: Cesium adsorbed zeolite, Cement solidification, Disposal of low level radioactive waste, Effective 
diffusion coefficient 
 
 
INTRODUCTION 
 

On March 11, 2011, an accident at the 
Fukushima Daiichi Nuclear Power Plant during the 
Tohoku Pacific Ocean Earthquake caused a large 
amount of high concentrations of radioactive 
contaminated water caused by groundwater and 
core cooling that flowed into the reactor building. 
Currently, the radioactive contaminated water, by 
zeolite having a high cation exchange function, has 
been removed by adsorbing cesium is a major 
nuclide. 

Zeolite adsorbed the cesium is assumed to be 
intermediate management until the radiation effect 
and heat generation is reduced, the current situation 
is stored as a secondary waste in the box culvert, 
continues to increase. 

Therefore, it is urgent to establish an 
intermediate management method based on the 
final disposal. As required matters, as well as to 
suppress the leakage of radioactivity, and the 
production of the waste body in a high radiation 
environment, economic sand due to the reduction of 
the waste body based on the amount of occurrence 
is large it is required.  

Cement solidification technology, from the 
results of the buried disposal of low-level 
radioactive waste, as a processing method that can 

satisfy the requirements described above, it is one 
of the options. In the past study,[1] the relationship 
between thermal influence, mechanical stability, 
and nuclide confinement was evaluated for the 
purpose of feasibility study of cement solidification 
technology. As a result, in the formulation 
conditions of 50% of the solidified body volume 
zeolite, cement solidification technique of cesium 
adsorption zeolite could be determined to be 
feasible. 

Furthermore, the main component of zeolite is 
silica and alumina, causing a reaction similar to the 
pozzolanic reaction, it was suggested that the 
zeolite itself is dense. 

The purpose of this study is to study the 
maximum mixing rate of zeolite by focusing on 
improving the reduction rate in waste bodies from 
the viewpoint of fresh properties, mechanical 
stability, and nuclide confinement performance. 
 
PRELIMINARY EXPERIMENT 
 

In this study, A preliminary experiment was 
conducted on the formulation used in the test. The 
mixing ratio is shown in Table-1. 

Blended with three types of zeolite mixing rate 
(75%, 80%,85%), water cement ratio (hereinafter,  
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W/C) three (0.8,0.9,1.0), high-performance AE  

reduction Water agent (hereinafter, SP) normal 
Portland cement (density: 3.16g / cm 3, specific 
surface area: 3340cm 2 / g) (hereinafter, OPC) was 
adjusted to 6% of, a total of nine formulations were 
examined. Particle size of the natural zeolite used 
(moldenite type) is 0.5mm or less, and mixed in a 
dry state. Zeolite is porous, the water absorption 
from the cement paste, since the decrease in 
workability is concerned, apart from the unit water 
volume, was added water absorption content in the 
outer crack. [2] Kneading mixing was carried out in 
a Mortar mixer. The procedure is shown below. 

1) Using a kneading machine, the kneading bowl 
and paddle were fixed in the mixing position. 
Then, the prescribed amount of water and 
afterward the cement were added. 

2) Immediately start the kneading machine at a 
low speed. 

3) After starting the kneading machine for 30 
seconds, put the specified amount of zeolite in 
30 seconds. 

4) Speed up and continue kneading for 90 
seconds. 

5)  Pause for 90 seconds and scrape off for the 
first 15 seconds of the pause. 

6)  After the pause, start again at high speed and 
mix for 60 seconds. 

 The table flow test was measured flow value of 
the formulation examined. The situation is shown in 
Fig.1and Fig.2. 

By the previous study, if the flow value is 
obtained 150mm or more, [3]it was set the criteria 
that there is sufficient liquidity. The results are 
shown in Fig. 3. Those flow value satisfies 150 mm, 
zeolite mixing rate 75 % water cement ratio 80 %  

 

 
Fig.1  ZV75%-0.8 flow test 
 

 
Fig.2  ZV75%-0.9 flow test 
 
(hereinafter, ZV75 %-0.8), zeolite mixing rate 

75% water cement ratio 90 % (hereinafter, ZV75 %-
0.9) because it was two types, this formulation was 
the subject of study.  
 
SPECIMEN PREPARATION 

Table 1 Mix proportion 

W OPC Z WZ
SP(ME)
C×6%

0.75 0.8 179 224 545 294 13.4
0.75 0.9 185 206 545 294 12.3
0.75 1.0 190 190 545 294 11.4
0.80 0.8 143 179 582 313 10.7
0.80 0.9 148 164 582 313 9.9
0.80 1.0 152 152 582 313 9.1
0.85 0.8 107 134 618 333 8.1
0.85 0.9 111 123 618 333 7.4
0.85 1.0 114 114 618 333 6.8

ZV W/C
Unit contents(kg/m3)
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 The kneading was carried out with a biaxial 

forced kneading mixer. In the past, we had 
considered a method of making cement paste by 
self-filling, but we thought that it is impossible to 
make it by self-filling because zeolite with a very 
small particle size of 0.5 mm or less is used. 
Therefore, the procedure is shown below. 

1) Add cement to the twin screw forced kneading 
mixer. 

2) Add one third of the total amount of water and 
mix for 30 seconds. 

3) Add half the total amount of zeolite and mix 
for 90 seconds. At this time, add 1/3 of the total 
amount of water while mixing. 

4) Add zeolite and water as in 3), and mix for 180 
seconds. 

5) After kneading, let stand for 5 minutes. 
6) Place it in the formwork and let it stand in a 

constant temperature room (20°C) for 2 days. 
7) After the curing period, cut and polish for each 

test. 
 This time, as the test piece, a cylindrical test 

piece was prepared. For the cylindrical specimen, a 
cylindrical plastic mold (φ=100 mm, h=200 mm) 
and a steel cylindrical form (φ=50 mm, h=100 mm) 
were used. The situation is shown in Fig.4 and Fig.5. 
 
CURING METHOD 
 

Curing method was sealed curing. Thus, by 
constant moisture inside the specimen, to block the 
effect of water from the external environment. 

Zeolite adsorbed cesium in consideration that it 
has a heating property, it was carried out high 
temperature curing. As realistic concentration 
adjustment is performed through the half-life, 
curing temperature was set to 80°. Curing period is 
7 days, 28 days, and 91 days. Fig. 6 shows the 
sealing process.  
 

COMPRESSIVE STRENGTH TEST 
METHOD 
 

 Compressive strength test, in accordance with 
the compressive strength test method of concrete 
(JIS A 1108), was carried out. 
 
ELECTROPHPRESIS TEST METHOD 
 

Electrophoresis test was carried out in 
accordance with the “TEST METHOD FOR 
EFFECTIVE DIFFUSION COEFFICIENT OF 

Fig.4 Cylindrical plastic mold (φ=100mm, 
h=200mm) 

Fig.5 Steel cylinder formwork (φ=50mm, 
h=100mm) 

Fig.6  Sealed state 

Fig.3 Flow Value 
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CHLORIDE ION CONCRETE BY MIGRATION” 
(JSCE-G 571-2003)[4]Also, I show a photograph of 
the test in Fig. 7 This is a photograph of the 
diffusion cell originally developed in this 
experiment. 

Unlike the conventional experimental system, 
cells of NaCl solution side and NaOH solution side 
are considered to be divided. Thus, chloride ions 
move only the specimen, movement from the test 
body side junction surface is blocked. By any 
chance from the fine gap, even if the solution 
leakage has occurred, since there is no contact of the 
solution outside the specimen, it has the advantage 
that it is not reflected in the data.  
 

MERCURY POROSIMETRY METHOD 
 

In relation to the effective diffusion coefficient, 
measured the pore size distribution. The cut 
cylindrical specimen was crushed to a particle size 
of 2.5-5.0 mm, subjected to acetone immersion and 
furnace drying treatment of 24 hours, and those that 
stopped hydration as a sample. The test was carried 
out using a mercury-press-fitting porosimeter, 
focusing on the peak of the pore size, to evaluate the 
denseness of the specimen.   

In the mercury injection method, when mercury 
enters the void, 
The pore size was calculated from the injection 

pressure and the amount of mercury injected, and 
the pore structure was calculated. 

The relationship between the pressure at the 
time of mercury injection and the void diameter d is 
expressed by the Washburm equation (1) from the 
measured pressure p, the surface tension γ of 
mercury, and the contact angle θ between the 
mercury and the wall of the void. A schematic 
diagram is shown in Fig.8.[5] 

 
d= -(4γ/p) cosθ                 (1) 

 
COMPRESSIVE STRENGTH TEST RESULT 

 
Fig.9 shows the compressive strength test 

results. In the formulation of ZV75%-0.8, 7 days 
strength was 9.54 N/mm2, 28 days strength was 8.00 
N/mm2, and 91 days strength was 3.72 N/mm2. 
Strength was expected to improve over time, in this 
formulation, decrease trend was confirmed. 
Possible causes, by sealing during curing was not 
complete, drying shrinkage occurs, and a decrease 
in strength due to microcracks generated. In this 
experiment using a drying furnace that imparts a 
constant temperature of 80 degrees, by sealing the 
humidity, it was prevented a scatter of water. 
However, since the sealing was not complete, water 
will be released from the specimen, it is believed to 
have led to a change in pore structure from drying 
shrinkage. In addition, ZV75%-0.8 is poor filling 

Fig.9 Compressive strength test result 

Fig.7 Diffusion cell 

Fig.8 Schematic diagram of pore measurement 

Fig.10 ZV75%-0.8 specimen 
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property, it is also considered to be the cause of the 
strength reduction that was an individual with a lot 
of voids. The situation is shown in Fig.10. With 
respect to the decrease in strength, it shows a 
decrease in proportion to the passage of time. 
Therefore, at the stage of 91 days strength, but was 
greater than 1.5 N/mm2 is the reference value of the 
waste body, since the possibility of showing a 
subsequent downward trend remains sufficiently, it 
is considered that it is necessary to review. 

On the other hand, in the formulation of 
ZV75%-0.9, 7 days strength was 9.08 N/mm2, 28 
days strength was 9.34 N/mm2, it can be seen that 
the strength is increased. Therefore, ZV75%-0.9, 
compared to ZV75%-0.8, more cement volume 
mixed, strength is considered to have improved 
even 28 days strength. 91 days strength was 6.26 
N/mm2. As with ZV75%-0.8, it can be confirmed 
that it has decreased significantly compared to 28 
days strength. This is also the same as ZV75%-0.8, 
it is believed that the change in pore structure due 
to drying shrinkage has led to a decrease in strength.  

Both formulations in 91 days, significant 
strength reduction was observed. However, since it 
exceeded 1.5N/mm2 is a technical reference value 
of the waste body, mechanical stability at the 91 
days strength time was determined to have been 
evaluated.[6] However, since there is a possibility 
that it will continue to show a declining trend after 
this, it is necessary to consider. 

 
ELECTROPHPRESIS TEST RESULT 

 
Fig.11 shows the effective diffusion coefficient 

calculated by electrophoresis test. The vertical axis 
of the graph shows the value of the effective 
diffusion coefficient and is organized based on 1.0 
×10-12 m2/s. The horizontal axis shows the curing 
period, 7 days curing from the left, 28 days curing, 
and shows the 91 days curing. Focusing on ZV75%-
0.8, the execution diffusion coefficient of 3.07×10-

12 m2/s was shown in 7 days curing. In the 28-day 
curing, it shows the effective diffusion coefficient 
of 1.88×10-12 m2/s, it can be seen that it is 
decreasing. This is believed to be due to 
densification of the specimen inside. However, in 
the 91 days curing, the effective diffusion 
coefficient of 3.68×10-12 m2/s was shown, and an 
increase in the effective diffusion coefficient was 
confirmed.  

On the other hand, the 7-day curing of ZV75%-
0.9 showed the execution diffusion coefficient of 
3.33 ×10-12 m2/s / s. In the 28-day curing, it shows 
the effective diffusion coefficient of 2.38 ×10-12 
m2/s / s, it can be seen that it is decreasing. This is 
believed to be due to densification of the specimen 
inside. However, in the 91-day curing, the effective 
diffusion coefficient of 3.20 ×10-12 m2/s / s was 
shown, and the increase of the effective diffusion 

coefficient in 91-day curing was confirmed as well 
as ZV75%-0.8.  

In both specimens, at the time of 28-day curing, 
the promotion of hydration reaction from 7 days 
curing to 28 days curing, densification of the 
internal structure occurs, over 91 days curing, by 
promoting the pozzolanic reaction by zeolite, it was 
expected to be further densified. However, the 
effective diffusion coefficient increased in the 91 
days curing. Possible causes from this is a change 
in the pore structure due to long-term thermal 
history. Concrete as the heating temperature is high, 
chloride permeability and permeability is 
increased.[7] The long-term heat application, the 
temperature inside the concrete is increased, since 
the permeability of the chloride ions is increased, it 
is considered that the effective diffusion coefficient 
is increased. Further, the high temperature heat 
imparting, hydration reaction is promoted, at the 
time of 7-day curing is toward the end, in the 28-
day strength, pozzolanic reaction by zeolite is 
considered to have been toward the end.   
 
MERCURY POROSIMETRY RESULT 
 

Fig.12 shows the pore size distribution of 
ZV75 %-0.8. Both specimens can be seen that there 
is a gap from 10 nm to 100 nm. This is believed to 
be those that the gap of the zeolite is reflected. In 7  
days curing, but the first peak is at 30 nm, in the 28 
days curing, the first peak is 20 nm. Similarly, the 

Fig.12 Pore size distribution ZV75 %-0.8 

Fig.11 Effective diffusion coefficient 
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second peak that was present in the vicinity of 1000 
nm of 7 days curing has a second peak in the  
vicinity of 100 nm of 28 days curing, the void of 
100000 nm from 10000 nm of 7 days curing, it can 
be confirmed that it has become a third peak that is 
present in the vicinity of 1000 nm of 28 days curing. 
Therefore, ZV75%-0.8 from 7 days curing to 28 
days curing, it was confirmed that it is densified. 
This pozzolanic reaction of hydration reaction and 
natural zeolite by cement is affected, it is considered 
to be those densified.  

Fig.13 shows the pore size distribution of 
ZV75%-0.9. And Fig. 14 shows the pore size 
distribution of zeolite. ZV75%-0.8, it can be seen 
that there is a gap between 10 nm and 100 nm in 
both specimens. This is believed to be those that the 
gap of the zeolite is reflected. In 7days curing, the 
first peak has 80 nm from 10 nm, the second peak 
can be seen to be present in the vicinity of 1000 nm. 
In 28 days curing, it can be seen that the first peak 
is present in 40 nm from 10 nm. Further, the second 
peak is present in the vicinity of 100 nm. When 
comparing the 7 days curing and 28 days curing, 
almost unchanged, pore size distribution is 
consistent. Further, it can be confirmed that the data 
of the void structure from 10 nm to 50 nm is 
unstable.  
 
CONCLUSION 
 

(1) In this study, a solidified body with a high 
mixing ratio, in which 75 % of the whole specimen 
was zeolite, could be prepared by the blending 
examination.[6] 

(2) The compressive strength of all the specimens 
reached 1.5 N/mm², which is considered to be the 
technical standard for waste, and the mechanical 
stability could be evaluated. However, it is 
necessary to improve the fresh property, because 
the individual difference greatly appeared due to the 
voids caused by the poor filling property, especially 
in ZV75 %-0.8. 
(3) The hydration reaction and the pozzolanic 

reaction were accelerated by the application of heat 
history, and the compressive strength and the 
effective diffusion coefficient showed peaks after 
28 days of curing. However, structural changes and 
fine cracks will begin to occur on the 91 days, so 
there is room for further improvement in 
consideration of the amount of calcium hydroxide 
produced. 
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ABSTRACT 
 
Every year a large number of plastic wastes are generated throughout the world which is a major threat to the 

environment due to its non-biodegradable nature where polypropylene consists of more than 35 percent of the total. 
These plastics need to be recycled and reused in an environment friendly way. On the other hand, for construction 
purposes an alternative of natural stones, whose reserve is depleting, must be sought. Therefore, aim of this study 
is to investigate the compressive, tensile and pull-out strength of concrete partially mixed with recycled waste 
polypropylene (PP) as a coarse aggregate. In order to evaluate the strength of concrete, twelve different mixes are 
considered where stone chips are replaced by PP at 10% and 20% (by volume) with four different water-cement 
ratios (0.35 and 0.4 with admixture; 0.45 and 0.5 without admixture) and compared with concrete with no PP 
aggregate. At 90 days, for concrete with 10% PP replacement compressive strength reduction was between 4% 
and 26%; whereas, tensile strength decreased from 7% to 11%. The results of pull out strength reveals that in most 
cases concrete with 10% PP replacement have higher pull out stress compare to concrete without PP.  Finally, the 
use of 10% PP in concrete is safe and can generate strong structural elements. 
 
Keywords: Polypropylene, Composite concrete, Compressive strength, Pull out strength, Split tensile strength 
 
 
INTRODUCTION 

 
Civilization has made the waste disposal and 

waste management a major natural concern 
worldwide. Now a day, the plastic products have 
become one of the most essential material of our 
civilized lifestyle; and thus the global plastic 
production has increased immensely during the past 
50 years [1]. Among various waste materials, plastic-
based waste materials are worst as they don't 
effectively debase or decayed [2]. Plastic is accessible 
nearly all over and its utilization around the world 
expanded from 5 million tons to almost 335 million 
tons amidst the year 1950–2016 [3]. Only around 7% 
of these produced plastics are recycled, and the rest 
are went to the landfill and polluting the earth. Hence, 
plastic wastes are considered to be a serious 
environmental problem universally. According to 
statistical report, around 34% of these huge plastic 
wastes are polypropylene found in municipal solid 
waste [4].  

Currently, the global concrete consumption is 
estimated around 25 billion tons per year and annual 
coarse aggregate (stone) usage is more than 3.9 
billion tones [5]. The use of waste product like 
plastics in concrete not only makes it economical but 
also helps in reducing the plastic waste disposal 
problems. 

The use of polypropylene (PP), due to its low unit 
weight, reduces the unit weight of concrete which 
results in a reduction in the dead load of a structural 
concrete member of a building. Reducing a building's 
self-weight would help reduce the building's seismic 

risk, as the earthquake forces are linearly dependent 
on the dead weight. Application of recycled PP as a 
partial substitute of coarse aggregate in concrete 
offers certain advantages, i.e. reduction in the usage 
of natural resources, low cost alternative to 
conventional aggregates, recycling of polymer waste, 
avoidance of contamination and energy savings. 

Polypropylene (PP) is an affordable and plentiful 
thermoplastic used in a wide variety of applications 
including food packaging, textiles, laboratory 
equipment, vehicle parts, and banknotes. It is slightly 
harder, more heat resistant, mechanically rugged 
material; and has a high chemical resistance [6]. It is 
the second-most widely produced commodity plastic 
and can be used in making composite concrete for its 
excellent material property [7]. The melting point of 
polypropylene is exceptionally high compared to 
other plastics at 320°F (160°C). 

Several studies have been carried out in recent 
years on specific types of composites such as concrete 
with PP fibers and PET aggregates, but not much with 
crushed PP aggregates and particularly with regard to 
pull out strength.  Therefore, in the present study 
emphasize is given on to finding out compressive 
strength, pull-out strength and tensile strength of 
concrete with polypropylene as partial replacement of 
coarse aggregates at various proportion.  

 
MATERIALS 

 
For the experimental work, stone aggregates and 

recycled waste PP were used as two different types of 
coarse aggregates. Specification of aggregate was 
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selected based on the ASTM C33 [8]. Ordinary 
Portland Cement (OPC) has been used as binding 
material for this research work. River (Lalakhal, 
Sylhet, Bangladesh) sand, as demonstrated in Fig. 
1(a), has been collected and used as fine aggregates 
(FA). Coarse aggregate (CA) as crushed stones were 
purchased from local market according to required 
quantities and displayed in Fig. 1(b). Shredded PP 
aggregate, as shown in Fig. 2, was used as partial 
replacement of coarse aggregate. Polypropylene (PP) 
aggregate was prepared using a collection, washing, 
and scraping procedure. It had been melted and 
cooled into a certain shape after that. Such plastic 
cooled molds were then shredded into different sizes. 
This process made the surface of the concrete rough 
and little porous that could result in better bonding 
behavior in concrete.  
 

 
 

Fig. 1 Aggregate: (a) coarse, and (b) fine. 
 

 
 
Fig. 2 Processed polypropylene (PP) aggregates 
 
 

The properties of materials were determined by 
conducting laboratory tests, such as aggregate sieve 
analysis (ASTM C 136) [9], specific gravity and 
absorption capacity of coarse and fine aggregate 
(ASTM C 127 and ASTM C 128) [10-11], unit weight 
(ASTM C 29) [12], aggregate impact value (AIV) 
(BS 812-112) [13], and aggregate crushing value 
(ACV) (BS 812-110) [14]. The properties of the 
materials are summarized in Table 1. 

Water-reducing admixture following ASTM C 
494 [15], to maintain uniform workability for lower 
water-cement ratios (0.35 and 0.40), was used for all 
combination of fresh concrete. The specific gravity of 
admixture was 1.21. 
 

Table 1 Properties of coarse and fine aggregates 
 

Description Crushed 
Stone 

Polypropylene 
(PP) 

Sand 

Maximum Size 
(mm) 19 12 - 

Fineness 
Modulus 7.12 6.77 2.46 

Specific 
Gravity 2.61 0.85 2.7 

Water 
Absorption 
(%) 

0.36 0.3 2.8 

Compacted 
Unit Weight 
(kg/m3)  

1560 622 1604 

AIV 20.3 0.47 - 
ACV 21.85 3.6 - 

 
METHODOLOGY 

 
Using plastic waste as aggregate in construction is 

an economical and green concept of modern civil 
engineering [16]. To achieve the objectives of this 
study, a number of experiments have been conducted 
in the laboratories. The concrete samples were 
prepared with 0%, 10% and 20% replacement of PP 
as coarse aggregate with four different w/c ratios 
(0.35, 0.40, 0.45 and 0.50). Concrete cylinder 
samples, 100 mm x 200 mm, were prepared as per 
requirement of the test methods following ASTM C 
192 [17]. The compressive strength was determined 
after 7 days, 28 days and 90 days. The splitting tensile 
strength was determined after 28 and 90 days. 
Moreover, a total of 36 concrete cylinders inserted 
with steel bars, as shown in Fig. 3, were casted for 
pull out strength determination at 28 days. All the 
specimen was cast in steel molds and compacted 
using an internal vibrator. After casting, the 
specimens were stored in a humid room for 24 hours 
then demolded. After demolding the specimens were 
cured in a water tank at controlled temperature (23 ± 
2°C) condition for 28 days except for samples that 
were tested at 7 days. 

 
 

Fig. 3 Specimen for pull out strength test. 
 
Mix Design  

(a) (b) 
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Twelve different concrete mixtures were prepared 

for this study. Among them, six were prepared with 
admixtures and the other six were without admixtures. 
Mix design for the concrete specimens was proposed 
considering stone chips with three different partial 
replacement of PP (0%, 10% and 20% by volume) 
along with four different water cement ratios (0.35, 
0.40, 0.45 and 0.50). Each mix design was designated 
with a unique name for ease in referencing within the 
text. Table 2 shows the mix proportion for 1 m3 of 
concrete. 
 
Table 2 Mix design for 1m3 of concrete 
 

Desig
nation 

Water 
(kg) 

Ce
m 

(kg) 

CA 
(kg) 

PP 
(kg) 

FA 
(kg) 

Ad
m. 
(l) 

WC3
5P0 

206 589 977 - 487 1.85 

WC4
0P0 

206 514 975 - 552 1.23 

WC4
5P0 

205 456 972 - 605 - 

WC5
0P0 

205 410 972 - 643 - 

WC3
5P10 

206 589 879 39 474 1.85 

WC4
0P10 

206 514 877 39 539 1.23 

WC4
5P10 

205 456 875 39 592 - 

WC5
0P10 

205 410 875 39 630 - 

WC3
5P20 

206 589 781 78 461 1.85 

WC4
0P20 

206 514 780 78 526 1.23 

WC4
5P20 

205 456 778 77 579 - 

WC5
0P20 

205 410 778 77 617 - 

Note: WCXPY, “X” stands for the water cement ratio 
and “Y” stands for percentage of PP replacement. 

 

Testing Procedure 
 
The compressive strength test, as shown in Fig. 

4(a) was performed according to ASTM C 39 [18] 
and the loading rate was kept at 0.25 ± 0.05 MPa/sec. 
The splitting tensile strength was performed 
according to ASTM C 496 [19]. Pull out strength 
determination was conducted according to ASTM C 
900 [20]. The test setup for different tests are shown 
in Fig. 4. 

  
 

 
Fig. 4 Test setup (a) compressive strength test, (b) 

splitting tensile strength test, (c) Pull out 
strength test of concrete. 

 
RESULTS AND DISCUSSIONS 

 
The effect of using Polypropylene chips as a 

partial replacement of coarse aggregates on 
compressive strength, splitting tensile strength and 
pull out strength are presented in this section 

 
Effect on Compressive strength 

 
The compressive strengths at 7, 28 and 90 days 

after casting were measured for all type of concretes. 
Figure 5 represents some of the failed concrete 
cylinders under compressive force. In most cases, 
failure was limited to cone and shear failure. An 
illustrative comparison of compressive strength 
among various mixes are also shown in Fig. 6 and Fig. 
7.  

Overall, it is seen that the compressive strengths 
are increased almost 32% and 48% at 28 days and 90 
days compared to 7 days. Based on the test data, it can 
be seen that, concrete with PP produces lower 
strength compared to regular concrete with no PP 
content. This is expected as synthetic PP does not 
bond well with the binding material used in concrete. 
However, with increase in concrete age interfacial 
transition zone between the aggregate and cement 
matrix gain strength. It is evident from the test results 
as variation in concrete compressive strength 

(a) (b) 

(c) 
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becomes less at 90 days (4 to 26%) compare to the 
compressive strength variation at 28 days (14 to 27%). 
For concrete with w/c ratio of 0.4 and admixture, 
compressive strength at 90 days was 44.3 MPa 
compare to the control concrete with compressive 
strength of 46.2 MPa. However, with 20% PP 
concrete reduction was higher with 37.2 MPa 
compressive strength.  

Adding admixtures at lower w/c ratios reduces the 
compressive strength variation for concrete with PP, 
especially for 10% replacement. As observed from 
the Fig. 6 and 7, at 90 days compressive strength 
variations are only 13% and 4% for concrete with 
admixture and w/c ratios of 0.35 and 0.40, 
respectively. On the other hand, compressive strength 
variations at 90 days are 16% and 14% for concrete 
no admixture and w/c ratios of 0.45 and 0.5, 
respectively. Replacing stone aggregate with PP 
aggregate reduces the compressive strength of 
concrete. However, the minimum strength is 27.2 
MPa for concrete with 20% PP and w/c ratio of 0.50 
which is still high enough to be used in structural 
concrete. 

   
Fig. 5 Failure of concrete cylinder under 

compressive force. 
 

 
Fig. 6 Compressive strength comparison of 

concrete samples with admixture and w/c 
ratio of 0.35 and 0.40 

 

 
Fig. 7 Compressive strength comparison of 

concrete samples without admixture and 
w/c ratio of 0.35 and 0.40 

Effect on Tensile Strength 
 
 The tensile strengths at 28 days and 90 days after 

casting were measured according to ASTM C496 for 
all type of concretes. Specimen after the tensile test is 
shown in Fig. 8. Comparison of tensile strength 
among various mixes are illustrated in Fig. 9 and Fig. 
10. Based on the test data, it can be said that, concrete 
with PP produces little lower tensile strength 
compared to regular concrete with no PP content. The 
tensile strengths are decreased with increasing w/c 
ratio. Among all the w/c ration at 28 days, for 10% 
PP replacement the relative reduction of strength was 
between 3% and 15% and the minimum strength was 
3.2 MPa at the w/c ratio of 0.50. For 20% PP 
replacement the relative reduction was between 20% 
and 24% and minimum strength was 2.7 MPa. Similar 
trend is also seen for test results at 90 days.  

 

 
Fig. 8 Specimen after split tensile test. 
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Fig. 9  Tensile strength comparison of concrete 

samples with admixture and w/c ratio of 
0.35 and 0.40. 

 

 
Fig. 10.  Tensile strength comparison of concrete 

samples without admixture and w/c ratio of 
0.35 and 0.40. 

Relationship between Compressive and Tensile 
Strength 

 
 The relationship between the compressive and 

tensile strength for 0, 10 and 20% PP replaced 
concrete, as shown in Fig. 11, indicates that tensile 
strength increases with increasing compressive 
strength. Based on the test results an equation is 
proposed for tensile strength with moderate 
correlation (R2 = 0.775). Babu et al. [21] used 
expanded polystyrene (EPS) in concrete and 
proposed an expression for splitting tensile strength. 
ACI 318 [22] also provides a guideline for calculating 
splitting tensile strength from the compressive 
strength. Both these equations along with the 
proposed equation is illustrated in Table 3 and Figure 
11. As observed from Figure 11, equation proposed 
by Babu et al. overestimates the tensile strength. ACI 
318 equation gives better prediction for compressive 
strength from 27 to 38 MPa only.  

 
Table 3 Equations for split tensile strength 
 

Designation Equation Aggregate 
type 

Proposed Eqn. 𝒇𝒇𝒕𝒕 = 𝟎𝟎.𝟐𝟐𝟐𝟐𝟐𝟐𝒇𝒇´𝒄𝒄𝟎𝟎.𝟕𝟕𝟕𝟕 PP+NA 
Babu et. al [21] 𝒇𝒇𝒕𝒕 = 𝟎𝟎.𝟐𝟐𝟐𝟐𝟐𝟐𝒇𝒇´𝒄𝒄𝟎𝟎.𝟕𝟕𝟕𝟕 EPS 

ACI 318 [22] 𝒇𝒇𝒕𝒕 = 𝟎𝟎.𝟓𝟓𝟓𝟓𝟓𝟓𝒇𝒇´𝒄𝒄𝟎𝟎.𝟓𝟓 NA 
 
Here: f´c = compressive strength at 28 days; ft = splitting tensile 
strength at 28 days. 

 

 
Fig. 11  Relationship between compressive and 

tensile strength  
 
Effect on Pull out Strength  

 
 The pull out strength test was conducted 

according to ASTM C 900. In this test method, the 
strength was determined by pulling a cast in place 
insert rebar by means of a jack reacting against a 
bearing ring. The pull out strength was determined by 
measuring the maximum force to pull the inserted 
rebar from concrete mass. All the measured forces 
and corresponding pull out strengths for various 
combinations are demonstrated in Table 4.  
 
Table 4 Pull out strength of concrete specimens 
 

Designation Pull out 
Force, (kN) 

Pull Out Stress 
(MPa) 

WC35P0 42.3 5.95 
WC35P10 37.8 5.31 
WC35P20 26.3 3.70 
WC40P0 38.1 5.34 
WC40P10 43.7 6.14 
WC40P20 22.9 3.22 
WC45P0 31.1 4.36 
WC45P10 36.2 5.08 
WC45P20 22.5 3.16 
WC50P0 24.8 3.48 
WC50P10 28.8 4.04 
WC50P20 22.5 3.14 
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Fig. 12  Concrete conic frustum of cast in place 
rebar in pull out test. 

From the pull out force data it can be observed that, 
for all four types of water cement ratios, with the 
increment of PP percentage the bonding strength 
between the concrete and rebar decreases. However, 
except for concrete with w/c ratio of 0.35, the 10% PP 
replaced concrete showed 14 – 17% higher bonding 
strength than the control sample with no PP concrete. 
Higher pull out strength indicates good bonding 
behavior between the rebar and concrete with 10% PP 
replacement. 

CONCLUSION 

Compared to regular concrete, PP concrete has the 
lower compressive strength as well as the lower 
tensile strength. It is to be expected as the synthetic 
nature of the PP provides lesser bonding with the 
cement mortar compare to the natural stone aggregate. 
Based on the experimental results following 
observations can be made: 

i. With increase in age interfacial transition zone of
PP concrete improved and gave lower variation. 
For concrete with admixtures (w/c ratios of 0.35 
and 0.4) and 10% PP replacement, variations in 
concrete strength at 28 days were 20% and 13%, 
respectively; whereas, variations at 90 days were 18% 
and 4%, respectively.   

ii. Compressive strength is reduced with PP percentage
increase. However, concrete w/c ratios of 0.45 and 
0.50, and 20% PP replacement still produced 
minimum of 33 MPa at 90 days.  

iii. Tensile strength of PP concrete showed better
performances. Concrete with 10% PP replacement 
showed reduction up to 11% at 90 days for all w/c 
ratios.  

iv. Except for w/c ratio of 0.35, concrete with 10% PP
replacement showed higher pull out strength compare 
to the concrete without PP.  

v. Therefore, it can be concluded that the recycled PP with
an optimum percentage can be adopted as partial 
replacement of coarse aggregate in concrete used for 
structural purposes. 
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ABSTRACT 

Renewable energy is rapidly becoming an alternative to fossil fuel-based energy generation. With new 

innovative advances in renewable energy technology more so solar energy, and the markets improving, solar panel 

prices have become more affordable. Currently, more and more countries are opting for solar power energy. Owing 

to urbanization and population increase on flat terrains, finding flat lands to accommodate this technology is 

becoming more difficult. This review hence provides an expert view on how to suit the emerging energy source 

by venturing ideas into solar panel installation techniques on sloping land and offshores to offer an alternative 

solution to this flat terrain land scarcity problem.  Only a handful of companies handle the latest design and 

installation techniques of solar panels on slopes and offshores. These companies make use of engineering 

structures such as piles, cables, and anchors to achieve the best foundation capacities in these potential areas. This 

paper, therefore, aims to provide a review of a couple of designs that have been used to best suit the two suitable 

installation locations that act as the best alternatives to the flat land terrains. Furthermore, the potential effects of 

solar panel installation, such as slope instability, offshore wave fluctuations, photovoltaic shading, the factor of 

safety, ultimate foundation capacity and several foundation design considerations such as the seismic response, 

foundation geometry, lateral and pull-out capacities act as the primary considerations for the future research 

prospects. 

Keywords: Solar energy, Sloping land, Offshore, Piles, Cables, Anchors. 

INTRODUCTION 

Recently, the demand for renewable energy has 

started to increase globally. A report published by the 

World Bank, within the last decade, shows there has 

been an increase in the levels of electrification. This 

electrification has seen an increase from 83% world 

population in 2010 to 89% world population in 2017 

in most of the areas with abridged grid connectivity 

rates more so in the developing countries. With a 

2030 target for 92% electrification globally and 

access to clean energy, the exertions have led to an 

increase in the number of researches on this field with 

more emphasis on the production of green energy 

concerning the goals towards low carbon emission. 

[1][2] 

With the increase in electrification on the rise in 

some parts of the World, accessibility to electricity 

has had a tremendous sharp decline due to rising 

populations and economic factors. Some of the 

common challenges facing the energy sector include 

low electrification levels, high grid, and related 

system losses, persistent power interruptions and 

power shortages, high electricity prices, unstable 

power prices caused by volatile oil prices, the 

institutional governance and related operational 

challenges including lack of synergy and duplication. 

The global population without access to the electricity 

grid is, as shown in figure 1 below. [3]  

The lack of access to the main electricity grids in the 

regions affected contributes to the gap in access 

between the urban areas and the rural areas. As a 

result, there has been a hike in the installation of off-

grid electricity supply systems, and the major 

contributor to the off-grid systems is electricity from 

renewable sources, more so, solar energy through 

Solar Home Systems, SHSs. [4]  

Fig. 1. Regional shares of the global energy access 

deficit, in total and along the urban/rural divide, 

1990 and 2017, (Source: World Bank) [3] 

The shifting to solar energy preference for the off-

grid connectivity is on the boom since 2017, where to 

date, about 120 million of the global population had 

access to the basic electrification systems like solar 

lights below 11 watts. This off-grid connectivity is 

evident in countries like Kenya, Benin, Rwanda, 

Burkina Faso, Tanzania, Papua New Guinea, Fiji, 

Jordan, Samoa, and Vanuatu.  Based on data from the 
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International Renewable Energy Agency (IRENA) on 

off-grid solar home systems installations, access to 

mini-grids increased by 16% between 2015 and 2017 

in several countries more so in sub-Saharan Africa, 

Asia, and the Pacific regions as shown in Figure 2 [5]. 

With these rising trends and an indication of the 

advancement and maturity of off-grid and or mini-

grids technology, there is potential to fully exploit all 

the ventures in engineering design and research for 

better suitable and economic systems to support the 

dream of solar energy provision in the developing 

countries. [6] 

Fig. 2 Top 20 countries with the highest share of 

solar lighting systems 2017 (Source: IRENA, 

International Renewable Energy Agency). [5]. 

Solar energy tops the list when it comes to 

availability, cleanliness, and the abundance in most 

parts of the World. As for developing countries with 

low economies, solar energy is a viable solution to 

energy distribution because most of these countries 

have more than nine hours of sunshine per day. Figure 

3 below is a burst of sunshine tracking record along 

the equator, northern hemisphere, and the southern 

hemisphere regions that experience at least nine hours 

of sunshine throughout the year [7]. 

Fig. 3 World - Sunrise, sunset, dawn and dusk times, 

(Source of Sunrise, sunset, dawn and dusk times 

around the World, www.gaisma.com, Accessed 

2020.03.25.) [7] 

With the abundance of solar panels in the 

production line, comes another challenge of where to 

install them. Flat terrains are a huge attraction when 

it comes to the development of engineering projects. 

A question, therefore, arises that, what next, when the 

flat terrain landscape becomes scarce?  An 

exploration of the next available land terrains then 

becomes handy. This review paper focuses on two 

relatively new topographical conditions that have the 

potential to expand solar energy generation in many 

countries; slopes and offshore. The main areas under 

consideration are sloping lands with higher slope 

degrees, and offshore areas of islands, freshwater 

lakes, abandoned quarries, lagoons, water pans, 

irrigation canals, and salty water in oceans and seas. 

It is paramount importance to conduct this study as 

there is still a limited number of researches conducted 

on these locations, which could be new data assets for 

future research. 

SLOPES 

Engineering construction works such as the 

construction of photovoltaic systems have, for long, 

neglected sloping lands. However, with the depletion 

of the low terrain lands in most parts of the World, it 

leaves us with one option that is to explore the unused 

slopes. Another factor contributing to the utilization 

of the sloping land is the high prices associated with 

low terrain land, which in most countries are either 

allocated for agriculture or city expansion projects. 

With the increasing demands of energy by the 

enlarging cities, we, therefore, propose the utilization 

of the sloping lands for generating green energy 

through the installation of solar panels.  

For the last decade, piles stabilized slopes and 

became one of the most commonly used slope 

reinforcement techniques in the construction industry, 

more so in the ground mount photovoltaic systems. 

Due to the unique stabilization setups of piles, 

analysis of the interaction of the piles with the 

surrounding soils have employed different methods, 

both numerically and analytically [8-12].  Some of 

these analyses include El Sawwaf (2006) and (2008) 

who use a series of shallow rigid piles to examine the 

influences generated in sandy sloping soils [13,14] 

while Chen & Martin (2001), conducted an analysis 

based on the finite element method to determine the 

effect generated by the installation of piles near the 

crest of slopes [15]. Besides, another study by 

Georgiadis & Georgiadis (2010), examined the 

effects of piles on sloping land under the undrained 

lateral loading conditions using FEM and concluded 

that the soil adhesion has a significant role to play on 

the pile-soil lateral capacity [16]. 

Concept of slope mounted photovoltaic systems 

Developing any engineering structure on slopes is 

not a commonly practiced phenomenon due to the 

challenges involved and the complexities of the 

project design. Nevertheless, such locations can be 

made available by conducting thorough analysis and 
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understanding of the required slope parameters to 

support any structure imposed on them, including in 

this case the ground mount solar photovoltaic systems. 

Figure 4 represents a ground-mounted photovoltaic 

system on slopes. 

This engineering concept involves the use of 

single piles to locate the solar panels on sloping land 

hence making use of somewhat an idle land. Since the 

slope is already at an angle to the sun, the amount of 

solar irradiance to the solar cells is improved, and 

higher energy tapping efficiencies achieved. This 

technology tackles two engineering problems, i.e., .to 

use the installed piles to act as the ground stabilizers 

to curb ground slip and to provide green energy to the 

consumers nearby. 

Fig. 4 Slope mounted photovoltaic support structures 

Slope mount design components 

Foundations 

In this field of engineering construction, a few 

companies have been able to come up with solar 

farms on sloping lands due to numerous factors that 

arise into play when it comes to the viability and 

strength of the foundation. Hence a comprehensive 

evaluation based on the slope stability, ease of 

installation, and ultimate pile bearing capacity need 

to be done. All the previously stated researches, bring 

about an important parameter that needs more 

attention called lateral and axial capacity. The lateral 

and axial capacity of piles, both shallow and deep, 

requires an in-depth understanding of the interaction 

of the pile and the surrounding soils to be able to 

evaluate the ultimate bearing capacity [17-19]. To 

further understand the interaction of the piles and the 

surrounding soil medium, numerical solutions have 

also been used in past researches to illustrate how the 

ground mount photovoltaic support structures 

responded during both lateral and axial loading. A 

seamless example was the use of civil engineering 

software FLAC2D incorporating the Finite 

Difference Method to simulate the foundation 

response and the ultimate foundation bearing capacity 

[20,21].  

Also, in this specific field of support structures in 

the solar industry, most of the foundations involved 

were majorly targeting lands with low degrees of 

slope angle. Some of the support structures in use 

today include the driven piles, screw piles, concrete 

piles, and the ballasted piles. Their principal design 

considerations focused on the ability to support the 

structures above ground with minimum consideration 

to the ground response when it comes to extreme 

conditions such as those experienced in sloping lands. 

The flaws associated with such design led to the 

development of different types of foundations to be 

used in a single project, as witnessed in most solar 

farms. These assemblies of different support structure 

arrays have a higher risk of inducing an imbalance in 

the ground in-situ parameters hence failure more so if 

used in sloping land. 

Photovoltaic mounting systems 

The mounting systems component is very crucial 

for any photovoltaic installation. In most cases, the 

use of aluminum frames has been practiced due to 

lightweight and quality while ensuring strength. A 

quality mounting frame should attach easily to the 

foundation structure and should be able to hold a good 

number of the photovoltaic modules over the area 

specified. [22-27] 

Solar photovoltaic modules 

These are the main energy tapping components of 

the solar farm. The module consisting of photovoltaic 

cells use sunlight as the energy source to produce 

direct current. To this time, most of the photovoltaic 

modules consist of wafer-based crystalline silicon 

cells or thin-film cells. With the hiking progress on 

photovoltaic system developments, detailed 

researches on various kinds of modules depending on 

the prevailing environmental conditions such as 

shading, dust accumulation, heat dissipation, 

performance characterization, temperature 

dependence, to improve on efficiency have been 

carried out [28-33]. Non the less more evaluations 

have also been done considering the cost and 

performance criterion [34]. 

Cables, Batteries and Inverters 

Once the solar photovoltaic modules are setup, 

cables need to be then connected to transfer the power 

to inverters and batteries. While the inverter housing 

can be built further away on the well-leveled ground, 

the cables from different photovoltaic arrays must be 

connected and aligned along the slope length to the 

inverter housing. Batteries, on the other hand, are 

used to store the direct energy generated for use in the 

absence of the sun.   

Slope mount design aspects 

Slope base 

Foundation 

Solar Panel frame 

Slopping land 

Anchor depth 

Slip 

surface 
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Site topography 

Before commencing the development of solar 

panel ground mount structures, survey procedures are 

necessary to establish the critical ground features for 

the design to be viable. Some of the features checked 

in this case include the slope angle, the slope 

orientation to the sun, and if the geometry of the 

proposed project area can accommodate the 

photovoltaic modules according to the projected 

power output. 

Foundation depth and Pile length 

To further understand the phenomenon of the pile 

and soil interaction, understanding of the pile element 

properties and the forces that are induced to the pile 

by soil movements is essential. The performance of a 

pile in a slope will be much dependent on the 

foundation depth and pile length. The interaction 

between these two parameters produces the soil 

induced driving forces, the earth pressures, and the 

reaction forces applied to the unstable sloping terrain. 

Hence a thorough design and analysis should be 

conducted to investigate their responses on sloping 

terrains. 

Slope slip surface 

The slips surface is the failure plane upon which 

the sloping bank is liable to fail when there is an 

imbalance on the forces imposed on it. In most 

instances, for extreme high slopes, the use of anchors 

is practiced to hold the different layers to the failure 

plane. Nevertheless, considering the soil strengths in 

some given projects, pile have been used to perform 

the same purpose when deeply rooted into the ground. 

Deep piles ensure the stability of the ground at higher 

slope angles without failure hence increased factor of 

safety of the sloping land as will be discussed in some 

of the existing structures later in this paper 

Ground drainage patterns 

Groundwater discharge capability is another 

imperative factor worth considering when 

undertaking construction on slopes to ensure proper 

water flow and liquidity. An increase in the water 

pressure in the soil is the number one contributor to 

slope failure. Besides, solar panel shadowing effects 

may induce the differences in the water retaining 

abilities of the soil as compared to the in-situ state due 

to the influence on zones for water infiltration. 

Therefore, in the design of solar panel farms, 

shadowing effects on-site drainage should be 

considered. 

Loading patterns 

In addition to the earth forces, most engineering 

structures exposed to outward forces that may 

experience detrimental effects on the structures if not 

adequately incorporated into the design loading 

calculations. These loadings include incidences such 

as strong winds (Typhoons), cyclones, and seismic 

forces from earthquakes and landslides. For this 

reason, slopes are susceptible areas, and a detailed 

analysis is essential to examine the static and dynamic 

response upon photovoltaic structure inclusion. 

Existing solar farm on sloping land 

As can be seen previously, constructing solar 

farms on sloping land is no easy feat. Nevertheless, 

there have been successful construction projects as 

investigated next. The first large-scale solar power 

plant, known as the Dream Solar Higuchi Nagasaki is 

in Togitsucho, Nishisonogi-gun, Nagasaki Prefecture, 

and constructions were completed on September 

2015 by the Daiwa Lease Co Ltd (Fig.5) 

Fig. 5 Dream Solar Higuchi Nagasaki foundation 

designs (Source: Daiwa Lease/Daiwa House 

Industry, Nikkei B.P., Photos of Type B Daiwa 

Lease/Daiwa House Industry) 

This solar power plant has an output of about 

15MW and located on the southern slopes of a former 

hilly golf course. The initial planning of the solar 

power plant took into consideration the types of 

foundations needed for the solar panels. Since the 

mountain terrain was previously a golf course, the 

Daiwa Group optimized on the situation and did not 

do significant landscaping of the slope. Instead, the 

company only cut down a few trees on-site to array 

solar panels more evenly. Due to the undulating slope 

terrains, the company used four kinds of foundations 

to strengthen the solar array which includes, use of 

the precast concrete ballast blocks for the flat areas, 

precast blocks with ground anchors for areas with 

higher slope degrees, rock anchors for areas where the 

slope was even more than the later and piles. 

Ultimately a technique was used to hammer in the 

piles while crushing the bedrock to ensuring excellent 

grip at the soil pile interface. Subsequently, the panel 
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assemblies were attached to the foundations while 

maintaining the lowest possible eccentricity to 

dampen all the moments that may arise when acted 

upon by outward forces [35,36]. 

Next, taking a look into the Exeo Matsue Solar 

Farm, which was constructed by Kyowa Exeo Corp, 

provides us with an understanding of pile foundations 

construction. This solar farm has a capacity of 2.3 

MW and is located in Matsue City, Shimane 

Prefecture, as shown in figure 6. 

Fig. 6 Exeo Matsue Solar Farm H Pile foundations 

assembly (source: Kyowa Exeo) 

The support structure consisted of a reinforced 

concrete pile inserted at a depth below the ground and 

used as a post above ground. The type of reinforced 

concrete pile used was called the H Pile, a Shinei 

Tech Co Limited concrete secondary pile product. 

Since the H pile could adapt quickly to the sloping 

terrain, the strength further improved by the inclusion 

of the mounting systems that allowed for ease of 

attachment of the solar panels above by anchorage 

into the concrete column. This installation was an 

efficient setup since the slope was facing the southern 

direction hence direct nominal irradiance and 

consisted of 1,900 concrete pile driven into the slope 

covering a rented area of about 25,000m2 [37]. 

Also, Kanagawa prefectures largest solar plant, 

Ashigara Oi Solar Way is a perfect example of a solar 

plant located in a hilly environment. This plant covers 

a former testing ground site from Komatsu Limited. 

With an output of 13MW, the solar plant is a perfect 

example of how idle lands can be converted and made 

useful by setting up renewable energy power 

generation plants. The joint effort between Toko 

Electrical Construction, Kumagaigumi Co Limited, 

and Aizawa Concrete Corp (Tomakomai City, 

Hokkaido) came up with a strong foundation that 

would withstand the weight of the solar panel arrays 

and also taking care of the sloping ground challenges 

involved at such locations uphill, i.e., slope stability. 

As a result of the joint venture, a multipurpose high-

intensity concrete H-shaped prestressed concrete 

piles were used as the foundation structure and as the 

laterals on which the mounting structures attached. 

The H-shaped prestressed concrete piles were set up 

at equal intervals bellow the proposed array area then 

driven into the ground. Next, the lateral piles, set up 

to run parallel to each other, supported the mounting 

structures. For this foundation and superstructure set 

up, the tolerance was more robust because the lateral 

H-shaped piles were attached inside the ground by the 

longitudinal piles hence transmitting all the loads to 

the ground. The solar power plant location aerial view 

and a representation of the foundation set up are as 

shown in figure 7 [38]. 

Fig. 7 Ashigara Oi Solar Way H-shaped P.C. laterals 

and longitudinal piles (source: Japan Asia Group) 

Fig. 8 Sakura-no-Sato Mega Power Plant (source: 

Toda Corp) 

Besides, Figure 8 is a mega solar power plant that was 

constructed at the hills north of Nagasaki Fishing Port 

on a steep south-facing roadside slope by 

Sakuranosato Mega Power. This solar power plant 

has 2.141MW output and is known as the 

Sakuranosato Mega Power Plant, which started 

operations in October 2015. The main challenge 

when constructing this solar power system was the 

angle of the slope, which was 30⁰, a very steep slope. 

As a result of this steep slope, all construction works 

operated almost no heavy machinery. In the middle of 

the solar power plant, there was an access road that 

ran east-west, used by heavy trucks and crane 

vehicles needed to load or offload heavy materials. 

Furthermore, a monorail was set up from bottom to 

top to transfer construction materials. Due to the 

topography factor, a new type of mortar application 

method involved casting the mortar into a cubic frame 
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molded by the four corners of the driven steel frames. 

The array mounting structures were then bolted on 

top of the concrete cube foundations as shown in 

figure 9 

Fig 9 Sakura-no-Sato MPP, Casted mortar 

foundations with steel mounting frame attachments 

(source: Toda Corp, Nikkei B.P.) 

With such high slope angles, came an additional 

challenge when it comes to maintenance. To curb this 

challenge, the company opted to use a woven weed 

barrier to discourage weed growth on the site hence 

reduced weed management [39]. 

Ultimately, for all the power plants constructed on 

the slopes, water flow was given a significant priority 

to prevent the imbalance in the soil moisture content 

due to the added ground cover. To achieve natural 

water flow along the slope, drainage channels 

constructed downslope met with the area drainage 

network for efficient disposal. The next section of this 

review will focus on the installations of solar 

photovoltaic arrays offshore. 

OFFSHORE 

Most countries worldwide enjoy a vast 

availability of waterfronts through waterways, 

abandoned quarries, lagoons, lakes, rivers, and a long 

coastline with seas and oceans. Therefore, 

considering the communities living along these 

waterfronts, and the distances from the national 

electricity grid, the development of the offshore solar 

farms can be beneficial in tackling the energy 

challenges faced by the citizens by introducing mini-

grids from the solar energy generated in such 

localizes areas. Another factor that makes the 

waterbodies highly reliable for the solar farm 

installation is the presence of vast areas without 

shadowing effects from nearby built environments 

hence the high direct nominal irradiance (DNI). Since 

these areas also experience high rates of solar 

radiation throughout the year, the shadowing effect 

created by the vast areas of the solar panels can also 

lead to water conservations on the water bodies by 

inhibiting the extra exposure to the direct heat from 

the sun hence reduced water loss through 

evaporation. i.e., concerning the water bodies that 

need evaporation control measures since they may be 

supplying water for other purposes, for example, 

agriculture and household use. Locating the solar 

panels over the water bodies have also proven to 

improve the panel efficiencies due to the cooling 

effect in the immediate surrounding [40-42]. Also, 

another motivating factor is on the matter of land 

ownership and how it can be solved to avoid the usage 

of private land for the development of solar energy 

farms. Since land ownership in most parts of the 

World is considered personal property, the 

development of projects that need vast parcels of land 

in the populated zones always tends to halt due to the 

unreadiness of the landowners to give out their lands. 

Consequently, more focus away from the land area is 

needed, and preference developed for the installation 

of the power plants further offshore.  

 The vast areas offshore, with minimum 

shadowing, have also contributed to more focus on 

the methods essential to make the offshore farms 

more productive due to the increased sunshine hours. 

A study to analyze the effects of temperature on the 

performance of solar panels was first done by the 

National Institute of Advanced Science and 

Technology in Japan [43] and funded by the Japanese 

Ministry for the Environment [44]. As a relatively 

new field of research, further research should be 

conducted to ensure proper design, and show that 

these photovoltaic farms are economical and 

environmentally friendly. 

Concept of offshore photovoltaic systems 

Offshore installations of photovoltaic systems 

being a new venture in the solar energy industry, 

several installation methods are available to ensure 

the viability of the projects. One of the major 

contributing factors in offshore farm economics is the 

ability to keep the arrays further offshore without any 

potential damage incurred for the longest time 

possible. This durability concern, therefore, brings in 

the key challenges, i.e., superstructure foundation 

design, mounting structure design, and locating of the 

inverter housing. The new concept makes use of the 

buoyancy conditions created by the floats to keep the 

panels afloat and, in some cases, track the movements 

of the sun for efficient exposure of the panel surfaces. 

Another incentive of the offshore photovoltaic 

installations is the proper use of the vast areas 

available for power generation hence high energy 

yield capabilities. 

Components of offshore photovoltaic systems 

The figures 10a and 10b show the crucial 

components of the offshore photovoltaic systems 

which are; 

The foundation - Also known as the mooring system 
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upon which the panels permanently attach to achieve 

the desired strength. The main aim of the foundation 

structure is to keep the structure afloat in a fixed 

position, never to be swayed away by the waves in the 

waterbody under consideration [45]. 

Buoyancy floats - These are the structures on which 

the photovoltaic arrays attach to keep them floating 

on the water surface, as the name depicts. They 

constitute high-density poly-ethylene blocks, and 

their arrangement on the water surface is mostly 

dependent on the array geometry and the power 

output required for a given project. 

P.V. arrays and cables and inverter housing - 

These are the central energy tapping systems and 

power transmission equipment, respectively, as 

explained in the slope section above. 

Fig. 10a A completely offshore solar farm 

components. 

Fig. 10b Land-fixed offshore solar farm foundation 

components 

Existing offshore foundation Design 

Some of the existing offshore photovoltaic array 

foundations design include the following; 

Bottom anchored foundations 

In the construction field, a good number of the 

fixed bottom foundation structures are into practice. 

In this scenario, the review paper draws the focus on 

the use of the bottom anchoring system for the 

attachment of the solar panel arrays offshore.  This 

foundation type consists of the assembly of a bottom 

anchor placed at a design depth below the seabed. The 

anchor dampens all the lateral forces subjected to the 

solar panel array at the water surface, more so 

earthquakes and water waves. This new concept of 

solar arrays attachment is most suitable for all water 

depths. The mitigations factors put in place include 

the investigation of the effects of corrosion, durability 

of the floats, design ultimate capacity, projected 

electricity output, and the ease of installation. Since 

the offshore farms are developing rapidly, most 

developing bottom anchorage installations are 

evident in countries like Japan, Fig 11 [46], France 

Fig 12 [47], South Korea [48], United Kingdom [49], 

United States [50], with more recent construction 

works in the United Arab Emirates [51]. 

Fig 11 The Yamakura Dam plant (Source Kyocera 

Corp) 

Fig. 12 Piolenc in Southern France. (Source AFP) 

Land-fixed offshore solar farm foundation 

This foundation concept involves the combination 

of a pile foundation onshore and a cable attachment 

to transfer the assembled solar panel arrays further 

offshore. Panels are assembled on land and moved 

offshore, depending on the required capacity. The 

cable system dominates this construction assembly 

due to its robust strength factors, and it allows for 

much less material usage in the foundation structure. 

Also, this combination employs the use of anti-tide 

ballasted floats for superstructure stability. The 

ballasted floats reduce the wave action on the panel 

area during the fluctuation in the wave strength and 

wave direction. An excellent example of such a 

foundation is in the construction of the 145 MW 

floating photovoltaic plant built on a 225ha section of 

the Cirata Reservoir in West Java. Indonesia. This 

method of land support utilizes the vast archipelago 
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present in the region. Thus, supporting foundation 

structures, as shown in figure 13 [52]. 

Fig. 13 145 MW of floating P.V. in Indonesia. 

(Source Hanwha Q Cells) 

POWER TRANSMISSION AND STORAGE 

CONSIDERATIONS 

With efforts to increase the area covered by the 

solar panels to tap the abundant energy source, the 

main challenge is energy storage in the night. The 

solar energy research field has led to the innovation 

of new ways to store energy in lithium batteries and 

through direct feed into the grid straight from the 

solar farm. A comprehensive assessment is necessary 

to determine which method of transmission suits best 

the end-user, more so if the energy generated is to be 

readily available to those parts that are isolated from 

the main grids. In the case energy produced exceeds 

the capacity of a given area, then a link to the primary 

grid should be included to supply the excess energy. 

As researchers in this field of renewable energy, this 

review is a solution-based projection analysis of the 

possible ways to curb energy demands.  Figure 14 

below illustrates an energy storage and distribution 

network that best suits the isolated grids to ensure 

round the clock energy provision to the target 

customers.

Fig. 14 The power transmission and storage network 

CONCLUSION 

From this review, it is evident that we have a variety 

of cross-cutting techniques that have implemented to 

tap into solar energy at all locations, both on slopes 

and offshore. Furthermore, more research on design 

charts for photovoltaics installation on slopes is 

needed as well as to fully understand the effects that 

the solar panels have on overall stability to the slope. 

As for the offshore structures, the review paper shows 

that this new installation method is the right way of 

saving vast areas of land to be used for other purposes 

while also improving on the photovoltaic array 

efficiency due to the cooling effect from the 

surrounding waterfronts. For this reason, further 

research is called for when it comes to design if the 

overall efficiency in installation and electricity 

production needs to be realized, not forgetting the 

strength and durability of the structure. Since the 

technology readiness of solar energy is high and 

attractive now, scaling up its potential is 

indispensable 

FURTHER RESEARCH GOALS 

This review depicts a state that allows for 

knowledge expansion and for improving existing 

technologies when it comes to foundation design and 

the developments related to support structures of 

green energy sources. With the prices of solar panels 

reducing over time, the need to facilitate their 

installation is scaling in size, and alternative locations 

to develop the farms are necessary. 

This paper brings to light that solar panels on 

slopes are a great way to use sloping land that would 

otherwise be left idle effectively. In addition to this, 

the offshore foundation design is necessary to make 

use of the vast areas with maximum direct nominal 

irradiance (DNI) as a result of zero shadowings and 

obstruction.  After reviewing the current industry 

practices, several pieces of research questions were 

raised for an answer in the future regarding the effect 

of pile and plate anchor installation on the overall 

stability of the slope and offshore power projects, 

respectively. Also, the reduction of pile and plate 

anchor capacity to the lateral loading and pull-out 

force is the critical research items in the next stage of 

this research. This paper has also highlighted the need 

to bring industry partners and government bodies to 

join the research program to develop new measures 

when it comes to venturing into renewable energies 

without boundaries or any hindrance whatsoever. The 

research questions that this review paper aims at 

addressing and expounding on in the next stage of this 

research are; 

✓ What are the best foundation types for solar 

panels on slopes? 

✓ What are the best foundation types for solar 

panels on nearshore and further offshore? 

✓ What is the maximum or optimum slope angle 

for solar panels on slopes? 

Transf

ormer 
Inverter 

House 

DC Power 

Storage 

Household 

usage  

To 

Main 

Grid 



GEOMATE – Melbourne, Australia, 11-13 November 2020 

440 

✓ What is the optimum depth of anchors and cable 

assemblies required for efficient foundation 

stability? 

✓ What are the influences of lateral capacity and 

pull-out capacity of the pile in slope and anchors 

in offshore scenarios, respectively? 

✓ What is the factor of safety before and after the 

installation of solar panels on slope and plate 

anchors in offshore scenarios? 

✓ What is the optimum embedded length of the pile 

as well as that of the plate anchor that would not 

bring in adverse reduction to the factor of safety, 

FoS? 

✓ What are the responses to seismic forces on slope 

and seabed/ lakebed, with and without the solar 

panels installed? Is there a difference? 

✓ Are the new proposed foundation designs 

economically viable when it comes to the 

construction costs and ease of installation?  

Therefore, fundamental research is mandatory on 

these emerging support structures to evaluate their 

performance, efficiency, and design cost, as will be 

conceptualized and put into the design charts in the 

next task of this research process.  
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ABSTRACT 
 
Land cover changes (LCC) are one indicator of an increase in population in a watershed area that demands 

the provision of housing locations, road infrastructure, and productive land to meet the needs of life. LCC can 
have a positive impact in the form of increased land use values and incomes, while also negative impacts in the 
form of erosion, landslides and floods. The watershed area should have a balance in its development. This 
research is important as a first step in overcoming changes in land cover that can threaten the sustainability and 
sustainability of the Kuranji watershed. This study details LCC in the Kuranji watershed from 1985 to 2018 and 
the factors causing these changes. The methodology used is descriptive qualitative with 60 respondents. Data 
were obtained by interviewing respondents. Respondents are those having agricultural land and working in the 
agricultural sector and this research was carried out in 2019. The results showed an increase in the type of land 
cover of settlements and mixed gardens, while forests, rice fields and shrubs have decreased. The main factor 
influencing changes in land cover is economic (59%), followed by social factors (25%) and politics (16%). It 
was also found that local wisdom of the Minangkabau culture was able to reduce LCC. The local wisdom of the 
Minangkabau culture explains that land owned by the community, which is a hereditary inheritance, should not 
be traded without very important reasons. 
 
Keywords: LCC, ArcGIS, Descriptive qualitative 
 
 
INTRODUCTION 

 
Land cover in the watershed is always changing. 

This change is a major issue in controlling the 
sustainability of watershed areas. This change 
becomes very dangerous if it occurs in the upstream 
watershed, which is a protected area and 
conservation area. Changes in land cover have an 
influence on the carrying capacity of watershed 
areas if done on a large scale. Changes in land cover 
can cause landslides, floods and other 
hydrogeological disasters. 

Land cover changes (LCC) with increasing 
population. The higher the population, the land 
needs are also increasing. The increasing need for 
land must be accompanied by soil and water 
conservation techniques so that the impact caused by 
changes in land cover can be minimized. 

One of the watersheds undergoing land cover 
change is the Kuranji watershed. This watershed has 
an area of 22,469.55 hectare located in Padang City. 
Statistical data show there has been an increase in 
population in the Kuranji watershed, namely in the 
Districts of Kuranji, Pauh and Koto Tangah in the 
past five years. The increase was 60,441 people, 
with a population growth rate of 2.28 - 2.83% [1]. 
The high rate of population growth triggers land 
conversion that aims to meet the needs of life. 
Examples of these changes are forest area into 
agriculture, and agricultural area into a developed 

area. 
The change in the Kuranji watershed is very 

dynamic because it is in an urban area. LCC in the 
Kuranji watershed is also triggered by the growth of 
tertiary education areas. The development of this 
education area has triggered the community to 
provide infrastructure to support educational 
activities such as student boarding houses, food 
stalls, photocopy stalls and others. This makes the 
area around the tertiary education a satellite city. 

LCC in the Kuranji watershed have increased 
quite rapidly in the past 10 years. This change is due 
to the occurrence of a large earthquake in Padang 
City on 30 September, 2009, having the potential for 
a tsunami. Since the earthquake, some people who 
lived on the coast have moved to the central Kuranji 
watershed, which is a tsunami safe zone. The move 
of coastal communities in the central part of the 
Kuranji watershed was also encouraged by the 
prediction of the Mentawai Megathrust earthquake 
accompanied by a tsunami. 

LCC in the Kuranji watershed are very 
dangerous, especially in the upper and middle 
watersheds. This is because the Kuranji watershed 
has a steep topography of 54.66% of the watershed 
area. Judging from the shape of the watershed, the 
Kuranji watershed has a shape that extends near the 
moon in the upper reaches. This form explains that 
the Kuranji watershed has a great potential for 
flooding if vegetation cover is reduced and does not 
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function as a soil protector. More details about the 
slope of the Kuranji watershed can be seen in Fig. 1. 

Fig. 1  Slope conditions in the Kuranji 
Watershed 

 
The purpose of the study was to analyze LCC 

Kuranji watershed in the last 33 years as well  
knowing the factors causing changes in land cover. 

 
MATERIALS AND METHOD  
 
Materials 

 
This research was conducted at the Kuranji 

watershed in Padang City, West Sumatra, Indonesia. 
It has a maximum height of 1860 meters above sea 
level with annual rainfall of more than 5,054 mm. 
Based on geographical position, the Kuranji 
watershed is located between 100021'18,84" E - 
100033'52,87" E and 0047'23,36" S - 0056'13,71" S.  

Determination of LCC was by using a 1985 
topographic map with a scale of 1: 50,000 and SAS 
Planet (Arc-GIS Imagery) satellite imagery in 2018 
with a spatial resolution of 20x20 meters. The tools 
used are GPS and ArcGIS 10.6. Information 
gathering factors that cause changes in land cover 
was by open interview techniques.  

 
Method 

 
The methodology used in determining land cover 

change is to perform interpretation and delineation 
analysis on each map year using ArcGIS 10.6. Then, 
an area value analysis is performed on the attribute 
table, so that, every year, the map will contain the 
value of each land cover and the factors that support 
changes in land cover determined using descriptive 
qualitative analysis methods. 

This research was conducted from July 2019 to 
November 2019. Data were collected through 
interviews with respondents with a purposive 
sampling technique. Requirements to be a 
respondent are people who have agricultural land 
and people who work in the agricultural sector. The 
respondent sampling locations are people who live 
in the middle and upper Kuranji watersheds with 60 

respondents. 
In technical data collection, the researcher asks 

questions to the respondent related to the purpose of 
the study and the respondent answers them. Data 
needed from respondents are divided into three 
factors. 1). Economic factors, including community 
income, land value, development of education 
centers. 2). Social factors, including population 
growth, land ownership, environmental knowledge, 
agricultural land needs. 3). Political factors, 
including the high cost of living and weak law 
enforcement. 

After obtaining research data, tabulation of the 
data is based on economic, social and political 
factors to obtain a percentage value. Then, a 
qualitative descriptive analysis is performed. 
 
RESULT AND DISCUSSION 

 
Land Cover in 1985 

 
Land cover in the Kuranji watershed in 1985 was 

obtained by conducting spatial analysis using a 
topographic map in 1985. Land cover is grouped 
into five types. The land cover is classified into 
forests with an area of 13,242.54 hectare, 
settlements of 1,507.54 hectare, paddy fields 
4,131.67 hectare, shrubs 2,064.41 hectare and mixed 
gardens 1,523.39 hectare. The complete land cover 
of the Kuranji watershed in 1985 can be seen in Fig. 
2. 

Fig. 2 Type of Land Cover 1985 in Kuranji 
Watershed 

 
Land Cover in 2018 

 
Based on the results of the interpretation of 

satellite imagery in 2018, land cover in the Kuranji 
watershed is grouped into five types. The land cover 
is a forest with an area of 12,114.12 hectare, 
settlement 4,084.62 hectare, rice fields 2,935.98 
hectare, shrubs 747.61 hectare and mixed gardens 
2,587.22 hectare. The land cover of the Kuranji 
watershed in 2018 can be seen in Fig. 3. 

LCC in the Kuranji watershed that occurred in 

32 % 

9,93 % 

36,94 % 

17,72 % 

2,74 % 
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1985 to 2018 were dominated by the reduction of 
forest area by 1,128.42 hectare. Forest areas turned 
into mixed gardens and shrubs. Paddy fields also 
experienced a reduction of 1,195.69 hectare. Most of 
the changes in rice fields were into settlements. 
Shrubs also experienced a reduction of 1,316.8 
hectare, turning into mixed gardens, rice fields and 
settlements. Reducing forest areas or vegetation 
areas to other areas will have an impact on the 
environment, including erosion, flooding and 
reduced groundwater supplies. 

Fig. 3 Type of Land Cover 2018 in Kuranji 
Watershed 

 
The impact caused by the reduction of forest area 

or vegetation area has also been conveyed by several 
experts. According to [2], the decrease in vegetation 
cover in the watershed area by 91% caused erosion 
of 7.2 to 7.7 tons / hectare / year. According to [3], 
an increase in forest area can increase the quality 
and quantity of water, while [4] added that forest 
areas were better able to increase water fill from 
ground level to aquifers compared to agricultural 
land. 

Not only LCC, high and intensive agricultural 
activities in land management in the Kuranji 
watershed can reduce environmental quality. This 
was stated by [5] that intensively cultivated 
agricultural and horticultural land resulted in soil 
degradation. Based on the opinion of the experts 
above, it can be concluded that maintaining forest 
cover and vegetation cover can reduce erosion, 
surface runoff and flooding. 

The fact that has occurred in the Kuranji 
watershed is that forest areas that are in protected 
and conservation areas have begun to decrease and 
settlement areas are increasing. Reduction of forest 
area results in low infiltration and high surface 
runoff resulting in flooding. [6] added that the 
Kuranji watershed often results in flooding due to 
low infiltration while [7] reported that changes in 
land cover from natural land use to anthropogenic 
have increased surface water. This has a big impact 
when accompanied by very high rainfall intensity. 
[8] stated that the reduction in vegetation had an 

impact on the increase in flood inundation areas. 
In addition to reducing land cover, several types 

of land cover in the Kuranji watershed have also 
increased. The increase was experienced by mixed 
garden land cover of 1,063.83 hectare and 
settlements of 2,577.08 hectare. The high change in 
land cover is due to the high rate of population 
growth. Changes in land cover in the Kuranji 
watershed have increased since 1985 and in 2009 
after the earthquake that hit Padang City. More 
details on differences in LCC rom 1985 - 2018 can 
be seen in Fig. 4. 
 

Fig. 4  LCC 1985-2018 in Kuranji Watershed 
 
LCC to land that does or does not lack vegetation 

has an impact on the amount of erosion, surface 
runoff and flooding. [9] mentioned that changes in 
forest cover result in critical land and have an impact 
on landslides, especially on steep slopes and exceed 
40%. [10] One such impact is caused by the loss of 
vegetation (plant roots) in protecting the soil from 
the danger of soil erosion. It was also added by [11] 
that changes in land use into built up areas would 
have an impact on changes in flow characteristics, 
flooding in the rainy season, decreasing river 
discharge and drought in the dry season. 

The topography of the Kuranji watershed in the 
middle and upstream is quite steep. This area has 
changed forest cover through illegal logging. This 
type of forest land covers turns into shrubs, mixed 
gardens and agricultural crops. This area is a 
protected forest and conservation area and the 
protection of this area aims to maintain the quality of 
the watershed, such as physical land, water 
management and biodiversity. For more details on 
changes in types of forest land cover due to illegal 
logging in protected and conservation areas (Fig. 5). 

Fig. 5 explains that land cover conversion 
converts forests into shrubs and agricultural crops. 
Protected forests have changed by 118.17 hectare 
(4.1%) and conservation areas by 16.74 hectare 
(0.18%). In other areas of use, there was a change in 
land cover of mixed estate gardens to become shrubs 
and agricultural crops by 63.1 hectare (0.6%). 



GEOMATE – Melbourne, Australia, 11-13 November 2020 

447 
 

Fig. 5 Illegal Logging in Protected Forests and 
Conservation Areas 

 
LCC have a major impact on soil erosion, 

surface runoff and flooding. This change becomes 
very dangerous if it occurs in steep sloped areas such 
as the Kuranji watershed. The steeper a slope, the 
faster the surface flow and the greater potential to 
wash away soil particles. It was also stated by [12] 
that the slope factor has a great influence on the high 
surface runoff and causes flooding. 

Previous researchers also conveyed the impact 
caused by changes in land cover. [13] stated that 
changes in forest land cover to build up land and 
agriculture can increase flood discharge. 

 
The Cause of  LCC in the Kuranji Watershed 

 
The condition of the Kuranji watershed area does 

have its own attraction in the occurrence of changes 
in land cover. This is because the Kuranji watershed 
is the largest in Padang City, where parts of the 
region have economic centers such as the area of 
higher education. The growth of economic centers 
will lead to the conversion of land into developed 
areas. On a large scale, it will disrupt the 
sustainability of the watershed. It was stated by [14] 
that the change of land cover into a residential area 
made the Kuranji watershed vulnerable to flooding. 
This is caused by damage to the physical properties 
of the soil and has an impact on reducing infiltration. 

Based on the analysis of satellite imagery in 
2018, changes in the type of land cover from forest 
vegetation to mixed plantations and shrubs continue 
to occur and threaten the sustainability of the 
upstream watershed. The change in land cover is in 
the middle Kuranji watershed and toward the 
upstream watershed. Generally located in protected 
areas and conservation areas. 

The LCC explains that there is human activity in 
the area that must be protected and the ecosystems 
conserved. Thus, it is important to know what 
factors are driving the community to make changes 
in land cover. More clearly the cause of changes in 
land cover in the Kuranji watershed can be seen in 

Fig. 6. The dominant factor causing changes in land 
cover in the Kuranji watershed is economic with a 
value of 57%. These economic factors explain that 
the level of income and the number of family 
dependents encourage the community to be even 
more active in meeting their daily needs. The 
method adopted by the community is to change the 
forest land cover into mixed gardens and paddy 
fields to settlements. 

Fig. 6  Causative Factor LCC in Kuranji Watershed 
 

The high value of land around the tertiary 
education area encourages people to sell land and 
increase land use value. So what was once planted   
agricultural land is converted into built land such as 
boarding houses, food stalls and shops. All these 
changes are intended for students and the local 
community in supporting education and other 
activities. The same thing was said by [15], [16], 
[17] that changes in land cover will be faster if an 
area changes from an agrarian area to an area that 
develops an economy in the service sector. 

Previous researchers have also expressed their 
opinions about the factors that cause changes in land 
cover. As stated by [18],  changes in land cover are 
strongly influenced by socioeconomic factors. [19] 
also stressed that the LCC was driven by economic 
development and the development of educational 
areas. [20] and [21] added that changes in land cover 
and increased built up land were influenced by 
economic factors, as  apparent in the Kuranji 
watershed. This can be explained as that the Kuranji 
watershed’s  strategic location in the economic field, 
means it can increase the built area quickly. 

The next factor affecting changes in land cover is 
the community social factor of 22%. The low level 
of income of the community as farmers who live in 
the middle part of the Kuranji watershed has led the 
community to begin to utilize the upstream 
watershed area. Small land tenure makes people 
change forest land cover in the upstream watershed 
with the goal is to increase the area of agricultural 
land and increase income. 

Part of the forest cover is converted into mixed 
gardens with durian (durio zibethinus), mangosteen 
(garcinia mangostana), rambutan (nephelium 
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lappaceum), jengkol (archidendron pauciflorum), 
petai (parkia speciosa), cacao (theobroma cacao), 
pohon sirih (areca catechu), and pohon jati (Tectona 
grandis). In some places that are easily accessible, 
people plant serai (cymbopogon citratus), and lime 
musk (lat. citrus amblycarpa). 

In the Kuranji watershed, the middle part of the 
paddy field is converted into a settlement. Shrubs 
become mixed settlements and gardens. Changes in 
land cover are also caused by the high rate of 
population growth in the Kuranji watershed, which 
ranges from 2.28% to 2.83%. In line with the 
opinion above, [22] added that the increase in 
agricultural land and population growth most 
determine the change in land cover. This explains 
that there is a high dependence on forest products in 
increasing community income. 

The Kuranji watershed community is aware that 
changing forest cover can cause catastrophic floods 
and landslides. However, LCC are still being made 
with the aim that economic needs continue to be met. 
As long as the economic needs have not been met,   
the change in forest land cover will continue to 
occur. It was also stated by [23] that the change in 
land cover is strongly influenced by socioeconomic 
aspects. 

High population growth in the Kuranji watershed 
also supports accelerating land cover changes. The 
change is related to the needs of the community for a 
place to live and to conduct economic activities. [24] 
states that an increase in population also has an 
impact on increasing changes in land cover. 

An interesting factor of community attitudes 
toward changes in land cover is also influenced by 
Minangkabau culture. This culture explains that 
people who own customary land can only use it and 
it cannot be traded. Utilization is for agricultural 
land, community plantations, mixed gardens and a 
small portion for shelter. The strong culture of 
Minangkabau adopted by the community means 
changes in land cover are not so great. [25] 
explained that local culture can reduce access to 
forest areas. This has an impact on the reduced 
harvesting of forest wood, which causes changes in 
land cover. 

Political factors also affect changes in land cover 
of the Kuranji watershed with a value of 15%. The 
high cost of living resulting from government 
policies drives people to try to increase income. One 
method is the use of forest areas for agriculture. [26] 
explained that government policies, population 
growth and socioeconomic impact had a large 
influence on changes in land cover. [27] also stated  
that national and international policies have the 
potential for changes in land cover in agriculture. 
Weak law enforcement also makes people 
uncontrollable in making changes to land cover. 

 
 

 

CONCLUSIONS 
 

LCC in the Kuranji watershed from 1985-2018 
are very high. The biggest change was in residential 
land cover with an increase of 2,577.08 hectare 
(63.1%). Mixed gardens also increased by 1,063.83 
hectare (41.12%). Reduction of forest land cover 
was by 1,128.42 hectare (8.52%), rice fields by 
1,195.69 hectare (28.94%) and shrubs by 1,316.8 
hectare (63.78%). LCC have occurred in protected 
and conservation areas. This area is a forest area that 
should not be disturbed. Disruption to this area is 
due to an increase in population and the necessities 
of people’s lives. The factors causing LCC are 
influenced by economic (59%), social (25%) and 
political (16%) factors. Economic factors are 
influenced by low community income, the number 
of family dependents and high land values. Social 
factors are influenced by population growth, 
agricultural land needs, small land tenure and 
community knowledge and attitudes towards the 
environment. Political factors are influenced by the 
high cost of living and weak law enforcement. One 
important finding in this research is that the local 
wisdom of the Minangkabau culture adopted by the 
community can reduce land cover changes. 
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ABSTRACT 
 
In the crushed stone production process, waste stone-fine slurry is generated as wastewater, and most of them 

are landfilled as dehydrated cake after some treatments. Recently, it is becoming difficult to secure landfill sites, 
and effective utilization of by-products, dehydrated cake, is desired. On the other hand, a large amount of coal fly 
ash was discharged from coal fired power plant, due to the operation suspension of nuclear power plants since the 
Fukushima nuclear accident occurs. In this study, we attempted to prepare geopolymer cement from waste stone-
fine slurry with addition of coal fly ash. Waste stone-fine slurry used in this study was discharged from one of the 
quarries in Japan. NaOH solution was added into the slurry, and heated at 60 - 180 oC for 0 - 24 h to obtain the 
high Si solution for preparation of geopolymer cement. After heating, the slurry was cooled to room temperature 
by quenching with tap water, and various amounts of coal fly ash were added, mixed and cured at 80 oC for 24 h. 
The strength and water purification ability of the product were examined. The solution with high Si content to 
prepare the geopolymer can be obtained at 120 oC for 9 h in 4 - 8 M NaOH solution, and the products obtained 
from 6 - 8 M NaOH slurry solution with addition of 0.55 - 0.70 weight ratio of coal fly ash have higher strength 
than other products and Portland cement. The product indicates NH4

+ removal ability for wastewater treatment. 
 
Keywords: Waste stone-fine slurry, Coal fly ash, Geopolymer, NH4

+ removal, Alkali reaction 
 
 
INTRODUCTION 

 
In the crushed stone production process, waste 

stone-fine slurry is generated as wastewater in large 
quantities from crushing, cutting, polishing and 
cleaning processes, and most of them are landfilled as 
dehydrated cake after some treatments, such as 
coagulation, sedimentation and filter press. Currently, 
it is becoming difficult to secure landfill sites due to 
the decrease of the landfill space, and the amount of 
dehydrated cake tends to increase. Therefore, further 
development of effective utilization of by-products, 
such as dehydrated cakes, is desired by laws in Japan, 
and there are some researches to reuse the dehydrated 
cake for improved soil, roadbed, greening, porous 
sintered compact, space filling and so on [1].  

Coal as an energy source has an advantage in 
terms of abundant deposits, compared with the other 
energy sources. In 2012, the percentage of electric 
power generation in coal power plants in Japan 
occupies about 23.4 % to all amount of electric power 
[2]. By an increase in coal demand, the discharge 
amount of coal ash is estimated to be increased. 
According to the law relating recycling in Japan, the 
coal ash derived from thermal power plant is 
especially designated as specified by-product, and the 
effective usage of this coal ash is strongly required. 
Recently, the reuse and recycle of coal ash are tried 
to proceed aggressively, and the percentage and 
amount of effective usage in 2014 reach about 98 % 
and 9.4 million ton/year, respectively. However, 

more than 0.2 million ton/year of coal ash must be 
deposited in landfill. Furthermore, since the Great 
East Japan Earthquake on March 11, 2011, the focus 
of energy production in Japan has shifted from 
nuclear power toward coal-generated power. The fly 
ash generated at coal-fired power plants was mostly 
wasted before the earthquake, more fly ash is 
expected to be generated, and the lack of landfill 
space is anticipated in Japan. New recycle 
technologies for consumption of a large amount of 
coal ash are desired to develop [3-6]. 

Geopolymer is three dimensional aluminosilicate 
based construction and building material, which is 
sustainable and environmental friendly due to low 
emission of carbon during their production and 
processing. Geopolymer cement is generally 
produced by mixing alkali activator (sodium silicate, 
sodium hydroxide, water) and various aluminosilicate 
precursors such as fly ash and bottom ash [7-12], 
clays [13-15], metakaolin [16,17], natural soil [18], 
glass [19], slags [20, 21], volcanic ashes and rice husk 
ash [22-26]. Ordinary Portland cement is mainly 
solidified by the formation of needle-like calcium 
silicate hydrate (C-S-H), while geopolymer cement is 
mainly solidified by the polymerization of silicate 
ions sparked by metal ions, such as Al3+, Fe3+ and so 
on, which is similar to the reaction of zeolite synthesis 
[27,28], and geopolymer cement has high acid 
resistance, high fire resistance and ion exchange 
ability [29-34]. Therefore, geopolymer cement has 
attracted attention, and are associated with numerous 
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international patents as well as a number of 
commercial engineering project. 

In our previous studies, zeolite can be synthesized 
from green tuff stone cake by NaOH reaction, with 
extracting high content of Si from the cake [35]. 
Furthermore, geopolymer cement can be prepared by 
mixing alkali fused stone dust, water and coal fly ash 
due to the reaction between soluble contents of Si and 
Al from the fused cake and coal fly ash [36]. There is 
the possibility to produce geopolymer cement from 
coal fly ash and the slurry by converting the slurry 
into alkali activator using alkali reaction. 

In this study, we attempted to prepare geopolymer 
cement from the waste fine-stone slurry and coal fly 
ash. The alkali activator, sodium silicate solution, was 
prepared from the slurry by treating with NaOH, and 
the prepared activator was mixed with coal fly ash to 
form geopolymer cement. The conditions, such as 
NaOH concentration, heating temperature, heating 
time, and mixing ratio of coal fly ash, to prepare the 
geopolymer product with the hard structure were 
investigated and the water purification ability of the 
obtained geopolymer cement was evaluated.  

 
EXPERIMENT  

 
Sample 

 
Waste fine-stone slurry generated from one of the 

domestic crushed stone companies in Japan was used 
for the experiment. Concentration of fine-stone in 
slurry is 928 g/L, and the diameter of fine stone is 
under 250 μm. Coal fly ash used in this study was 
commercially available fly ash type V. The chemical 
compositions and mineralogical compositions of the 
fine-stone in the slurry and coal fly ash are shown in 
Table 1 and Figure 1, respectively. The fine slurry 
mainly composed of SiO2 (61.7 %), Al2O3 (19.6 %) 
and some minor elements in the form of quartz (SiO2), 
calcite (CaCO3), talc (Mg3Si4O10(OH)2), albite 
(NaAlSi3O8), anorthite (CaAl2Si2O8), muscovite 
(KAl3Si3O10(OH)2), clinochlore ((Mg, Fe, Al)6(Si, 
Al)4O10(OH)8) and so on. Coal fly ash also mainly 
composed of SiO2 (55.0 %), Al2O3 (20.8 %) and some 
minor elements in the form of quartz (SiO2) and 
mullite (Si2Al6O13) with amorphous phases indicating 
the broad hump of 20 - 30 o.   

 
Table 1 Chemical compositions of fine stone in 

slurry and coal fly ash. 
 

Contents (%) Fine stone in 
slurry 

Coal fly ash 

SiO2 61.7 55.0 
Al2O3 19.6 20.8 
CaO 2.1 5.1 
MgO 1.4 0.2 
Fe2O3 4.8 10.7 

Na2O 1.6 1.0 
K2O 3.3 2.1 
SO3 1.3 1.1 

 

 
 

Fig. 1 XRD patterns of (a) fine stone in slurry and 
(b) coal fly ash. 

 
Preparation  

 

Silica solution 
Sodium silicate solution for making geopolymer 

cement was prepared from the slurry with addition of 
NaOH. NaOH solution (5 mL) was added into the 
slurry (10 mL) to prepare 15 mL of the slurry with 2 
- 8 M NaOH concentration in a 50 mL of pressure 
vessel, and heated at 60 - 180 oC for 0 - 24 h in electric 
furnace. It is noted that rising time to setting 
temperature is 30 min. After heating, the vessel was 
quenched with tap water, the solution was filtered, 
and the concentration of Si in the filtrate was 
measured using atomic absorption spectrometer 
(AAnalyst 200, Perkin Elmer). 
 

Geopolymer cement 
Geopolymer cement was prepared from the slurry 

treated with NaOH on various condition. Coal fly ash 
was mixed with the slurry obtained on various 
condition at the mixing weight ratio of ash / slurry = 
0.25 -0.75, poured into a mold (φ25 mm × 5 mm), and 
set in an oven at 80 oC for 24 h. After heating, the 
hardness of the product was judged with a bamboo 
needle to insert into the product. The hardened 
products were subjected to strength tests using a 
strength tester (ZT series ZTA-500N, IMADA). The 
sharp point attachment (S-3) was inserted into the 
sample at a speed of 30 mm/min to measure the 
strength when the sample broke. Strength tests for the 
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ordinary Portland cement were carried out to compare 
strength. Portland cement was prepared at water-
cement ratio (W/C) = 50 %, formed in a mold and 
cured at room temperature for 7 days. 

 
NH4+ Removal Test  

 
The water purification ability of the product was 

estimated for NH4
+ removal test. The NH4

+ solution 
with 900 mg/L, which simulated piggery wastewater, 
was prepared using NH4Cl (Wako). The product 
block was prepared with a mold of φ25 mm × 5 mm 
to remove the mold, and added into 200 mL of NH4

+ 
solution for 168 h. During the immersion of the 
product block, the concentration of NH4

+ in the 
solution was analyzed using thymol blue method for 
monitoring the NH4

+ removal.  
 
RESULTS AND DISCUSSION 

 
Silicate Solution from The Slurry  

 
Fig.2 shows the Si concentration of the slurry 

treated with 2 - 8 M NaOH concentration at 60 – 180 
oC for 24 h. It is noted that Si concentration for 
preparing geopolymer cement is set to 20 - 60 g/L 
[37]. With increasing the NaOH concentration and 
temperature, Si concentration in the obtained slurry 
increases. About 60 g/L of Si contains in the slurry 
treated with 6 - 8 M NaOH at 140 oC and 180 oC, 
while lower than 20 g/L of Si contains in the slurry 
treated at 60 oC and 100 oC regardless of NaOH 
concentration. In the case of 120 oC, with increasing 
the NaOH concentration, Si content increases from 22 
g/L to 49 g/L, which are desired contents for 
preparing geopolymer cement [37]. Therefore, the 
temperature of slurry treatment is set to 120 oC in this 
study. 

 

 
 

Fig. 2 Concentration of Si in the slurry treated with 

2 - 8 M NaOH concentration at 60 - 180 oC 
for 24 h. 

Figure 3 shows the Si concentration of the slurry 
treated with 2 - 8 M NaOH concentration at 120 oC 
for 0 - 18 h. With increasing the NaOH concentration 
and reaction time, Si concentration in the slurry 
increases, and the slurry treated with 4 - 8 M NaOH 
for 9 h contains 20 - 35 g/L of Si within 20 – 60 g/L 
of Si for preparing geopolymer cement [37]. 

   

 
 

Fig. 3 Concentration of Si in the slurry treated with 
2 - 8 M NaOH concentration at 120 oC for 0 
- 18 h 

 
Therefore, silicate solution for preparing 

geopolymer cement can be prepared from the slurry 
treated with 4 - 8 M NaOH at 120 oC for 9 h.  
 
Geopolymer Formation  

 
We attempted to form geopolymer product from 

the slurry treated with 4 - 8 M NaOH at 120 oC for 9 
h. Figure 4 shows the condition for preparing 
hardened product with addition of coal fly ash to the 
slurry with various NaOH concentration. The 
horizontal axis indicates NaOH concentration in the 
slurry, the vertical axis indicates the mixing ratio of 
coal fly ash, and the plots indicate the condition to 
obtain the hardened product without sticking a 
bamboo needle into the product. The hardened 
product can be obtained when the mixing ratio of coal 
fly ash are 0.55 and 0.70 regardless of NaOH 
concentration, and from the slurry with 4 M NaOH 
concentration regardless of mixing ratio. 
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Fig. 4 Conditions for preparing hardened product 
with addition of coal fly ash to the slurry 
with various NaOH concentration. 

 
Figure 5 shows the strength of the product from 

the slurry with 4 - 8 M NaOH concentration at various 
mixing ratio of coal fly ash. It is noted that the 
strength of Portland cement sample is 167 N using 
this measurement. The strengths of the product are 
higher than that of Portland cement and those of the 
product from the slurry with 6 - 8 M NaOH indicates 
345 - 450 N when the mixing ratios are 0.55 and 0.70, 
while those are low (5 - 25 N) when the ratio are 0.25 
and 0.40.   

 

 
 

Fig. 5 The strength of the product from the slurry 
with 4 - 8 M NaOH concentration at various 
mixing ratio of coal fly ash 

 
From these results, the geopolymer product with 

sufficient strength can be prepared from the mixture 
of the slurry treated with 4 - 8 M NaOH at 120 oC for 
9 h and coal fly ash at the mixing weight ratio of coal 
fly ash to the slurry = 0.55 – 0.70. 

 
 
 

 

Water Purification  
 

Three product blocks were used for this removal 
test. Product-1 was prepared from the slurry with 6 M 
NaOH at the weight ratio of coal fly ash = 0.70, 
Product-2 from the slurry with 8 M NaOH at the 
weight ratio of ash = 0.70, and Product-3 from the 
slurry with 8 M NaOH at the ratio of ash = 0.55. 
Figure 6 shows the XRD patterns of the product. All 
products indicate almost same XRD patterns 
including quartz, mullite, albite and hydroxysodalite 
(Na6Al6Si6O24‧8H2O). Hydroxysodalite is formed by 
alkali treatment of the slurry, while quartz, mullite 
and albite are originated from fine-stone and coal fly 
ash. 

 

 
 

Fig. 6 XRD patterns of the products: (a) Product-1, 
(b) Product-2, (c) Product-3. 

  
The water purification ability of the obtained 

geopolymer product was examined using NH4
+ 

solution. Figure 7 shows the NH4
+ concentration in 

the solution after immersion of the product block. All 
products indicate the NH4

+ removal ability. In 
comparison with NH4

+ removal of product when the 
mixing ratios of coal fly ash are same, Product-2 
obtained from the slurry with 8 M NaOH indicates 
higher NH4

+ removal than Product-1 from the slurry 
with 6 M NaOH. In comparison with NH4

+ removal 
of the product from the slurry with the same 
concentration of NaOH, Product-3 obtained at the 
mixing ratio of 0.55 indicates higher NH4

+ removal 
than Product-2 at the mixing ratio of 0.70. Product-3 
can decrease NH4

+ concentration from 900 mg/L to 
540 mg/L for 7 days.  
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Fig. 7 NH4
+ concentration in the solution after 

immersion of the product block. 
 

CONCLUSIONS 
 

We attempted to prepare geopolymer cement 
from the waste fine slurry and coal fly ash via alklai 
reaction. The silica solution for preparing geopolymer 
cement can be prepared from the slurry by treating 
with 4 - 8M NaOH at 120 oC for 9 h, and the hardened 
geopolymer product can be formed by mixing with 
coal fly ash (the mixing weight ratio = 0.55 - 0.70). 
The product obtained from the slurry treated with 6 - 
8 M NaOH by mixing with coal fly ash (the mixing 
ratio = 0.55 - 0.70) indicates higher strength than 
ordinary Portland cement, and has the NH4

+ removal 
ability. These results suggested that waste slurry can 
be converted into geopolymer cement with sufficient 
strength and water purification ability by alkali 
reaction and mixing with coal fly ash.  
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ABSTRACT 

Insufficient fresh water is one of the many factors for domestic, agriculture, and environment problems. These 
problems are affected by seawater intrusion, increasing trend over the time. In the global scale, seawater intrusion, 
the uncertainty of climate, and water tide are the major problem of surface and ground water, especially, zone of 
delta. The natural factor is not the only factor, the human activity is also, for example, processing of hydraulic 
structure, land use and forcing of water for living, making salinity distribution. Then, monitoring of water quality 
provided and alert this information. Moreover, prediction of salinity can protect and conserve water quality. Here, 
A multiple regression with dynamic parameter was applied to predict salinity of water in the delta of Thailand. 
The calibration and verification provided a root mean square error (RMSE) < 5% (calibration) and < 7% 
(verification) with the high correlation coefficient (R2). This showed a good model for salinity prediction. The 
results revealed a good prediction of salinity in one hour that enough for saline water prevention. So, the area could 
be improved salinity of water to protect water problem. 

Keywords: Regression analysis, Climate Variable, Salinity Sensor, Salt Water, Seawater Intrusion 

INTRODUCTION 

Fresh water is one of the important factors for 
agriculture. Current shortage of fresh water in the 
Chao Phraya Basin is a problem that become much 
more intense as the seawater has intruded because of 
climate change [1]. According to the study of the Pak 
Phanang River in April 1994, the intrusion of 
seawater had an impact of 100 kilometers radius [2]. 
For the Tha Chin River, there was an encroachment 
of seawater into the main rivers and canals [3]. 
During the dry season, surface water level decreases, 
therefore, allowing the sea to rise and enter the basin. 

Not only the natural factors mentioned cause the 
seawater encroachment problems, humans are also 
another factor in causing the problems. For example, 
opening and closing the floodgates, farming, forcing 
water for use, irrigation buildings, flood prevention, 
and changes in land use for shrimp farming or salt 
farming can cause salinity distribution problems [1]. 
The excessive use of fresh water for agriculture and 
the growing drainage of seawater into freshwater 
streams for shrimp farming also cause the fresh water, 
presenting in the soil and the soil surface cannot push 
the salinity out. [4]. 

Bang Krachao area is a large green area in the 
center of Bangkok (Latitude 13°N and Longitude 
100°E) and is known as the green lung of Bangkok. 
[6]. This area has absorbed an average of 6,000 tons 
of carbon dioxide per year and has produced up to 6 
million tons of oxygen per day [7]. This area is a 
protect area, controlled building by the Ministerial 
Regulations [8]. 

Surrounding water of Bang Krachao consists of 
seawater, fresh water, and brackish water [7]. 
Because this area is suitable for agriculture. Many 
fruits were cultivated in the area, such as Nam Dok 
Mai mango and Sapodilla, which can tolerate very 
little salinity (0.12 g/l) [9]. 

Bang Krachao has a floodgate, the Khlong Lat 
Pho floodgate, controlling the flow of water and 
preventing salinity intrusion into the area. However, 
the openings and closings of the floodgates have not 
a systematic management due to the fact that one 
cannot predict the level of salinity that will occur in 
the future. Sometimes during the dry season, the 
floodgate remains closed, causing water inside the 
Bang Krachao becoming sewage and having a higher 
concentrated salt in the water. When this water is 
transpired, it direct impact on the island’s ecosystems 
and agricultural crops. 

A prediction of the salinity is executed by using 
the MIKE11 simulation model, such as the salinity 
intrusion analysis in Tha Chin River [10], the real-
time prediction of salinity research in the Mekong 
River Delta [11]. These were commonly used to 
predict the salinity in large rivers. However, MIKE11 
simulation model still requires many variables such 
as river’s cross section, river’s slope, slope of friction, 
and distribution coefficient. Currently, there is no 
through survey throughout the river around Bang 
Krachao Island. Therefore, this study investigated the 
past and above information and focused on the 
salinity data in Bang Krachao area, in order to predict 
the salinity that will occur in the future and planning 
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water management and systematic openings and 
closings of the floodgates in Bang Krachao. 

Predicting the salinity in advance in the Chao 
Phraya River can have a difference, as water can be 
managed and prevented saline water from entering 
Bang Krachao. If the salinity was a low level, the 
water gate will be opened to allow the water from the 
Chao Phraya River flow into the agricultural area. On 
the other hand, if the water in the Chao Phraya River 
was a high salinity value, floodgate will be closed to 
prevent salinity in the Chao Phraya River flowing into 
agricultural areas. The variables used in this research 
are hourly salinity values in the past. The Multiple 
Linear Regression method was analyzed because the 
analysis results in a short period of time can suggest 
opening or closing the floodgates. In addition, the 
hourly salinity values in each station for salinity 
quality measurement were heavily watered between 
each other with the current time from 0-6 hours of 
every station with SPSS program to find the most 
suitable variable and coefficient value in the amount 
of 1 hour in advance salinity prediction. In this 
amount of time, it should be enough for the openings 
and closings of the floodgates to have a lesser impact 
on agricultural crops. 

STUDY AREA 

Bang Krachao area was selected for this study due 
to 3 factors: i) Bang Krachao area is the largest green 
area of Bangkok ii) Bang Krachao area is the 
downstream area of the Chao Phraya River with an 
area connected to the Gulf of Thailand and iii) Bang 
Krachao area is an ecological diversity area, since it 
is a connection area between fresh water, brackish 
water, and saline water. Bang Krachao area is, 
therefore, a suitable place for the study of salinity 
forecasting to take place, ecologically, engineeringly, 
and economically. 

General and Topography

Fig. 1 shows the location of Bang Krachao area. 
Bang Krachao locates in Phra Pradaeng, Samut 
Prakan (the south of Bangkok). It is an island with the 
Chao Phraya River, with 15 kilometers, covering an 
area of 18.9 square kilometers. The shape of the Chao 
Phraya River that flows through the Bang Ka Chao 
area resembles a stomach. An isthmus from upstream 
to downstream about 580 meters in Bang Krachao 
bend, covering an area of 6 sub-districts, namely, 
Bang Nam Phueng, Bang Yo, Bang Korbuae, Bang 
Kasob, Bang Krachao, and Song Khanong. There are 
boundaries adjacent to Bangkok in 3 directions, with 
the Chao Phraya River in the way, separating Bang 
Krachao and Bangkok. The south is connected to the 
Gulf of Thailand, which is the sea area of Thailand, 
causing the Bang Krachao area to be constantly 
influenced by encroachment of sea water [12]. 

Fig. 1 Location and Monitoring of Bang Krachao 

Geology 

The Bang Krachao area is a floodplain basin, 
making a large wetland, caused by the accumulation 
of sediment in the river mouth. There is a unique 
ecosystem called “Three Water” which consists of 
fresh water, saline water, and brackish water. The rich 
fertility of the area is caused by the accumulation of 
river sediment, resulting in agricultural products with 
distinctive flavors, such as Nam Dok Mai mango and 
Nam Hom coconut. Terrain and ecology at the arch 
of the Chao Phraya River in Bang Krachao area helps 
slow down saline water and sedimentation from 
various soil conditions that are caused by sediment 
deposition at the delta of the Chao Phraya River, 
causing the area of Bang Krachao to have soil 
fertility, making it a place for resting water, and 
preventing flood from happening in the vicinity of 
Bangkok with an average ground level of 0.50-0.60 
m above mean sea level. The soil in Bang Krachao 
consists of clay from sedimentation. Its salinity was 
changed according to the influence of the sea. The 
delta is influenced by brackish water during the high 
tide of the sea and the tide is a distribution from the 
mangrove forest. As for the low plains along the 
waterfront or the areas in which water is soaked 
during the rainy season and dried during the dry 
season, they originally were a freshwater swamp 
forest. Now it is changed, becoming a garden that has 
been dug to help drain water. As for the high upland 
in the middle of the bend was once covered by 
lowland forest which is now transformed into a 
garden and residential areas. 

Water Level 

The water level in Bang Krachao area from the 
survey showed that the average water level is at the 
mean sea level. The highest water level is +1.50 m. 
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(mean sea level) and the lowest water level is -2.00 
m. (mean sea level) (Fig. 2 ). The station with the
highest change in water level is OT01 which is the 
station that is the arch of Chao Phraya river that water 
has low velocity and most influenced by fluctuations 
in sea level. 

Fig. 2 Water Level of Bang Krachao

Salinity 

In the survey data of this research, monitors were 
installed to measure the water level and salinity, as 
shown in Fig. 4, which consist of two main parts: the 
automatic long distance surface water quality 
measurement system and the automatic surface water 
quality database system for measuring water level and 
water quality, or salinity. After that, the monitors will 
send the data to the computer server. There are five 
stations: Khlong Ta Sak Station (OT01), Khlong 
Bang Krachao Nok Temple (OT02), Bang Nam 
Phueng Canal Floodgate Station (OT03), Khlong Yai 
Bai Floodgate Station (OT04), and Khlong Phae 
Floodgate Station (OT05), as shown in Fig. 1. The 
function principle of the salinity meter is that after the 
system measured salinity and water levels, it will send 
the measured data to the Remote Terminal Unit 
(RTU), a remote-control system will then transmit 

data to the server via internet. The server then showed 
the survey results on the website and application. 

Fig. 3 Salinity of Bang Krachao 

In Fig. 3 showed that the salinity values from the 
survey in Bang Krachao area. The salinity values 
were between 0.7 - 18.7 g/l. The station with the 
highest salinity is OT04, which is the last station 
before the water in the Chao Phraya River flowing 
into the Gulf of Thailand. The average salinity in 
Bang Krachao area was 10.65 g/l. This showed that 
the average salinity value in Bang Krachao was very 
high when compared to the allowed salinity of Nam 
Dok Mai mangoes and other plants in Bang Krachao 
area (0.12 g/l). The reasons of these stations have high 
salinity because the openings and closings of the 
floodgates were not suitable for salinity movement. 

Salinity and Problem 

The problem of intrusion of saline water occurred 
in Bang Krachao area because this area is the last area 
of the Chao Phraya River where the floodgates were 
closed to prevent the intrusion of saline water. 
Nowadays, the openings and closings of the 
floodgates were done all the periods of tides. 

Fig. 4 Diagram of data collecting [13] 
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(a) (b) 

Fig. 5 Salinity data and auto-correlation process (a) Salinity data of two stations at the same time (b) Salinity 
data of two stations with auto-correlation 

When floodgates were opened and closed only during 
periods of tides, there will not be openings and 
closings of floodgates during droughts to drive off the 
saline water. This results in salinity penetrating into 
the soil around the island. Higher concentration of salt 
in the soil causes the plants, especially famous plants 
like mangoes and Nam Hom coconut, low salt 
tolerance plants, and grow slower. 

MODELING FRAMEWORK 

The dynamics analysis of surface water flow was 
selected with Multiple Linear Regression and SPSS 
to help in the analyzing process because it is a 
program that is popular in statistical analysis. It can 
also analyze the relationships of various variables. 

Multiple Regression Analysis 

A multiple linear regression model was applied to 
study every linear relationship between one 
dependent variable (Yi) and several of independent 
variable (Xi). The multiple regression equation is: 

Yi = b0 + b1 X1+ b2 X2+ …. + bn Xn (1) 

where bi are coefficient parameters. 
When using this linear prediction, there is a 

limitation that both variables must be connected in a 
straight line or as close to a straight line as possible to 
be more accurate. In terms of how to use variables in 
this work, one can take the relationship between 
salinity values and water levels to create a prediction 
equation [14]. 

Autocorrelation 

Correlation is the measurement of the similarity 
of two sets of data or signals, which is based on the 
product of multiplying the size of both sets of data at 
the same time period, then combining all the results 
together. If the data of both sets are identical, the 
result of multiplying both data together and adding 
them together will result in a positive and high value. 
But in the case where the two sets of data have 
different characteristics, as in Fig. 5 ( a) the result of 

multiplication may be positive at some points and 
negative at some points, resulting in the result being 
either small or near zero. 

The position of the time of the data was adjusted 
to overlap (Time Shift or Time Lag) until the two sets 
of data have the same phase, as in Fig. 5(b), of the 
sum of the products of the two data sets and ultimately 
have a positive value and possibly a high value. But 
if the two data sets overlap and the phases are not the 
same, the result of the sum of the multiplication of the 
products will be either small or near zero. 

From the aspects of the overlapped times data 
showed the results for each time, as they overlap by 
considering the sum of the products from the same 
data set at the first time and the time that they overlap. 
This can be called autonomy (Auto-correlation), an 
examination of the relationships of data in different 
sequences in time series, where data at a distance of k 
apart with lag = k, the autocorrelation coefficient 
(Autocorrelation Coefficient) with Lag = k can be 
found from the equation: 

 








N

1i
2

i

ki
kN

1i i
k

)xx(

)xx)(xx(
r (2) 

When taking the correlation coefficient to plot the 
graph, in general, a graph with a higher coefficient of 
time is zero and the less of the coefficient becomes 
zero when the time-lapse Gradually increase. 

Dynamic Parameter 
This analysis takes into account the shift time 

analysis, which is an analysis used to analyze areas, 
such as the prediction at the OT2 station in the future 
1 hour ahead. It will use the dimensional data of the 
current time to the previous 6 hours and the length 
dimension data from OT1 station to OT5 station. It 
will then look for the relationship via SPSS program 
and find the equation to use for predicting salinity in 
the future. It has a total of 45,000 data. The variables 
in each station has the following values: 

YOTij is the predicted salinity value at the OTj 
station in the future i hours. 

XOTij is the observed salinity value of the OTj 
station with i hours remaining. 
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Additionally, the data was separated to verify the 
model, receiving a total of 22,860 data. 

Calibration Process 

Calibrating a model is the most important step. It 
is to analyze the accuracy of the model before using 
it to predict the characteristics and behavior of 
salinity in the future. This study will use the 
correlation method between variables or Cross-
Correlation to examine. This method considers the 
similarities between two different variable data [15]. 
The consideration of two variables is the series of x 
and y values when i = 0, 1, 2, ..., m, and it will result 
as Correlation Coefficient (rm) at Lag Time equals to 
m from the equation: 
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Where rm is the Correlation Coefficient at time 
overlapping m 

Correlation Coefficient (R) is indicates the two 
closely related variables [16]. Correlation Coefficient 
(R2) obtained from the x and y series analysis in the 
direction of downward The distribution of the data is 
that if the correlation coefficient is positive means 
when x is high and the value of y is also high If the 
correlation coefficient is negative, it means that x is 
low and the value of y is also lower. If the correlation 
coefficient is 0, then the x and y values are not related 
at all. 

Table 1 Correlation and relationship levels [17] 

Correlation Coefficient 
(R2) 

Strength of 
Correlation 

0.00 – 0.54 Low 
0.55 – 0.69 Moderate 
0.70 – 1.00 High 

RESULTS AND DISCUSSTION 

Results of Calibration 

From the calibration procedure was showed in 
Table 2 that the error values and correlation values. 
The values of YOT01, YOT02, YOT03, YOT04, YOT05 were 
influenced by each other. Each station has different 

initial salinity variables used in the prediction. This is 
caused by the appropriate overlapping time period 
and the appropriate distance in each station. It can be 
observed from the model summary obtained from the 
program with the highest R2 and the lowest standard 
error each and every model will always have salinity 
overlapping of one hour of the station used for the 
prediction. 

Results of Salinity Prediction with Multiple 
Regression 

The regression analysis shown in Fig. 6  shows 
that the model is highly correlated. It has an equation 
similar to Y=X.  The results indicated the regression 
models appropriated for predicting the dependent 
variables. Regression model of YOT01, YOT02, YOT03, 
YOT04 and YOT05 were: 

YOT01 = 0.442 +2.081XOT13 -0.974XOT11 -0.169XOT22
+ 0.095XOT04 + 0.035XOT61 
YOT02 = - 0.7 + 0.693XOT12 + 0.039XOT55 +2.29XOT13
- 1.97XOT11 
YOT03 = 0.876 + 2.570XOT13 - 1.499XOT11 -0.156XOT22
+ 0.048XOT21 - 0.017XOT61 
YOT04 = 1.161 + 0.777XOT14 - 1.355XOT11 +1.702XOT13
- 0.189XOT22 
YOT05 = 0.577 + 0.448XOT15 - 1.541XOT11 +2.155XOT13
- 0.094XOT22 

Fig. 6 shows scattered plot between observed data 
and computed data. These plots show correlation 
coefficient (R2) of 0.88 (OT01), 0.98 (OT02), 0.91 
(OT03), 0.85 (OT04) and 0.94 (OT05). These are 
good comparable, and the root mean error were 0.71 
(OT01), 0.25 (OT02), 0.57 (OT03), 0.87 (OT04) and 
0.43 (OT05). They can be explained that the 
computed data close to the observed data and 
indicated that this model can predicable.  

Application 

The salinity obtained from the predictions has a 
high accuracy when compared to the value obtained 
from the actual measurement. Therefore, multiple 
regression analysis using dynamic variables can be 
used to predict the salinity values of at least 1 hour in 
the future. Predicting just 1  hour of salinity is shown 
to result in giving an accurate salinity value. It can 
also be used to create a more systematic openings and 

Table 2. Salinity Calibration 
Station Predictors R2 RMSE 
YOT01 XOT13, XOT11, XOT22, XOT34, XOT61 0.92 0.37 
YOT02 XOT12, XOT55, XOT13, XOT11 0.98 0.08 
YOT03 XOT13, XOT11, XOT22, XOT21, XOT61 0.95 0.22 
YOT04 XOT14, XOT11, XOT13, XOT22 0.89 0.54 
YOT05 XOT15, XOT11, XOT13, XOT22 0.97 0.13 
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(a) Sta. OT01 (b) Sta. OT02 

(c) Sta. OT03 (d) Sta. OT04 

(e) Sta. OT05 

Fig. 6 Scatter plot between observed data and computed data. 
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closings of floodgates, especially the Khlong Lat Pho 
floodgate, so that salinity does not enter the Bang 
Krachao area. 

CONCLUSIONS 

This research has investigated the salinity of 
Bang Krachao, Thailand. To aid decision in saline 
water management, the values of salinity data for 
calibration were demonstrated, while also showing 
the strong correlation of shift time of salinity in each 
station, where simulated and measured values agree.  

The calibrated process was showed that the 
salinity source variables in each station were related 
and verified the model by using the equations from 
the calibrate algorithm to analyze. The model is 
accurate and suitable, for predicting the salinity 
values for opening and closing floodgates. 

In summary, the multiple regression analysis 
with dynamic variable can be used for planning to 
manage the gate operation in the surrounding canals. 
In addition, if you need additional research 
information, you can access the Website: 
http://www.bangkachao-wateronline.com 
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ABSTRACT 
 
Cu Lao Dung is a land strip lying in the middle of Hau river, at the end of Cuu Long river, flowing into the 

East Sea. It is located in the marine economic region of Soc Trang province, Vietnam. This islet has great 
advantages with three ecological regions of freshwater, brackish and brine water. However, there are not many 
detailed studies on environmental indicators in the different land use types there, especially those in locations near 
the islet center. Therefore, the study of soil parameters across different agricultural land use types was carried out 
during the rainy season in 2019 to give an overview of the soil environment in the islet. The results showed that 
in the surveyed land use types, the amount of potassium fertilizer in the soil was higher than that of nitrogen and 
phosphorus. In Mango farm and Shrimp farm, pH and EC values collected outperform those in two other land use 
types, but still below 5. The main source of irrigation there was rainy water, so the amount of fertilizer accumulated 
in the soil was not washed out often. In general, although Cu Lao Dung is located in a favorable geographical 
location, but the people there do not have reasonable cultivation methods to improve the soil environment and still 
rely heavily on chemical fertilizers. 
 
Keywords:Cu Lao Dung, soil, freshwater land use types 
 
 
INTRODUCTION 

Cu Lao Dung (CLD) is the largest islet of 
Hauriver, belonging to SocTrang province (figure 1). 
The East borders to Dinh An estuary, the West 
borders to Hau river, the South borders to the East 
Sea and the North borders to another My Phuoc 
island in SocTrang province [13]. 

Because CLD is located at the mouth of Hau river 
and connected to the East sea, its terrain is flat and 
the canal system is intertwined, therefore, water 
quality is varied from saline to fresh seasonally, 
however it is still favorable conditions for economic 
and agricultural development in centuries ago [7, 13]. 
Every year, the saline intrusion usually in late 
February and early March. Therefore, the amount of 
fresh water flowing from the upstream is insufficient, 
not enough to wash salinity in soil, thus affecting the 
quality of farmland. The fresh water mainly depends 
on rainwater [2, 7]. 

Depend on the present of saline, brackish and 
fresh water, the land use types in Cu Lao Dung is 
very diverse. The area that received fresh water from 
the Hau River, is suitable for perennial fruit trees 
such as Mango, Longan, Pomelo, Coconutfruits and 
the rest is dominate with cash crops. At the end of 
the islet bordering to the sea, this is saline water 
permanent then shrimp farming combine with 
exploitation of resources under forest canopy such as 
crested gibbons, sesarmid crabs, snails, etc.  

Although there are studies on land uses at CLD, 
however the in-depth studies in soil characters in 

relation to crops farming has not received much 
attention. Therefore, this survey on farming and soil 
characters were conducted to understand this 
dependences. 

METHODS 

The Participatory Rural Appraisal (PRA) 
social mapping [8] was applied to collect 
information relate to land use types, crop 
management in Cu Lao Dung. At the same time, 
other information relate to the different of natural 
conditions, ecosystems and soil quality in the study 
area. Soil sampling was conducted on 6 locations 
representing common land use types in the surveyed 
area. 

 
Figure 1. Sampling location (source 
canthopromotion.vn; ontheworldmap.com). 

At each land use type, 5 soil samples were 
collected in the top from 15 - 20cm. Soil samples 

https://canthopromotion.vn/dong-bang-song-cuu-long/
http://ontheworldmap.com/vietnam/vietnam-political-map.html
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were sent to Can Tho University laboratory for 
analysis. The analysed characters were: 

+ Conductivity (EC) (dSm-1) 
+ pH 
+ Nitrogen content (N) (%) 
+ Potassium content (K) (%) 
+ Phosphorus content (P) (%) 
The soil characters of the study area was assessed 

by comparing between land use types and crops. The 
values of pH, nitrogen (N), phosphorus (P) and 
potassium levels in the soil were compared based on 
the Forest Sector Handbook chapter of Soil and Soil 
Nutrition [11, 12]. 

RESULTS AND DISCUSSION 

EC values 

 
Figure 2. EC values obtained at four different land 
use types. 

Six locations in freshwater zone with 4 different 
land use types has EC values varied from 0.889 to 
4.32 dSm-1 (figure 2). The Mango farm had the 
highest EC value of 4.32 dSm-1, followed by 
Coconut farm of 1,624 dSm-1; the lowest was 
obtained in the Longan farm at 0.889 dSm-1. The 
average value of the EC on all land uses types was 
1,956 dSm-1, but EC value obtained in the Mango 
farm was different to all others as Shrimp, Coconut 
and Longan farms significantly. 

Using standard measurement of salinity [1], the 
crop performances was presented below: 

Table 1 Classification by salinity and effects on 
crops 

Designation EC in soil 
(dS/m) Crop performances 

Salt free 0 – 2 Salinity effects are 
mostly negligible 

Slightly 
saline 2 – 4 

The productivity of 
many plants may be 

limited 
Slightly 
saline 4 – 8 The productivity of 

many crops is limited 
Moderately 

saline 8 – 16 Some plants can 
tolerate 

Strongly 
saline >16 Only tolerant crops 

can tolerate 
Based on information in the table 1, Mango farm 

had an EC value of 4.32 dSm-1; considered as 
slightly saline soil.  The EC values in other land use 
types fluctualted from 0 to 2 and be classified as salt 
free soil. 

pH values 

Based on the results of soil samples collected at 
4 different land use types, the results were shown in 
the following chart: 

 

Figure 3. pH values observed at four different land 
use types. 

From the chart, it illustrated that the highest pH 
value obtained in the Mango farm of 4.69. The 
lowest was at Coconut farm of 4.17. 

pH, which represented for “power of hydrogen”, 
considered as a measure of how acidic or alkaline a 
solution was. Using the standard of pH values (table 
2), with representing the soil characteristics [9, 11, 
12, 14], it showed that the pH values of four different 
land use types ranged from 4.4 to 4.69. The results 
found that soil at Cu Lao Dung Islet was strongly 
acidic. 

Table 2 pH scale  

pH Classification of soil 

<3 Very strongly acid 
3 – 4.5 Very strongly acid 

4.5 – 5.5 Strongly acid 
5.5 – 6.5 Medium acid 
6.5 – 7.0 Slightly acid 

7.0 Neutral 
7.0 – 7.5 Slightly alkaline 
7.5 – 8.0 Medium alkaline 
8.0 – 9.0 Strongly alkaline 

>9.0 Very strongly alkaline 
 

According to the results of EC and pH values in 
4 land use types in Cu Lao Dung Islet, it was clear 
that Mango could tolerate sightly saline (EC at 4.69 
dSm-1) and strongly acidic soil (pH of 4.69), while 
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Coconut and Longan only sufferred salt free soil 
with EC values at 1.624 dSm-1 and 0.889 dSm-1 

respectively, they could not suffer saline soil. 
However, these crops could endure very strongly 
acidic soil, pH ranging from 4.17 to 4.28.  

Shrimp farm had salt free value at 0.989 dSm-1 

and pH at 4.52 because farmers added freshwater in 
the beginning crops and the samples were taken at 
that time.    

Many things can affect the conductivity of soil, 
including the irrigation [1, 5]. Natural rain will dilute 
the salt near the roots. This prevents the plant from 
being "burnt" by excess salts and nutrients, as plant 
roots are clogged with salt and nutrients. Plants 
cannot absorb salt, which can be stunted. If irrigation 
water is high in salt, salts can accumulate in the 
fields, increasing salinity and conductivity. For most 
plants, conductivity is considered good for the plant 
if it does not exceed 4 dSm-1 [16]. However, this 
number will vary, depending on the specific crop. In 
Cu Lao Dung, the irrigation depended on irregular 
rainwater, which caused the pH values of soil surface 
layer to be low due to less washout.  

The total value of N - P - K  

 Cu Lao Dung district has transferred over 400 
hectares of sugarcane to aquaculture, mainly Shrimp 
farming since July 2018. During the conversion of 
cultivation to Shrimp farming, the use of fertilizers 
to create a suitable water environment was an 
indispensable element. Fertilizers commonly used in 
the study area were nitrogen, phosphorus and 
potassium (N-P-K). The results of soil samples 
collected at 4 land use types in An Thanh I commune 
area were shown in the chart below. 

 

 
Figure 4. Total percentage of nitrogen, phosphorus, 
and potassium concentration collected in four land 
use types. 

Four different land uses types in freshwater zone 
had varied values of total nitrogen, phosphorus and 
potassium, with figures of potassium supplied much 
significantly higher than that of nitrogen and 

phosphorus. Coconut farm had the highest values of 
total N – P – K fertilizers applied than Shrimp, 
Mango and Longan farms.  

Using the standard stress level of nitrogen, 
phosphorus, and potassium [3, 4, 6, 15, 17], the 
concentration of total N – P – K in cropland was 
performed in the table 3.  

Table 3 Definition of nitrogen, phosphorus, and 
potassium stress levels.  

Level 
Nitrogen (N) 
stress level 

(%) 

Nitrogen 
concentration in 

cropland 
I >0.30 Nitrogen sufficiency 
II 0.15 – 0.30 No nitrogen stress 
III 0.09 – 0.15 Nitrogen stress 
IV <0.09 Nitrogen scarcity 

Level 
Phosphorus 

(P) stress level 
(%) 

Phosphorus 
concentration in 

cropland 

I > 0.15 Phosphorus  
sufficiency 

II 0.10 – 0.15 No phosphorus stress 
III 0.05 – 0.10 Phosphorus  stress 
IV < 0.05 Phosphorus  scarcity 

Level 
Potassium (K) 

stress level 
(%) 

Potassium 
concentration in 

cropland 
I > 0.25 Potassium sufficiency 
II 0.15 – 0.25 No Potassium stress 
III 0.10 – 0.15 Potassium stress 
IV < 0.10 Potassium scarcity 

According to the nitrogen (N) stress levels, 
Longan farm and Mango farm were in level III – 
nitrogen stress while those numbers in 2 other land 
use types, namely Shrimp farm and Coconut farm 
were in level II – no nitrogen stress. It means that the 
amount of nitrogen (N) applied was deficient in 
Longan and Mango farms.  

Moving on phosphorus (P) fertilizer, three 
surveyed land use types, namely Shrimp, Longan 
and Mango farms were in level IV – phosphorus 
scarcity, while Coconut farm was in level III – 
phosphorus stress.  

Although potassium (K) fertilizer was applied at 
the same time with nitrogen and phosphorus 
fertilizer, four different land use types had level II – 
no potasium stress in the table 3. Unlike nitrogen and 
phosphorus, potassium ions do not participate in 
permanent organic compounds in plants, but 
obviously exist in the form of inorganic salts and 
dissolved organic salts. Potassium content in soil 
usually varies from 0.5 to 3.0%. It is usually higher 
in arid, young, and black alluvial soil than red soil 
and weathered rock located in areas with higher 
precipitation [3, 10]. 
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From the results, Mango farm could tolerate 
slightly alkaline soil. Therefore, it was needed to put 
down phosphorus (P) and potassium (K) fertilizer in 
Mango farm. Besides, Coconut and Longan farm 
could stand acidic soil and nitrogen (N) was 
suggested to add in these farms. On the other hand, 
Shrimp farm was significantly different because 
fertilizer applied depending on the farming time. 
Nevertheless, in Cu Lao Dung Islet, local farmers 
chose to put more potassium (K) fertilizer in the 
farms because this type of fertilizer could increase 
drought and salinity tolerance for crops.  

CONCLUSIONS  

In freshwater zone of Cu Lao Dung, the results in 
four surveyed land use types, namely Shrimp, 
Coconut, Longan and Mango farms were 
significantly different with Mango farm had salinity 
tolerance while acidity tolerance belonged to 
Coconut and Longan farms. To increase crops 
tolerance, potassium fertilizer was applied in farm 
much more than nitrogen and phosphorus fertilizer.  
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ABSTRACT 

 
Removal of low-concentration fluoride in natural water is an important issue all over the world. Japan is a 

volcanic country to have many hot springs, and the removal of low-concentration fluoride from hot spring drainage 
is desired. In this study, we attempted to prepare a novel adsorbent with high selective removal ability of fluoride 
from zircon sand using mechanochemical treatment, and applied it for removing fluoride from hot spring water. 
Mechanochemical treatment of zircon sand was carried out using a planetary ball mill, and fluoride removal of the 
product was examined using fluoride aqueous solution and hot spring water. The hot spring water is collected from 
one of the hot spring in Japan, and a typical sulfic acid hot spring water pH 2 including high contents of SO4

2-

(12000 mg ⋅L-1) and Cl- (5000 mg ⋅L-1) with 11 - 15 mg ⋅L-1 of fluoride ion. Regardless of ball sizes, with increasing 
the mechanochemical treatment time to 10 min, the removal ability of the product for fluoride increases, and then 
be almost constant. With decreasing pH of the solution to 2, the adsorption amount increases, and then be almost 
constant. With increasing the temperature of the solution, the adsorption amount decreases, while the rate of 
adsorption increases and the amount increases. The adsorption isotherm at pH 2 follows much better Langmuir 
model than Freundlich model, and the calculated maximum adsorption amount is 0.09 mmol ⋅g-1. Fluoride can be 
adsorbed selectively from hot spring water below Japanese effluent standard for fluoride (8.0 mg ⋅L-1). 
 
Keywords: Zircon sand, Fluoride removal, Mechanochemical treatment, Hot spring water 
 
 
INTRODUCTION 

 
Fluorine is a dangerous anionic species, and 

excessive ingestion of fluorine causes fluorosis and 
neurological abnormalities in the human body. 
Therefore, removal of low concentrations of fluoride 
in natural water is an important issue all over the 
world. There are coagulation-sedimentation, reverse 
osmosis membrane, and adsorption as methods of 
removing fluoride in wastewater. However, 
coagulation-sedimentation method has a problem of 
sludge treatment, and reverse osmosis membrane 
method is a high equipment cost [1].  

In Japan, there are many hot spring areas, and hot 
spring water contains fluoride coexisting with some 
cations and anions. Therefore, selective removal for 
low concentrations of fluoride in hot spring 
wastewater is desired, and simple on-site adsorption 
method for fluoride is focused on.  

Zirconia (ZrO2) attracts as an adsorbent having 
Zr-O-H on its surface, which has a selective 
adsorption capacity for fluorine [2]. However, the 
zirconia adsorbents are expensive because its 
manufacturing requires a multi-steps with a lot of 
energy [3]. In previous studies, zircon sand can be 
converted into the adsorbent with Zr-O-H using 
simple mechanochemical treatment, and phosphorus 
in seawater can be removed selectively [4][5]. 

In this study, we prepares a new adsorbent with 

high selective fluoride adsorption ability from zircon 
sand by mechanochemical treatment, and applied it to 
remove fluoride from hot spring water. 

 
EXPERIMANTAL 

 
Sample  

In this study, raw zircon sand (ZrSiO4) (WAKO) 
was used, and hot spring water used was collected 
from one of hot spring water in Japan. The chemical 
composition of hot spring water is shown in Table 1, 
and the pH of hot spring water is about 2. This hot 
spring water is sulfic acid water with 12 mg ⋅g-1 of F-. 
 
Table 1 Chemical composition of hot spring water. 

 
Ion Concentration [mg/L] 
F- 12 
Cl- 5101 

SO4
2- 12720 

Na2+ 210 
K+ 140 

Mg2+ 103 
Ca2+ 25 
Fe2+ 149 
Al3+ 122 
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Mechanochemical Treatment 

A planetary ball mill (P-6, Fritsch) was used for 
mechanochemical treatment. Pots and balls were 
made of silicon nitride with high wear resistance. 
Treatment was carried out at rotation speed of 400 
rpm for 1 to 60 min using three different diameter 
balls (ϕ 5, 10, 15 mm). The volume filling rate of the 
ball into the pot was about 30 %, and the number of 
balls with ϕ 5 mm, ϕ 10 mm and ϕ 15 mm were 180, 
18 and 7, respectively.  

The products obtained under each 
mechanochemical treatment condition for fluoride 
adsorption was estimated as follows. 0.1 g of the 
product after mechanochemical treatment was added 
into 10 mL of KF aqueous solution with 0.1 mmol ⋅L-

1 in 50 mL of the tube, and shaken with reciprocal 
shaker at room temperature for 12 h. After shaking, 
the tube was centrifuged, and a part of the supernatant 
was collected. The pH of the collected solution was 
measured with a pH meter (F-72, HORIBA), and the 
fluoride concentration in the collected solution was 
measured with a fluoride ion meter (TiN-5101, 
TOKO). The adsorption amount (mmol ⋅ g-1) and 
removal percent (%) for fluoride were calculated 
from the measured fluoride concentration using the 
following equations: 

 
𝒒𝒒 = (𝑪𝑪𝟎𝟎 − 𝑪𝑪) ∙ 𝑳𝑳 ∙ 𝑾𝑾−𝟏𝟏                  (𝟏𝟏) 

 
𝑹𝑹 = {(𝑪𝑪𝟎𝟎 − 𝑪𝑪) ∗ 𝟏𝟏𝟎𝟎𝟎𝟎}

∙ 𝑪𝑪𝟎𝟎−𝟏𝟏                       (𝟐𝟐) 
 
where q is adsorption amount [mmol ⋅g-1], C0 is initial 
fluoride concentration [mmol ⋅ L-1], C is fluoride 
concentration after shaking [mmol ⋅L-1], W is weight 
of sample [g] , L is volume of solution [L] and R is 
the removal percentage of fluoride [%]. 
 
Fluoride Adsorption 
 The fluoride adsorption ability of the product 
obtained by mechanochemical treatment for 10 min 
using ϕ 5 mm balls was investigated. 
 The pH dependence of the fluoride adsorption for 
the product was investigated, in comparison with that 
of raw zircon sand. 0.1 mmol ⋅L-1 KF solution with 
pH 1 - 7 was adjusted using HCl. 0.1 g of the raw sand 
or the product was added into the KF solution with 
different pHs, and shaken for 12 h at room 
temperature. After shaking, the mixture was 
centrifuged, the pH of the supernatant was measured 
with a pH meter, and the fluoride concentration in the 

supernatant was measured by a fluoride ion meter to 
calculate the fluoride adsorption amount using the 
equations (1). 

The amount of fluoride adsorption in diluted 
seawater was examined for fluoride selective 
adsorption of the product and raw sand. 0.1 g of the 
product or raw sand was added into 10 mL of diluted 
seawater, which diluted 10 – 1000 times, with 0.1 
mmol ⋅L-1 F-, and shaken for 12 h. After shaking, the 
mixture was centrifuged, the pH (equilibrium pH) of 
the supernatant was measured with a pH meter, and 
the fluoride concentration in the supernatant was 
measured by a fluoride ion meter to calculate the 
fluoride adsorption amount using equations (1). 

Fluoride adsorption isotherm was examined using 
KF solution with pH 2, adjusted by HCl solution. 0.1 
g of the product or raw zircon sand was added into 
0.05 – 4.0 mmol ⋅L-1 KF solution, and shaken for 12 
h. After shaking, the mixture was centrifuged, the pH 
(equilibrium pH) of the supernatant was measured 
with a pH meter, and the fluoride concentration in the 
supernatant was measured by a fluoride ion meter to 
calculate the fluoride adsorption amount using 
equations (1). 

Fluoride adsorption kinetics of the product in KF 
solution was examined. 1.0 g of the product was 
added into 200 mL of 0.1 mmol ⋅L-1 KF solution, and 
was stirred for 1.5 h at 20, 30 and 40 oC. During 
stirring, a part of the solution (2 mL) was collected at 
each time, and was filtered using a membrane filter. 
The fluoride concentration in the filtrate was 
determined by a fluoride ion meter to calculate the 
fluoride adsorption amount using (1).  
 
RESULTS AND DISCUSSION 
 
Fluoride Adsorption Ability 

 The amount of fluoride adsorption of the product 
obtained by mechanochemical treatment is shown in 
Fig. 1. With increasing the mechanochemical 
treatment time to 10 minutes, the fluoride adsorption 
of the product increased, and then became almost 
constant, regardless of the ball diameter. The fluoride 
adsorption amount of the product after 10 minutes 
mechanochemical treatment is 0.004 mmol ⋅ g-1, 
which is almost 2 times as that of raw zircon sand 
(0.002 mmol ⋅g-1). The removal of fluoride was about 
50%. It is noted that the amount of fluoride adsorption 
of the product was about 1/29 of the amount of 
fluoride adsorption of magnesia (0.114 mmol ⋅g-1) [6], 
and 1/250 of the amount of fluoride adsorption of 
zirconia (1.0 mmol ⋅g-1) [7]. 
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Fig. 1  Fluoride adsorption amount of the product 
after mechanochemical treatment using the 
ball with various diameter. 

 
The pH dependence of the fluoride adsorption of 

the product and raw sand is shown in Fig. 2. The 
fluoride adsorption of the product increased with 
decreasing pH, and the adsorption amount at pH 3.5 
was 0.008 mmol ⋅g-1, which was about 2 times higher 
than that at pH 7, while adsorption of raw zircon sand 
at pH 3.2 was 0.007 mmol ⋅g-1. It is reported that the 
fluoride adsorption amount of Zr adsorbent with Zr-
OH on the surface increases as the pH decreases [8]. 
It is considered that Zr-O-H is increased on the 
surface of the product by mechanochemical treatment. 

 

 
 

Fig. 2  Effect of pH on fluoride adsorption amount 
of the product. 

 
The fluoride adsorption amounts of the product and 

zircon sand in diluted seawater were shown in Fig. 3. 
The product indicates higher fluoride adsorption than 
raw sand and almost same adsorption amount in 1/10 
– 1/1000 diluted seawater as in distilled water. This 
result shows that product can selectively adsorb 
fluoride in high saline water. 

 

 
 

Fig. 3  Fluoride adsorption amount of the product 
and raw sand in seawater. 

 
Fig. 4 shows the adsorption isotherms of the 

product and raw sand in fluoride solution at pH 2. As 
the equilibrium concentration increased, the fluoride 
adsorption increased sharply up to the equilibrium 
concentration of 0.09 mmol ⋅L-1 and 0.06 mmol ⋅L-1 
for the product and raw sand, respectively, and then 
gradually increased. 

 

 
 

Fig. 4  Fluoride adsorption isotherm of the product 
at pH 2. 

 
The experimental results obtained in Fig. 4 for the 

product and raw sand are analyzed using the 
Langmuir adsorption model and the Freundlich 
adsorption model to estimate the fluoride adsorption 
behavior of the product. The liner equations of 
Langmuir adsorption model and Freundlich 
adsorption model are as follow: 

 
𝑪𝑪 ∙ 𝒒𝒒−𝟏𝟏 = (𝒒𝒒𝒎𝒎𝒎𝒎𝒎𝒎 ∙ 𝑲𝑲𝑳𝑳)−𝟏𝟏 + 𝑪𝑪 ∙ (𝒒𝒒𝒎𝒎𝒎𝒎𝒎𝒎)−𝟏𝟏       (𝟑𝟑) 

 
𝐥𝐥𝐥𝐥 𝒒𝒒 = 𝐥𝐥𝐥𝐥𝑲𝑲𝑭𝑭 + 𝒏𝒏−𝟏𝟏

∙ 𝐥𝐥𝐥𝐥𝑪𝑪                  (𝟒𝟒) 
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where q is adsorption amount [mmol ⋅ g-1], C is 
fluoride concentration [mmol ⋅ L-1], qmax is the 
maximum adsorption amount [mmol ⋅ g-1], KL is 
adsorption equilibrium constant of Langmuir, KF and 
n are constant of Freundlich. 

The results are shown in Table 2. According to the 
correlation coefficient, Langmuir equation 
(correlation coefficient: R2 = 0.98) could be more 
realistic than that Freundlich's equation (R2 = 0.93). 
The calculated maximum adsorption capacity of the 
product using Langmuir equation is 0.09 mmol ⋅g-1. 

 
Table 2    The results of parameter from adsorption 

isotherm of the product and raw sand. 
 

 Langmuir Freundlich 
 qmax KL R2 n KF R2 

Product 0.09 5.19 0.98 2.13 0.33 0.93 
Raw 
sand 

0.06 4.94 0.96 1.13 0.38 0.86 

 
The important feature of the Langmuir isotherm 

can be written in form of a dimensionless quantity 
known as separator factor (RL) which is given by (5).  

 
𝑹𝑹𝑳𝑳
= �𝟏𝟏 + 𝑲𝑲𝑳𝑳 ∙ 𝑪𝑪𝟎𝟎,𝒎𝒎𝒎𝒎𝒎𝒎�

−𝟏𝟏
                                         (𝟓𝟓) 

 
where KL and C0,max are the adsorption equilibrium 
constant of Langmuir model and maximum initial 
concentration, respectively. 

The value of RL determines nature of the isotherm 
shape. It can either be favorable (0 < RL < 1), 
unfavorable adsorption (RL > 1), liner (RL = 1) or 
irreversible adsorption (RL = 0). The obtained values 
of RL to be 0.092 for fluoride adsorption by the 
product suggest that the process is favorable.  

The value of the Freundlich constant (n) indicates 
the affinity between the adsorbent and the adsorbate.  
The adsorbate is easily adsorbed (0.1 < n-1 < 0.5), or 
difficulty adsorbed (n-1 > 2) [9]. The value of n-1 
obtained to be 0.469 for fluoride adsorption by the 
product suggest that the process has affinity. 

 
Figure 5 shows the fluoride adsorption of product 

after mechanochemical treatment in fluoride solution 
at various temperatures. As the stirring time increased, 
the fluoride adsorption increased, and then be almost 
constant. As the temperature decreased, the fluoride 
adsorption amount increased. 

 

 
 
Fig. 5  Fluoride adsorption of the product at various 

temperatures. 
 

The experimental results obtained in Fig. 5 were 
analyzed by pseudo-first-order and pseudo-second-
order kinetics models to estimate the fluoride 
adsorption behavior of the product in fluoride 
solution. The linearized equations of pseudo-first-
order and pseudo-second-order kinetics models are as 
follows; 

 
𝐥𝐥𝐥𝐥(𝒒𝒒𝒆𝒆 − 𝒒𝒒𝒕𝒕) = 𝐥𝐥𝐥𝐥 𝒒𝒒𝒆𝒆 − 𝒌𝒌𝟏𝟏

∙ 𝒕𝒕               (𝟔𝟔) 
 
𝒕𝒕 ∙ 𝒒𝒒𝒕𝒕−𝟏𝟏 = (𝒌𝒌𝟐𝟐 ∙ 𝒒𝒒𝒆𝒆𝟐𝟐)−𝟏𝟏 + 𝒕𝒕

∙ 𝒒𝒒𝒆𝒆−𝟏𝟏             (𝟕𝟕) 
 

where qe, qt, k1, k2 and t are the maximum adsorption 
amount (mmol ⋅ g-1), the adsorption amount at time 
(mmol ⋅ g-1), the pseudo-first-order adsorption 
kinetics constant (min-1), the pseudo-second-order 
adsorption kinetics constant (g ⋅mmol-1 ⋅g-1), and time 
(min), respectively. 

The results analyzed are shown in Table 3. 
According to the correlation coefficient (R2), the data 
fit much better to pseudo-second-order model than to 
pseudo-first-order model. It was found that the 
product has higher adsorption amount at lower 
temperature, while reaction rates decrease. 

 
Table 3.   The results of parameters from adsorption 

kinetics. 
 

 Pseudo-first-order Pseudo-second-order 
Temp. qe k1 R2 qe k2 R2 
20 ℃ 0.003 0.034 0.92 0.005 41 0.99 
30 ℃ 0.002 0.025 0.83 0.004 72 0.98 
40 ℃ 0.002 0.023 0.82 0.003 91 0.98 
 

The activation energy for fluoride adsorption was 
calculated by the Arrhenius equation as follows; 
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𝒌𝒌𝟐𝟐 = 𝑨𝑨 ∙ 𝐞𝐞𝐞𝐞𝐞𝐞 (−𝜟𝜟𝑬𝑬 ∙ (𝑹𝑹 ∙ 𝑻𝑻)−𝟏𝟏)             (𝟖𝟖) 
 

where ΔE is the activation energy [kJ ⋅mol-1], A is 
the frequency factor, T is the absolute temperature [K], 
and R is the gas constant. From the plot of ln(k2) vs. 
1/T (Fig. 6), the activation energy for the adsorption 
of fluoride was found to be 7.53 kJ ⋅mol-1. 

The magnitude of Δ E indicates the type of 
adsorption, which can be physical or chemical. The 
physical adsorption process has lower ΔE values (5 
- 40 kJ ⋅ mol-1), while the chemical adsorption has 
higher ΔE values (40 - 800 kJ ⋅mol-1) [10]. It is noted 
that the activation energy of fluoride chemical 
adsorption of Mg-Al oxide was 73.3 kJ ⋅mol-1 [11], 
and the activation energy of fluoride physical 
adsorption of tetrametallic oxide adsorbent (Fe-Al-
Ce-Ni) was 1.1 kJ ⋅mol-1 [10]. The activation energy 
of ordinary physical adsorption supports the high F- 
affinity of the product and the feasibility of the 
reaction. 
 

 
 

Fig. 6  Arrhenius plot for fluoride adsorption on the 
adsorbent. 

 
Fluoride Adsorption From Hot Spring Water 
 

Figure 7 shows the fluoride ion concentration and 
the fluoride removal from the hot spring water after 
treatment for 3 h by adding various amounts of the 
product. It is noted that the Japanese fluoride effluent 
standard value is 8.0 mg/L. With increasing the 
addition of the product, fluoride concentration 
decreases, and be lower than effluent standard. The 
removal was 34 % with more than 100 g/L addition. 

 

 
 

Fig. 7  Concentration and removal of fluoride from 
hot spring water. 

 
Figure 8 shows the fluoride concentration and the 

fluoride removal at each shaking time when the 
product was added at 100 g ⋅L-1. With increasing the 
reaction time, the fluoride concentration gradually 
decreased to Japanese effluent standard, and the 
removal reached to 49%, which indicates that fluoride 
in the hot spring water can be removed to below the 
effluent standard value by treating at 100 g ⋅L-1 for 
180 min. 

 

 
 

Fig. 8  Concentration and removal of fluoride during 
the treatment.  

 
The chemical composition of hot spring water and 

treated water with 100 g ⋅L-1 addition for 3 h is shown 
in Table 4. While 35 % of F- was removed in the hot 
spring water after the treatment, other elements were 
removed less than 16 %. It suggests that fluoride in 
hot spring water can be selectively removed using 
mechanochemically treated zircon sand. 
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Table 4    pHs and chemical compositions of hot 
spring water and treated water. 

 
 Hot spring water Treated water 

pH 1.6 1.7 
F- 11.6 7.6 
Cl- 5101 5167 

SO4
2- 12720 10739 

Na+ 210 221 
K+ 140 117 

Mg2+ 103 105 
Ca2+ 24.7 27.8 
Fe2+ 149 151 
Al3+ 122 125 

 
CONCLUSIONS 
 

Highly selective fluoride adsorbent was attempted 
to be prepared from zircon sand by mechanochemical 
treatment using a planetary ball mill, and the fluoride 
adsorption ability of the product, such as fluoride 
adsorption amount, pH dependence, fluoride 
adsorption isotherms and kinetics, was investigated. 
The results are as follows; 

 
1. The amount of fluoride adsorption of zircon sand 

can be increased rapidly within 10 min of 
mechanochemical treatment. 

2. The amount of fluoride adsorption of the product 
increased with decreasing pH.  

3. The fluoride adsorption of the product in high 
saline water was higher than raw sand. 

4. The adsorption isotherm at pH 2 was fitted to 
Langmuir model better than Freundlich model, and 
the calculated maximum adsorption amount is 0.09 
mmol ⋅g-1. 

5. The adsorption kinetics of the fluoride in the 
fluoride solution fit to pseudo-second-order model 
better than pseudo-first-order model. The product 
indicates higher adsorption amount at lower 
temperature, while the reaction kinetics decrease. 

6. Fluoride can be adsorbed selectively from hot 
spring water below Japanese effluent standard for 
fluoride (8.0 mg ⋅L-1). 

 
These results indicate that a novel product with 

high selective fluoride adsorption ability can be 
prepared by simple mechanochemical treatment, and 
can be applied to remove fluoride from hot spring 
water. 
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ABSTRACT 

 
"National Parks" have been introduced in various countries since Yellowstone National Park was designated 

in the US in 1872 as the first National park. National Parks can be symbols of a country. In some developing 
regions, where institutional design and management for nature conservation are not matured and where the 
economy tends to take precedence over nature conservation, it is important for authorities to have a common 
understanding based on accurate information. The United States and Japan have leading examples of National 
parks and their management systems. Yellowstone area in the US and Yakushima area in Japan are iconic 
National Park areas. Each of those parks have different climate, geology, geography, fauna and flora. However, 
both have a state of the ‘National Park management system’ and something precious act human beings try to 
preserve. From data survey, interview survey, and comparison on both areas, the following has been revealed. 
(1) The management systems are different, (2) Differences between the two systems are related to land systems, 
history, etc. (3) There are other kinds of conservation systems, not only the National Parks system. Since each 
country has its own circumstances, it does not make sense to create ‘uniform standards’ or ‘common systems’. 
Organize comparisons more along the lines of a Nature Conservation system to deepen our understanding deeper 
and accommodate National park diversity. 
 
Keywords: National park, Yellow stone, Yakushima, Conservation and Utilization  
 
 
INTRODUCTION 

 
More than 150 countries have a National Park 

System [1]. The National Park System conserves 
many of the country's outstanding landscapes and 
precious nature. The Nepalese side of the world's 
highest mountain, Mt. Everest is designated as 
Sagarmatha National Park. Africa's highest 
mountain is in Kilimanjaro National Park. North 
America’s is Denali National Park, Australia’s is 
Kosciuszko National Park and Europe’s highest 
mountain, Mt. El Brace is in Prielbrusye National 
Park.  

The National Park system is different in each 
country. U.S. has 59 National Parks, Australia has 
more than 500. The first National park among 
Japan’s 34 was designated in 1934. On the other 
hand, it was in 2016, Three River Source National 
Park was designated in China as their first National 
Park, 144 years after Yellowstone. 

Also the management systems and management 
authorities vary. 

National Park Management System in the world 
can be divided into 2 types; Non-Exclusive type and 
Exclusive type [2].  

In the case of the Non-Exclusive type, the park 
authority doesn’t have the land ownership or land 
management power directly. UK, Japan, Korea are 
among the countries who adopt this type. Here, the 
park authority needs to put more priority on 

cooperating with some other stake holders to 
manage the park. 

With the Exclusive type, the park authority has 
power to manage all or most of the land. U.S., 
Canada, Tanzania are among the countries with this 
type. The park authority has total control exclusive 
power to manage the park. 

In this full paper, comparison is done between 
Yellowstone National Park in U.S. as ‘Exclusive 
type’ and Yakushima National Park in Japan as 
‘Non-Exclusive type’. Both National Parks are 
included in Man and the Biosphere site (MAB 
Biosphere Reserve) and registered on the World 
Heritage List as the first ones in their respective 
countries by UNESCO. 

UNESCO designated 27 MAB Biosphere 
Reserve site as first ones in the US in 1976. Among 
the first 27, 14 were withdrawn and only 13 remain 
as MAB Biosphere Reserves at this moment. 
UNESCO designated 4 sites as the first in Japan in 
1980. UNESCO registered Yellowstone as Natural 
World Heritage in 1978 as the only one in the US. 
UNESCO registered Yakushima as a first one in 
Japan in 1993.  Both areas are considered important 
areas from the aspect of the world nature network. 

Both National Parks and the irrespective regions 
have high reputations and are recognized as 
successful examples of nature conservation and park 
management. 
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MATERIAL AND METHOD 
 
This comparison was focused on the park 

management systems of Yellowstone National Park 
and Yakushima National Park. 

These researches have been done through 
visiting parks, hearing from park rangers, checking 
website, papers and books.  
 
Yellowstone National Park and Management of 
U.S. National Park  
 

Yellowstone National Park is located in the 
Rocky Mountains in the U.S. (Wyoming, Montana, 
Idaho states; Latitude 44.42, Longitude -110.58). It 
was designated on March 1, 1872 as the U.S. first 
National Park (Also the first National Park in the 
world).  The area covers to 8,983 ㎢, the number of 
visitors in 2017 was 4,116,000. In 1976 it was 
registered as MAB Biosphere reserve, then in 1978 
as Natural World Heritage site both as first ones in 
U.S. by UNESCO. This park was also listed as 
‘World Heritage in Danger’ during 1995-2003 
because of increasing tourists and invasive species. 
The management authority of this park is the U.S. 
National Park Service. 

Yellowstone National Park is surrounded by 
Grand Teton National Park, Jhon.D. Rockefeller ,Jr. 
Memorial Parkway, 6 National Forests (Gallatin, 
Custer, Beaverhead-Deerlodge, Caribou-Targhee, 
Bridger-Teton, Shoshone; managed by the U.S. 
National Forest Service), 3 National Wild Life 
Refuges (National Elk Refuge, Red Rock Lakes, 
Grays Lake; managed by the U.S. Fish and Wildlife 
Service) . In the western U.S., the Bureau of Land 
Management manages a vast area (one eighth of the 
U.S.'s land), but not around Yellowstone National 
Park. 

 Yellowstone National Park has some specific 
natural features. This is an active volcanic area, and 
half of World Geysers are in Yellowstone National 
Park. There is a Continental Divide, which divides 
the river to the Pacific and to the Gulf of Mexico. 
Wolves were reintroduced into this area. Bison are 
still living in the wild, but the number of bison has 
been controlled [3][4]. 

Park Rangers are on duty in National Parks for 
nature conservation, visitor protection, visitor 
interpretation, facility management and so on. In 
Yellowstone National Park, approximately 780 Park 
Rangers are employed. Among them, 190 park 
rangers have regular life time employment [5]. Some 
law enforcement Park Rangers carry guns and have 
not only the authority to arrest, but also authority to 

refer to local court. 
At National Park in U.S. there are entry point 

gates where visitors pay an entrance fee, so for 
visitors it is clear where the National Park begins. 
Throughout the park the main roads are paved for 
visitors and parking areas are set at viewpoints or 
trailheads. 

In National Parks forestry, mining, hunting and 
private commercial business activities are 
principally not allowed.  
 
Yakushima National Park and Management of 
Japan National Park 

 
Yakushima National Park is located in Yaku 

Island, South West Japan (Kagoshima Prefecture; 
Latitude 30.20, Longitude 130.30).  

National Park law was introduced in 1931 and 8 
parks were designated in 1934 in Japan. 

Yakushima was incorporated with Kirishima 
National Park in 1969 and designated as Yakushima 
National Park independently in 2012. The area 
covers 245.66 ㎢, the number of visitors in 2017 was 
169,000. In 1981 it was registered as an MAB 
Biosphere reserve, then in 1993 part of the park was 
registered as Natural World Heritage site, 
registrations by UNESCO were first for Japan. 

The Ministry of Environment in Japan manages 
the National Park as the park authority. 

Yakushima National Park occupies 
approximately 45% of the land area of Yaku island. 
More than 85% of the National Park land property is 
National Forest which is managed by the Forestry 
Agency of Japan. The Ministry of Environment in 
Japan designated Wilderness areas, Gensei-Shizen-
Kankyo Hozen-Chiiki, just beside Yakushima 
National Park as a precious area to be preserved. 

Yakushima National Park also has some specific 
natural features. It’s a small island of 541 ㎢, but has 
a 1935m peak, so it’s called ‘a high peak standing by 
the sea’. The island is in middle of the flow of the 
Kuroshio currents, one of the world's largest ocean 
currents and receives a high level of precipitation. At 
the sea side, there is 4,500mm of precipitation, and 
at the mountain side, 10,000mm per year. Mountain 
peaks are subarctic, on the other hand the sea side 
areas are subtropical. In this region cedar trees grow 
slowly and live long, some cedar lives more than 
2,000 years [6][7] .  

Park Rangers are on duty in National Parks for 
nature conservation, visitor protection, visitor 
interpretation, facility management and so on. In 
Yakushima National Park, approximately 7 Park 
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Rangers are employed. Among them, 5 park rangers 
are employed on a full time basis. They are 
government officers. However they don’t have 
authority to arrest and prosecute. 

At National Parks in Japan there are no entrance 
gates. Visitors don’t pay an entrance fee, so for 
visitors it is not clear where the National Park begins. 
Some people are living in the National Park and 
some people own land inside the National Park. 
Roads are used by both visitors and local people 
every day. Many roads are managed by local 
government, not by the park authority. 

In the National Parks, forestry and some other 
business activities are possible with permissions. 
The Forest Agency of Japan is established for 
forestry mainly.  

There are many differences between U.S. and 
Japan National Parks. 
 
Table.1 Comparison of Yellowstone National Park 
and Yakushima National Park 
 Yellow Stone 

National Park 
Yakushima National 
Park 

Park 
Authority 

U,S. National Park 
Service 

Ministry of 
Environment 

Land 
Authority 

U.S. National Park 
Service 

Forestry Agency, 
Prefecture, Private, 
etc. 

Designated 1st March 1872 as 
US and the World 
first National Park 
by President 
Ulysses S.Grant 

Incorporated to 
Kirishima National 
Park in 1969 and 
designated 
independently in 
2012 

Original 
management 
Act 

1894 Park 
Protection Act 

1931 Natural Park 
Act 

Visitors 
2017 

4,116,000 169,000 

Area 8983km2 541km2 
Number of 
Rangers 

780 7  in Park Authority 
(60 in related) 

MAB 1976 a first in U.S. 1981 a first in Japan 
World 
Heritage 

1978 a first in U.S. 1993 a first in Japan  

Other 
related 
system 
inside the 
Park  

 Forest Ecosystem 
Reserve (National 
Forest), Special 
Natural Monument, 
Prefectural 
Management Area 

Other 
related 
system 
around the 
park 

National Forest, 
National Wild Life 
Refuge, National 
Park Way, 
National Park, 
Wilderness Area 

Wilderness Area 

Zoning in 
park 

No Yes 

 

 
 
 
 
 
 
 
 
 
 
 
Fig.1  Concept of zoning system of National Park in 
Japan 
 

Japan National Parks have a zoning system for 
the land area of the National Park System. The zones 
are Special Protection Zone, 1st Protection Zone, 
2nd Protection Zone, 3rd Protection Zone and 
Normal Zone. Special Protection Zone is the core 
area where no one can do commercial activities.  

Fig.1 shows the image of zoning system of 
National park in Japan. Special protection Zone and 
1st Protection zone are often treated as the core area.  
 
RESULTS 

 
Comparison between Yellowstone National Park 

and Yakushima National Park from the prospective 
of park management revealed differences below. 

Firstly, U.S. National Parks have only one 
authority for land and park management. Japan 
National Parks have some authority for land 
management and some authority for specific 
objective management inside the park. 

Secondly, Japan National Parks have a small 
number of Park Rangers. However, National Parks 
are managed not only by the National Park authority 
in Japan. In Yakushima’s case, the Forestry agency, 
Kagoshima Prefecture, Yaku Town and the Ministry 
of Environment are managing Yakushima National 
Park cooperatively. Total number of public officers 
who work for Yakushima National Park area is 
around 60 [8].  

Thirdly, Japan National Park has the zoning 
system in National Park areas. The U.S. National 
Parks don’t have such designated zoning system 
inside National Parks. However, this doesn’t mean 
the U.S. Nature conservation system doesn’t apply 
the concept of Core Zone and Buffer Zone.  

The U.S. Nature Conservation system often 
regards National Park areas or National Monument 
areas as core preservation area. Additionally, 
National Forest, National Wild Life Refuge, 

Designated Park Area Designated Protection Area 

Normal Area 

3rd Protection Zone 

2nd Protection Zone 1st Protection 
 

Special Protection Zone 

Sea Park Area 

Sea  

Land  
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National Grass Land, National Conservation Area, 
National Sea Shore, National Lake Shore, State Park 
and some other management areas usually play a 
role as a buffer zone to protect the core zones.  
(Fig.2)  

 
 
 

 
 
 
 
 
 
 
Fig2.    Yellowstone National Park is surrounded by 
National Forests and National Wild Life Refuges. 
 

Japan has Wilderness Areas designated by the 
Ministry of Environment under the Nature 
Conservation Act. In Japan, Wilderness areas are 
preserved more strictly than National Parks. U.S. 
also has Wilderness Area designated by the United 
States Congress under the Wilderness Act. 
Wilderness Areas are designated over National 
Forests, National Wild Life Refuges, National 
Monuments, lands managed by the Bureau of Land 
Management and some National Parks etc to 
encourage the management authority to prioritize 
preservation rather than utilization. The term 
Wilderness Area in U.S. and in Japan have a 
different meaning.  

 
 
 
 
 
 
 
 
 
 
 
 

Fig.3 National Park Area and Wilderness Area in 
Yaku island. 
 

The following charts show the difference of 
Management Authority and Management system of 
Yellowstone National Park area (Fig.4) and 
Yakushima National Park area (Fig.5). 

Yellowstone Management system looks simple. 
One authority for one land. USFWS manage 
National Wild Life Refuge area. U.S. Forest Service 
manages National Forest area. National Park Service 

manages National Park and Park Way area. These 
areas do not overlap 

On the other hand, Yakushima Management 
System is multi layered and overlapping. 

A place is preserved or managed as Special 
Natural Monument by the Ministry of Education, 
Culture, Sports, Science and Technology (MEXT), 
as Forest Ecosystem Reserve by the Forestry 
Agency and as National Park by the Ministry of 
Environment.  Three Authorities for one land. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.4 Yellowstone Management Authority and 
Management system 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5 Yakushima Management Authority and 
Management system 
 
DISCUSSION 

 
The concept of National Park system was 

invented in U.S. and Japanese government imported 
National Park system from U.S. Where do the 
differences come from? 
 
History of Yellowstone National Park 
 

Before deepening discussion, following show 
some background by reviewing the history regarding 
management of both National Parks. 

MAB Biosphere Reserve  
National Park Area 

Grays Lake  

Caribou-Targhee  

Grand Teton  

Red Rock Lakes  

Beaverhead-
Deerlodge N.F. 

Gallatin N.F. 

National Elk Refuge 

Bridger Teton N.F.  

Jhon.D.Rockefeller, 
Jr. Memorial Parkway 

Shoshone N.F. 

Yellow Stone N.P.  

Custer N.F. 

(*1)    USFWS : U.S. Fish and Wildlife Service 
(*2)    N.W.L.R : National Wild Life Refuge 
(*3)    USFS : US Forest Service 
(*4)    NPS : National Park Service 
(*5)    Jhon. D. Rockefeller, Jr. Memorial Parkway 

USFWS (*1) 

USFS (*3) 
NPS (*4) 

U.S. Congress 

UNESCO 
World  
Heritage 

MAB 

2 National Parks 

Wilderness  
Area 

6 National  
Forests 

3 N.W.L.R 
 (*2) 

(*5) 

  ↑ 
Authorities 

Local 
Government 
MEXT 
(*7) 

Forestry Agency 
Forest Ecosystem Reserve 

National Forest 

Special Natural 
Monument 

(*6) 

MOE (*8) 

UNESCO 
World Heritage Ramsar 

MAB 

 
National Park Wilderness 

Area 

(*7)  MEXT : Ministry of Education, Culture, Sports, Science 
   and Technology 
(*8)  MOE : Ministry of Environment 

(*6)  Prefectural Birds, Mammals and Hunting Management Area   ↑ 
Authorities 

National Park Area Wilderness Area 
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11000 years ago Native Americans began to hunt 
and fish in the region 
1848  Gold Rush started in West coast of U.S.  
1862  Home Stead Act by Abraham Lincoln 
1860s  Explorations started 
1871  Ferdinand V. Hayden explored and wrote 
comprehensive reports 
1872  President Ulysses S.Grant sign 'The Act of 
Dedication' which created Yellow Stone National 
Park' as pleasure ground 
1870s-1880s  Native American excluded from 
National Park 
1886  U.S. Army built Camp Sheridan at Mammoth 
Hot Spring  -1916 Army management 
1894  Park Protection Act (6 important people 
including Theodore Roosevelt) 
1900  Lacy Act (Prosecute poachers) 
1916  U.S. National Park Service is created 
1917  National Park Service took over the 
management from Army 
1929  The first Park Area designation 
1929-1930s  Great Depression 
1933-1942  CCC New Deal relief Agency made 
facilities in the Park 
1976  Registered UNESCO MAB Reserve 
1978  Registered UNESCO World Heritage site 
[3][4][5][10][11] 
 

At the early stage in governance of the area, 
Yellowstone became a National Park and Native 
Americans who might have some right or claim to 
the land have been excluded from the area. Only the 
US Army and National Park Service have been the 
main authority in this area. 

Yellowstone was designated for the purpose of 
being pleasure ground at the beginning. Civilian 
Conservation Corp (CCC) constructed park facilities 
such as tourist roads and visitor centers after the 
great depression.  

Fig.6  Buffalos in  Yellowstone National Park 

 
History of Yakushima National Park 
 
Small numbers of local people were resident in the 
area 
1595  Shimazu Clan direct management started 
1642  Forestry industry boomed in Yakushima 
1879  Land become a National property by the Land 
Tax Reform at Meiji Restoration 
1891  The Forest Management Force was 
established and prohibited local people from cutting 
trees 
1904-1920  Local people challenged in court, and 
lost 
1921  Yakushima Constitutional declaration. Local 
people are allowed to use Yakushima forest in a 
specific ways 
1931  Natural Park Act is established. (Yakushima is 
not National Park yet) 
1957  The Forestry Agency made management plan 
of Yakushima forestry. Then commercial forestry 
boomed again 
1964  Yakushima is incorporated into Kirishima 
National Park and Park is managed by Ministry of 
Health and Welfare. Land management controlled 
by the Forestry Agency. 
1966  The peak of forestry activity. 
1971  The Environment Agency is established and 
park management transferred. 
1975  Designated as Wilderness area 
1981  Registered on MAB Reserves 
1992  The Forest Agency designated Forest 
Ecosystem Reserve 
1993  Registered on World Nature Heritage 
2001  Ministry of Environment established. 
2005  Registered as a Ramsar Site (Nagata hama)  
2012  Independently the Ministry of Environment 
designated as Yakushima National Park 
[7][8] [9] 

Fig.7  Joumon Sugi, Yaku Cider in  Yakushima 
National Park 
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From the beginning in Japan, the National Park 

Authorities didn’t have power over land 
management. The Forestry Agency had land 
management power and rights to timber. The 
management plan was made by the Forestry Agency 
originally in 1957. 

And also local people had rights to use the 
forests based on ‘Yakushima Constitutional 
declaration’ of 1921.  

Yakushima was incorporated into National park 
in 1964 after many things were confirmed. The 
Agency of Environment was established after the 
land use for forestry boomed.  

Japan is small and populated, so there have been 
intensive utilization of land. Rights on land become 
complicated. For example, In Japan’s Civil Code, 10 
types of land rights are prescribed. Land occupying 
right, land ownership right, land cultivating right, 
land collateral right and so on. 

 
Difference of National Park Management System 
 

Japan introduced a National Park System from the 
U.S. and developed it along with Japanese society. 
Even though Japan’s Park Authority didn’t have 
direct management right on the land, they developed 
their own system and build a cooperate system from 
different aspects of preservation, conservation or 
utilization on a land. It leads to multi-layered system. 
And the park authority was faced with the necessity 
of having a zoning system in National Parks. 

The power of authorities of U.S. National Parks 
and other nature conservation systems are mainly 
based on land management power. So at the 
National Parks, authorities can preserve without 
compromise core. 

However, recently the different type of 
movement is occurring in U.S. National Park. 
Gateway Arch National Park was designated in 2018. 
The main attraction of the park is an artificial arch in 
St. Louis city in MISSOURI. 

The system can be changed by the respective 
country’s policy. It will be interesting to watch 
closely the future developments in U.S. National 
Parks. 
 
CONCLUSION 

 
This research made clear the difference of 

National Park Management System between U.S. 
and Japan.  
(1) The National Park management systems of U.S. 
and Japan are different. U.S. National parks are 
managed by U.S. National Park Service. In Japan, 
management authorities are multi layered on a land 

to conserve, so sometimes the decision makings take 
time and sometimes the authority can’t decide 
without compromise. 
(2) Differences between the two systems are related 
to land systems, history, etc. Intensive utilization of 
land in Japan invented zoning system over National 
Park management system. 
(3) There are other kinds of conservation systems, 
not only the National Parks system. Both countries 
have Wilderness area, but they are different systems. 
 
Conclusive Remarks 
 

Authority of National Park management in U.S. 
is the National Park Service. The National Park 
Service manages the park based on land 
management power and laws. Outside of Parks in 
U.S., there are some other systems which conserve 
and utilize nature, such as National forest, National 
grass land, and so on. All systems are based on land 
management power. 4 major authorities are 
managing public land for Nature conservation and 
utilization at the federal level. These 4 authorities 
are U.S. National Park Service, U.S. National Forest 
Service, U.S. Fish and Wildlife Service and Bureau 
of Land Management. 

Authorities of National Park in Japan are multi 
layered. The responsibilities are divided into 
multiple authorities and these authorities cooperate 
with each other to manage the park areas together.  

Important decisions regarding park management 
in Japan can take time, more than U.S. National 
Parks. When the authorities have different interests 
on the same assets, conflict occurs. Often it is not 
clear who has the final decision power regarding the 
area or the issues.  

However, sometimes the fact that time takes for 
decision making can work to prevent rapid 
developing. It can also allow impact of damage to be 
greater. 

Comparisons between Yellowstone National 
Park and Yakushima National Park revealed 
differences and these differences are derived from 
history and land management power. 

To manage a park, it’s better for park authority to 
have exclusive power to manage. However, different 
from U.S. management, Japan has a complicated 
land right system and the governor’s policy was for 
forestry for a long time. So currently the park 
authority doesn’t have exclusive power to manage. 

UK, Japan, Korea or some other counties adopt 
Non-Exclusive Park Management system. However, 
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their histories are also different, so comparison 
research including them can be meaningful. 

A simple comparison of National Park 
Management Systems was not enough to 
comprehensively realize the difference of 
Management system regarding Nature Conservation 
and Utilization in both countries. Organizing 
comparisons focused more in the field of Nature 
Conservation systems will make our understanding 
deeper. Since each country has its own 
circumstances, it does not make sense to create 
‘uniform standards’ or ‘common systems’.  

It is important for park authorities and 
stakeholders in some developing regions, where 
institutional design and management for nature 
conservation are not matured, and where the 
economy tends to take precedence over nature 
conservation, to have a common understanding 
based on accurate information. 
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ABSTRACT 

 
The National Park system is one of the oldest of a variety of Nature Conservation Systems or International 
Nature designation. Over 150 [1] countries have National Parks and the first National Park was born in 1872. 
National Parks are popular tourist attractions all over the world. Authorities of National Parks try to balance 
nature conservation with utilization. In some countries such as Tanzania, Nepal and Ecuador where Nature 
conservation systems are developing, the countermeasures to an increasing number of visitors has also become 
an urgent matter. They need to utilize such assets for their daily life. From experience and information by 
visiting, interviewing and reading books and full papers, this research makes points clear, such as differences 
among ‘National Parks’ in 10 countries and their related systems. Efforts have been made to grasp the National 
park from a global prospective by International organizations, but it requires more research and trials. Nature 
Conservation Systems including the National Park System are new to humans. We currently stand at the entrance 
of Nature Conservation from a Global view. Mutual international cooperation is necessary. It is also important to 
prioritize economic aspects creating a global standard for National Parks and Nature Conservation.   
 
Keywords: National Park, IUCN Categories, Conservation and Utilization, Nature Conservation 
 
 
INTRODUCTION 

 
National Parks are popular tourist’s attraction all 

over the world. 
Kilimanjaro National Park is in Tanzania. 

Climbing Mt. Kilimanjaro is an interesting tour. On 
the way down from the top of Africa, a guide 
proposed to go on Safari for big cat hunting. 

Galapagos National Park is in Ecuador. It is well 
known Darwin’s theory of evolution. Endemic 
species such as Galápagos giant tortoise, Galapagos 
penguin, finches and more can be seen easily. To 
enter the Island, visitors must get 20USD permission 
before they leave for the Galapagos Islands and need 
to pay 100USD at the airport. Visitors must be clear 
of invasive species and pass through a disinfection 
mat on entry. Visitors can’t look around the National 
Park without official guides. 

Brijuni National Park in Croatia was a residence 
of Josip Broz Tito, the President of the Socialist 
Federal Republic of Yugoslavia. He welcomed many 
country leaders to the Brijuni and accepted many 
gifts of endangered animals and raised them in the 
island. Brijuni is a very beautiful island and good 
tourist attraction, but has no primeval nature. 

Yellowstone National park was the only place in 
the U.S. where wild bison existed. Recently the 
authorities have controlled the numbers of bison. 
Yellowstone is popular as the first National Park in 
the world, which was designated in 1872.  

China, a world leader in many ways, designated 
their first National Park in 2016. Beijing Great Wall 
National Park is popular tourist place and registered 
as World Cultural Heritage. Rapa Nui, Easter Island 
is designated as Chilean National Park and is also 
registered as World Cultural Heritage.   

National Park systems vary in each country. 
Some try to preserve primitive nature and some try 
to protect monuments. Some National Parks put 
priority on nature preservation, some on visitor 
control and some on utilization for the tourist 
industry. 

Annapurna range in Nepal is very significant 
place which has beautiful landscape. However, the 
Nepalese government conserves it not as ‘National 
Park’ but as ‘Conservation Area’.  

Mt. Aconcagua, the tallest in South America 
stands in Argentina and was designated as 
‘Provincial Park’, not as ‘National Park’.  

In Australia they designate more than 600 
National Parks and managed by local governments, 
not by National government. 

Standards for designation of National Parks look 
different in each country. 

National Park system is a system to balance 
conservation and utilization. However, each country 
has different National Park system and standards. 
International organization such as IUCN and other 
Conventions are trying to categorize or standardize 
regulation of National Parks and Nature 
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Conservation. 
The overall objective of this paper is to grasp the 

existence of difference among ‘National Parks’ and 
present the issue regarding international designation 
and the necessity for more research and cooperation 
to categorize and make standards for National Parks, 
which are widely accepted in the world as the main 
system of Nature Conservation. 
 
MATERIAL AND METHOD 
 

Among National Parks which we actually visited 
and did some researches, we selected 10 National 
Parks from 10 countries, 3 from Asia, 1 from North 
America, 2 from South America, 1 from Oceania, 2 
from Europe and 1 from Africa. Studies have been 
done by interview, book, papers and website 
research. 

Many National Parks are registered or designates 
by international organizations. How international 
Organizations are trying to categorize, recognize and 
create definitions on National Parks is stated in 
following section.  
 
Protected Area Categories 
 

IUCN protected area management categories 
classify protected areas according to their 
management objectives. The categories are 
recognized by international bodies such as the 
United Nations and by many national governments 
as the global standard for defining and recording 
protected areas and as such are increasingly being 
incorporated into government legislation. 
Category Ia: Strict Nature Reserve 

To conserve regionally, nationally or globally 
outstanding ecosystems, species (occurrences or 
aggregations) and/or geodiversity features: these 
attributes will have been formed mostly or entirely 
by non-human forces and will be degraded or 
destroyed when subjected to all but very light human 
impact. 
Category Ib: Wilderness Area 

To protect the long-term ecological integrity of 
natural areas that are undisturbed by significant 
human activity, free of modern infrastructure and 
where natural forces and processes predominate, so 
that current and future generations have the 
opportunity to experience such areas. 
Category II: National Park 

To protect natural biodiversity along with its 
underlying ecological structure and supporting 
environmental processes, and to promote education 
and recreation. 

Category III: Natural Monument or Feature 
To protect specific outstanding natural features 

and their associated biodiversity and habitats. 
Category IV: Habitat/Species Management Area 

To maintain, conserve and restore species and 
habitats. 
Category V: Protected Landscape/Seascape 

To protect and sustain important 
landscapes/seascapes and the associated nature 
conservation and other values created by interactions 
with humans through traditional management 
practices. 
Category VI: Protected area with sustainable use of 
natural resources 

To protect natural ecosystems and use natural 
resources sustainably, when conservation and 
sustainable use can be mutually beneficial. [2] 
 
World Natural Heritage 
 

The United Nations Educational, Scientific and 
Cultural Organization (UNESCO) seek to encourage 
the identification, protection and preservation of 
cultural and natural heritage around the world 
considered to be of outstanding value to humanity. 
This is embodied in an international treaty called the 
Convention concerning the Protection of the World 
Cultural and Natural Heritage, adopted by UNESCO 
in 1972. 1121 properties are listed including 218 
Nature Heritages and 39 mixed, as of June 2020. [3] 
 
World Network of Biosphere Reserves 
 

The World Network of Biosphere Reserves of 
the MAB Programme was launched in 1971 by 
UNESCO. The Network is one of the main 
international tools to develop and implement 
sustainable development approaches in a wide array 
of contexts. There are 701 biosphere reserves in 124 
countries, including 21 trans-boundary sites. [4] 

 
The Convention on Wetlands in Ramsar 
 

The Convention on Wetlands is the 
intergovernmental treaty that provides the 
framework for the conservation and wise use of 
wetlands and their resources. The Convention was 
adopted in the Iranian city of Ramsar in 1971 and 
came into force in 1975. There are 2,331 Ramsar 
Sites in 170 countries, covering over 2,100,000 
square kilometers. [5] 
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UNESCO Global Geoparks 
 

UNESCO Global Geoparks (UGGp) began in 
2001. They are single, unified geographical areas 
where sites and landscapes of international 
geological significance are managed with a holistic 
concept of protection, education and sustainable 
development. There are 147 UNESCO Global 
Geoparks within 41 Member States, covering a total 
area of 288,000 km². [6] 

 
RESULTS AND DISCUSSION 
 

This research on 10 National Parks was focused 
not only on ‘Nature’ but on international designation  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

and nature conservation systems. 
In some countries, the National Park System is 

the main one to conserve nature. And in some 
countries, there are a range of conservation systems 
other than National Park. 

Information as for the National Parks in 
developed countries was easier to obtain rather than 
in the case of developing countries. 

Table.1 shows comparison among 10 National 
Parks in 10 countries. These National Parks are 
popular National Parks in each country and are big 
tourist attractions. They are designated not only as 
National Parks, but also as World Heritage, MAB or 
Ramsar. All 10 National Parks are assigned IUCN 
Categories. Some parks charge expensive entrance 
fees, and some are free of charge.  
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Kilimanjaro Tanzania II 1974
100USD 

over
1987 - - - 1,668Km2 52,000

Francois Peron Australia II 1993 Free 1991 - - - 525km2

594,660
(2018)
275000
(2018)

542,794
(2015)

- - 7,269km2

Ramsar 
Site

World
Natural

Heritage

1,760,000
(2017)
45,000
(2010)
37,097
(2016)

19,380,000
(2018)
17,900
(2013)

2002 - 7,970km2

Los Glaciers Argentine II 1937 22USD 1981 -

- -
19,185.79 

km2

Galapagos Ecuador II 1959 100USD 1979 1984

2004 - 30km2

Denali U.S. V 1917 15USD - 1976

1991 - 2362km2

Torronsuo Finland II 1990 Free - -

2003 - 952km2

Lake district U.K. V 1951 Free 2017 -

- - 1817km2

Chitwan Nepal II 1976 18USD 1984 -

- - 386km2

Komodo Indonesia II 1980 18USD 1991 1977

Geoparks Area
Visitor
(Year)

Shiretoko Japan Ia 1964 Free 2005 -

Park Name Country
IUCN

Categories
Designation

Year
Entrance

Fee
MAB

Reserve

Table.1  Comparison of 10 National Parks in 10 countries 

Table.2  International designation and conservation system in 10 countries      *( ) is heritage in danger  

country
National

Parks

World
Nature

Heritage

MAB
Reserve

Ramsar
site

Geoparks Park Authority
First

National
Park

Other Nature Conservation system

Japan 34 4 10 52 9
Ministry of

Environment
1934

 Wilderness Area, Quasi-National Parks, Prefectural
Natural Parks, Forest Ecosystem Reserve and so on.

Indonesia 54 4(1) 16 7 4
Ministry of

Environment and
Forestry

1980
 3 Nature Reserves and over 100 Marine protected
areas.

Nepal 12 2 0 10 0
Ministry of Forests
and Environment

1973
 1 Wildlife Reserve, 1 Hunting Reserve, 6
Conservation  Areas, and 13 Buffer Zones, covering
23.39 % of the total country's land.

U.K. 15 6 7 175 7 15 own authority 1951

 Area of Outstanding Natural Beauty (AONB) and
some other protected area from aspects such as
Biodiversity value, Geo diversity value or Scenic
value.

Finland 40 1 2 49 1 Metsähallitus 1956
 19　Strict nature reserves and 12 Wilderness
Area.

Tanzania 22 4(1) 5 4 1
Tanzania National
Parks (TANAPA)

1951
 1 Conservation Area, 2 Game reserves, 2 Marine
Park,  12 Forest Nature Reserves.

U.S. 62 13(1) 28 40 0
National Park

Service
1872

 Variety kinds of Nature Conservation system in
Federal. Every State also has its own conservation
systems.

Ecuador 11 2 7 19 1
Ministerio del

Ambiente y Agua
1959

 5 Nature Reserves of Ecological, Forest and
Biological.

Argentine 37 5 15 23 0
Administración de

Parques Nacionales
1934  Provincial protected area.

Australia 685 16 9 66 0
6 by National,

others by states
government

1879
 Antarctic Specially Protected Areas,
Commonwealth Marine reserves and many states
managed reserves.
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Table.2 shows nature conservation systems in the 
10 countries. In 9 of these countries, the National 
Park Authority is National Governments. In 
Australia, the State Governments are in control.  

The number of Ramsar sites in UK is the largest 
in the world. And the number of National Park in 
Australia is the largest in the world. The second 
oldest National Park in the world is the Royal 
National Park in Australia. All countries have their 
own nature conservation system. 

Through this study, we found some interesting 
points. 10 National Parks are all categorized with 
IUCN categories. And IUCN Categories have a 
category II National Park, but some National Parks 
are categorized in Ib and V, not II. In some National 
Parks visitors need to pay to enter the park. 
Developing countries have tendency to charge the 
entry fees of National Parks. The U.S. has a wide 
range of nature conservation systems. So it seems 
the U.S. is passionate about nature conservation, but 
interestingly they don’t have Geoparks as of June 
2020. 
 
Simplicity is important for global standards 
 

These IUCN categories are decided based on 
application from authorities in each country. So 
categories can be strongly influenced by how they 
described the park on the application form. The 
Category Assessment is re-applicable. [7] 

Among these 10 researched National parks, some 
National Parks are categorized in Ib and V, not II. 
The Denali National Park and The Lake District 
National Park are both categorized in V. However, 
comparing the visit experience, The Denali National 
Park and The Lake District National Park were very 
different.  

Fig.1 Denali N.P.: IUCN Category V 
 

Perhaps it would be better for IUCN to review 
the categories system so that National Parks can 
have multiple-categories. That multiple-category 
system is already adopted by UNESCO the World 
Natural Heritage adopted. Another option would be 

to change the name of category II from ‘National 
Park’.  

Fig. 2 Lake District N.P.: IUCN Category V 
 

If the Global standards or Systems are not simple, 
confusion can easily occur. IUCN have been playing 
and will play big roles in leading nature 
conservation in the world. So IUCN has 
responsibility to make their efforts easily 
understandable. 
 
Local Economy and National Parks 

 
In Tanzania, adjacent to National Parks, there are 

Game Reserves where recreational hunting occurs. 
Visitors can shoot a lion with rifles if they pay 
10,000 USD. There are no fences between National 
Parks and Game Reserves. This is a surprising fact 
in 2020. They call Buffalos, leopards, lions, 
elephants and rhinoceros are promoted as the Big 
Five of hunting. Entrance fees and Activity fees are 
very important income especially for developing 
countries. It’s easy to say for outsiders ‘Don’t kill 
wild animals’, but things are not so easy. 

The guides who proposed me big cat hunting 
said that he didn’t want to kill lions but it was such 
big income and if he was successful he wouldn’t 
have to work for some years. 

Fig. 3 Elephants in Tanzania Safari 
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To climb Mt. Kilimanjaro in Tanzania, a climber 
pays the park authority 810 USD for 6 nights 7 days 
climbing. Climbers need to pay for guides, porters, 
tent, food, etc, totally over 2,000USD + tips. 

Tanzania’s GDP per person is 1,029USD in 2018. 
A climber pays almost double the amount of one 
person’s yearly income only for 7days. To climb Mt. 
Annapurna South in Nepal, visitors pay over 6,000 
USD. The trek to the Annapurna Base Camp cost 
over 800 USD. Nepal’s GDP per person is 
1,034USD in 2018/ 2019.  

For these countries, tourism is quite a large 
industry. For reference, GDP per person in U.S. is 
59,531USD and in Japan is 39,303USD. [8] 
      International standards to conserve nature should 
pay attention to their local life. 
 

 
Fig. 4 Annapurna Conservation Area 
 
National Park spread widely 
 

The first National Park was created in 1987 and 
spread over more than 150 countries. It spread very 
fast all over the world. 

The Table.3 shows the number of countries 
which introduce National Park in each 10 years. 
(113 countries information were found through 
website research.) 

It is less than 150 years since ‘National Park’ 
spread to 150 countries after the first designation in 
1872. In the 1930s National Parks became popular. 
The World War II interrupted this. Many countries 
introduce National Parks between the 1950s and the 
1980s. In recent years the IUCN hosts ‘The World 
Parks Congress’ to gather information and wisdom. 

 In the 1970s pollution and in the 1990s climate 
change became big issues for humans all over the 
world. National Park system was established before 
these issues. However, National Park is still a new 
concept in human history.  

International organizations are trying to involve 
many bodies in Nature Conservation activity. 
However, usually the decision maker is each country 

or national authority. Geoparks have 147 sites 
around the world.  There are no Geoparks in The 
United States, former Soviet Union territory, India 
or Australia. The largest number of Geoparks is 
China’s 33 out of the total 147. China designated 
their first National Park in 2016. There might be 
some special reason for this, not scientific reasons. 

 
Table.3 First National Park Designation in Each 
Country 
1870s 2 United States, Australia 
1880s 2 Canada, New Zealand 
1890s     
1900s 2 Namibia, Sweden 
1910s 3 Switzerland, Mexico, Spain 

1920s 7 Italy, Zambia, South Africa, Zimbabwe, 
Iceland, Algeria, Guyana 

1930s 16 

Chile, Argentina, Netherlands, Ireland, 
Poland, Burundi, Japan, Romania, India, 
Brazil, Uruguay, Venezuela, Sri Lanka, 
Greece, Belarus, Bolivia 

1940s 7 Morocco, Kenya, Georgia, North 
Macedonia, Paraguay, Croatia, Slovakia 

1950s 15 

Tanzania, United Kingdom, Uganda, 
Montenegro, Côte d'Ivoire, Burkina Faso, 
Niger, Costa Rica, Guatemala, Finland, 
Dominican Republic, Madagascar, 
Turkey, Ethiopia , Ecuador  

1960s 18 

Mozambique, Serbia, Colombia, 
Thailand, Slovenia, Peru, Vietnam, 
Norway, Chad, Bulgaria, Czech Republic, 
France, Israel, Bosnia and Herzegovina, 
Malawi, Albania, South Korea, Botswana 

1970s 18 

Germany, Ghana, Estonia, Portugal, 
Pakistan, Hungary, Seychelles, Nepal, 
Latvia, Denmark, Iran, Lithuania, 
Dominica, Kyrgyzstan, Panama, Gambia, 
Nigeria, Nicaragua 

1980s 14 

Tunisia, Indonesia, Ukraine, Austria, 
Myanmar, Egypt, Russia, Haiti, Taiwan, 
Kazakhstan, Sierra Leone, Kosovo, 
Belize, Fiji 

1990s 3 Tonga, Cambodia, Mauritius 

2000s 5 Belgium, Gabon, Azerbaijan, Malta, 
Afghanistan 

2010s 1 China 
 
CONCLUSION 
 

Rights of autonomy must be respected. However, 
Nature doesn’t have a national border. Some Wild 
animals move around. They are trans-boundary.  
Forest fire in Australia in 2019 changed the surface 
color of Glaciers in New Zealand.  Yellow sands 
from the Chinese deserts fly to Japan every year. 
Asian garbage drifted to seashore in America. All 
human beings are under the effect of global climate 
change.  

At this moment, Nature Conservation is 
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dependent on each country’s policy. When wild fires 
occurred in Brazil in 2019, many countries or bodies 
proposed support to the Brazil government. 
However, they were rejected. No one outside Brazil 
can force the Brazilian government to do something 
in Brazil. Recently it became more possible than 
before to pressure governments by gathering public 
opinion through SNS or other internet tools. 

There is a definite necessity to cooperate over 
borders for the Nature Conservation. International 
organizations and nations are struggling. The history 
of International Nature Conservation is not old. 
Geoparks started in 2001, Ramsar in 1975, World 
Heritage in 1972, MAB programme in 1971 and 
National Park in 1872. IUCN organization was 
established in 1948U and NESCO organization was 
established in 1946. 

Human beings are at the beginning of Global 
Nature Conservation. It’s better to make simple 
systems or standards for mutual understanding to 
involve many bodies. 

To unite to one Nature Conservation system is 
impossible. Diversity is very highly valued when it 
comes to nature conservation. However, showing a 
simple standard or definition can be possible. 
Especially in the way of minimum standard 
regulations or mandatory standard regulations 
should be discussed and shared all over the world 
quickly. We all expect IUCN to play this important 
role in global society. 

In the developing countries, there is a priority 
more on economic development or the tourism 
industry rather than Nature Conservation. Their 
daily life is important and Nature Conservation is 
also important. It’s ideal to categorize or to make 
standards for Nature based on scientific knowledge. 
Developing countries need to utilize their national 
assets to create benefit as their countries developed.  
So it may be best to show some economic benefits 
of a global standard or global categorization for 
Nature Conservation alongside scientific knowledge. 

It must be remembered that in the U.S. 
Yellowstone National Park was designated in 1872 
as a pleasure ground. In Japan, there was an era 
when local governments wanted to have National 
Parks in their jurisdiction as tourism attractions, so 
in the 1940s Japan created Quasi-National Parks and 
Prefectural Nature Parks. Lions are hunted in 
Tanzania and Bison numbers are controlled in 

Yellowstone.  
Human beings stand at the entrance of Nature 

Conservation from Global view. More research 
should be done and more supporters should be 
involved, and systems and categories should be 
simple so that everyone can understand and 
comprehend.  
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ABSTRACT 

Spartina alterniflora introduced worldwide has impacted local Japanese ecosystems. Then the management 
methods of the species are seriously required. In 2019, the invasion of the species was reported at Aichi Prefecture, 
Japan. The vegetation of the species was grown up to 449 m2 for 5 years. However, the relationship between the 
habitation of the species and environmental factors remains unclear. Therefore, we made a habitat prediction model 
using GLM (general linear model) to define the environment of the S. alterniflora habitat of Aichi Pref., 
incorporating data in 2019. That measured population density, location, ignition loss of physical environmental 
data, pH, NaCl concentration and altitude over the sea level by us. Our analysis showed that the standardization 
parameter altitude over the sea level was the main effect in the predictive model (estimate 4.158) and had the 
greatest absolute value. And the Wald value is significantly large (42.426). Secondary the reciprocal relationship 
expression between the altitude and pH was high value, 1.007. The species likes the habitat that altitude is high 
and pH is 7.1-7.3. For the GLM, we made the distribution for the species, the reappearance is well done. Then the 
avoidance of the species expansion, the bank of the tidal area should erase the higher riverbed.  

Keywords: General Linear Model, Habitation, Invasive species, Management of Invasive Species 

INTRODUCTION 

Smooth cordgrass, Spartina alterniflora was 
ordinally distributed at seashore at North America 
and the Gulf Coast of the Mexico. The species is a 
perennial plant at salt marsh and estuary. They 
occupied rapidly into the tidal zone and the 
environmental condition of the tidal zone has been 
changed by the species [1]. The vegetation of the 
species reduces the energy of the sea wave and helps 
stop the coastal erosion. In China and other countries 
planted the species that grew up in North Carolina, 
Georgia and Florida for the controlling the sea 
erosion [2]-[5]. An S. Q. et al. (2007) showed that 
introduced S. alterniflora in China was 
approximately 2.6 km2 until 1985, and that it has 
increased more than 430 times after 15 years (1120 
km2), in 2000 [6].  

Thus, rapid invasion showed significant adverse 
impacts on natural ecosystems, this species listed by 
Lows et al. (2000) among the 100 most hazardous 
invasive species in the world [7]. In 2008, the species 
was detected at Aichi Prefecture, Japan and next year 
at Kumamoto Prefecture. The rapid expansion of the 
species changed the tidal area, salt marsh and creek 
area in Aichi Prefecture. About 3 years later the creek 
was filled by the plant and the water stream was 
prevented and the creek is almost dry land. The 
Ministry of the Environment declared the species an 
invasive alien species (LAS) on the Invasive Alien 
Species Act of Japan in 2014 [8]. In Aichi Prefecture, 

the Ministry of Land, Infrastructure, Transport and 
Tourism, many companies and many volunteers 
removed the species from the salt marsh and creek 
from 2011 to 2013, then all the plant removed from 
this area. In 2018 the species was detected 50 km 
away from where S. alterniflora was previously 
discovered in Aichi Pref. From the Street View at 
Google map the invasion of the species was observed 
at the map in 2013. For 5 years the vegetation of the 
species has been widespread until 2018.  

In order to prevent the invasion, it is necessary to 
monitor the invasion of the species, but it is 
impossible to do it because of the necessity to monitor 
a vast area along seashore. To conserve the local 
natural ecosystems we must detect rapidly in order to 
remove them with low cost. We, therefore, made a 
habitat prediction model using GLM (General linear 
models) to further define the environment of S. 
alterniflora habitat. The area of the invasion 
prediction is defined, we can easily find out the 
invasion of the species. In a protection plan of the salt 
marsh and tidal area ecosystem, analysis using GLM 
is carried out for relation about habitation density and 
environmental factors [9][10]. In this analysis, we 
considered the habitation restriction factors of the S. 
alterniflora in Japan. 

MATERIALS AND METHODS 

Study site 
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The place of the investigation was Horikawa river, 
located in center of Japan at Pacific Ocean side (Fig. 
1). The creek is 1.08km for the agriculture drain. It 
has the gate to prevent sea water flood about 500m 
from the mouth of the river. The banks of the river are 
made of concrete brock that have higher river bed.  

Fig. 1 Map of research locality 

Study Plant 

Spartina alterniflora commonly known as smooth 
cordgrass or oyster grass, is a salt-tolerant perennial 
grass native to the Atlantic Coast of North America. 
It is also found on the Pacific Coast of the United 
States, where it is considered an invasive species. 
Spartina species are among the few salt marshes 
plants that have been introduced outside their native 
range for erosion control due to their abilities to 
colonize open areas, stabilize eroding shorelines, and 
reclaim land.  

The species displays considerable genetic and 
genotypic diversity, which affects growth and 
morphology, and ecological functions [11]. In the low 
intertidal zone, S. alterniflora is often the dominant 
species because of its high tolerance of frequently 
flooding and hypoxia conditions. Very few species 
can survive the ecological challenge of high salt and 
too little oxygen. Even though salt marsh productivity 
is very high, species diversity is very low. Salt marsh 
communities are dominated by a few species of 
halophytes, plants, that are adapted for growth and 
reproduction in a saline environment. The height of 
the species ranges from 100 to 200 cm along the creek 
banks. Recent evidence suggests that the commonly 
observed tall and short forms may be genetically 
distinct, numerous studies have demonstrated that the 
difference in productivity between forms is a function 
of environmental variables [12] [13]. 

Distribution Research 

In order to know the distribution of the species in 
Horikawa river, we mapped the species using the 50m 
measure and GPS (Garmin) in 9th April, 2019, 
through the river. When we detect the species, we 

made the quadrat (1m x 1m) and measured the 
vegetation cover percentage by photographs. And the 
reproduction of seeds was counted on 20th Sep. 2019. 
We set the quadrat (1m x 1m), and harvest all the 
reproduction stems. After harvest, all stems put into 
polyester bags with ethanol not to help expansion of 
the species. The number of seeds at each stems was 
counted at laboratory. 

Environmental Factor Measurements 

For the measurement of environmental factors, we 
set 130 plots (2m x 2m) in Fig. 2 for the distribution 
of the species is edge of the river. The water vein is 
right side. The samplings and measurement were 
carried out on 130 plots in summer (2nd Aug. to 20th 
Sep. in 2019). The four environmental parameters, 
altitude from sea level (h), pH (ph), loss on ignition 
(IL) and NaCl (psu) concentration were measured in 
each plot. The altitude from sea level was measured 
using measure pole for leveling. The water pH was 
measured pH meter (TOA DDK). Loss on ignition 
was measured by sampling mud (core sampling 5cm 
diameter 5 cm depth). After sampling the mud was 
into the incubator at 120°C for 2days in order to loss 
the water. After pretreatment, the weight was 
measured and they were burned in the muffle furnace 
(800°C 4days) to measure loss on ignition. 

Fig. 2 Location of each plots. 

Statistical Analysis 

We performed analysis using GLM (using quick-
R: correspondence analysis program) to elucidate 
habitation density of the S. alterniflora and its 
relationship to environmental factors. The 
Environmental parameters used in this study assumes 
four kinds of measurement data. The population of S. 
alterniflora at each plot was used the distribution 
research data.  

In this study, the response is the population 

20m

300km 
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density of S. alterniflora. Thus, we supposed that the 
probability distribution of the response obeyed 
negative binomial distribution. To explain the 
distribution of density, our model assumes the main 
effect term (when a factor acts alone) and an 
interaction term (when two factors interact). In the 
case of interaction terms, we performed centration for 
2 variables beforehand and incorporated it as an 
explanatory variable. In total, the model assumes 6 
variables of interaction between 2 factors as 
explanation variables, in addition to the main effect 
variable (4 variables). As a standard to evaluate the 
good model, we used by Akaike’s information 
criterion (AIC). 

RESULTS 

Distribution 

Distribution of S. alterniflora was shown in Fig. 
3. The total area was 499 m2, 93 populations were
detected. The population was not always linked, 
430m distant was observed between two next 
populations.  

 
Fig. 3 Distribution of S. alterniflora in Horikawa 
River. 

The number of seed reproduction at each shoot 
was shown in Fig. 4. There were 4 times differences 
about seed production at each shoot. The mean seed 
production was 19908/m2.  

Fig. 4 The histogram of seed production at each shoot 

Field Census 

Fig. 5 showed the population density of the 
species. The unit of the range is vegetation cover area 

percentage. The census was carried out from 0-100% 
vegetation cover at 130 plots. 

Fig. 5 Population density of S. alterniflora at 
modeling area in Horikawa River. 

Fig. 6 Population density of S. alterniflora at 
modeling area in Horikawa River, a) The altitude 
from sea level, b) pH, c) The loss of ignition, d) NaCl 
percentage of water 

Fig. 6 shows the environmental descriptors of 
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environmental factors in census area. The altitude 
from sea level is 0 to 102m. The edge of the river is 
higher because of higher river bed. The pH is ranged 
from 6.8 to 7.9. The higher level is observed the right 
side of the Fig. 6-b. The loss on ignition showed 
distributions at the center of the research areas (in Fig. 
6-c). The distribution of NaCl ranges from 0.7% to 
1.4%, the NaCl level is lower than sea water.  

Fig. 7 showed the relationships between the 
vegetation percentage of the species and four 
parameters. Clear relationships between the 
vegetation cover percentage and four parameters 
were not observed. 

Fig. 7 The relationships between the vegetation cover 
percentage and four environmental parameters 

The Habitation Model 

A newly created S. alterniflora habitation model 
of this area found the main relationship effect variable 
on population density to be the standardization 
parameter the altitude from sea level, with a value of 
4.158. This was the biggest value by the absolute 
value of all effects calculated. The Wald statistic 
value was 42.426 indicating significance. Secondary 
the standardized pH value was also high, 0.925. The 
Wald statistic value was 16.924. The statistics value 
of the model was shown in Table 1.  

Fig. 8 shows the habitation model from the 
general linear model. The habitation model was made 
of parameters shown in Table 1, that is altitude from 
sea level (h), pH (ph), the loss of ignition (IL) and 
NaCl concentration (psu), the relationships 
parameters h:ph, h:spu, ph:IL, ph:psu and IL:spu. 
Large parts of the calculated habitation model agree 
with the observed distribution data. Form the data the 
census and the expectation model, Fig. 9 shows there 
was a relationship between expected density and the 
observed density. In 92% of the plots the difference 
of the vegetation cover percentage is under 20 

percentage. 

Table 1 The new model analysis parameters by new 
general linear model 

parameter β SE Wald z 
value 

P value 

α 0.005 0.047 0.038 0.97 
h 4.158 0.098 42.426 0.016*** 
ph 0.925 0.055 16.902 0.016*** 
IL -0.446 0.071 -6.307 0.000*** 
psu -0.772 0.062 -12.49 0.016*** 
h:ph 1.007 0.12 9.831 0.016*** 
h:psu -0554 0.090 -6.144 0.000*** 
ph:IL -0.865 0.088 -9.790 0.016*** 
ph:psu 0.208 0.051 4.64 0.000*** 
IL:psu -0.691 0.085 -8.116 0.000*** 

Fig. 8 Suitable habitation model of S. alterniflora 
predicted density. The unit of the range is percentage 
of vegetation cover  

Fig. 9 The histogram is the differences of the 
population between the predicted value and the 
observation value. 

DISCUTTION 

From the data of Horikawa River, the area of S. 
alterniflora was dredged for stinking ooze in 2013. It 
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is expected the invasion of the species is almost 10 
years ago. Then the species has been widespread in 
Aichi Pref. before 2013. The production of the seeds 
expected 5176 seeds/m2 by our data, the total seed 
production of the area would be over 2500000 seeds. 
Hayasaka (2020) reported the percentage of the seeds 
is almost 60% then 1300000 seeds dispersed in 2020. 
The invasive ability is serious problems [14].  In 2016 
5 km away from this area, single population was 
observed in Agui River, near sea shore. The 
population may be connected the Horikawa River 
population. 

The Agui River population was easily removed 
because of the short time invasion, it was very lucky 
occasion. In Toyohashi City the cost of the removal 
was almost over 30 million yen. It is very important 
that we find out the population as soon as the invasion 
occurrence of the species for the cost reduction. Our 
Japanese land has long seashore line and over 40000 
rivers. To find out the invasion rapidly, it is necessary 
to monitor rivers. 

In this study we performed analysis based on four 
environmental parameters and the 6 relationships 
between two factors. Some studies used the GLM 
models and predicted the habitation of each species 
[15]-[18]. Each model used many environmental 
factors from 8 to 10. Bur our environmental factors 
were not so much, and the prediction was suite to the 
observation distribution. The most impact factor is 
the altitude from sea levels, secondary pH value. Both 
the parameters can be easily measured, so we can 
easily expect the invasion area of the species. The 
altitude from sea level is 1m and concrete bank is 
easily invaded by the species. 

Though our model explains well the distribution, 
there are some problems about the environmental 
factor fluctuation. It was reported that S. alterniflora 
changes a tideland into the grassy plain and it has a 
big influence on a native species [19][20]. In our 
study site, five years have already passed after S. 
alterniflora invasion, and environmental condition 
may change. The sand and mud were gathered at the 
root of the plants and the height from sea level was 
changed. After the invasion, it is necessary to 
investigate the environmental factors at once. Now, 
the removal of the vegetation of the species and 
sludge was finished at October in 2019. The 
environmental factors are changed and the seeds was 
dispersed in 2018, maybe the invasion will be repeat 
again. For the improvement of our model, the 
investigation of the environmental parameters at early 
invasion stage is needed.  

CONCLUTION 

The following conclusions are drawn from the 
study. 

1) General linear model is effective to more
fully understand the habitation area of S.

alterniflora, invasive plant in sea shore area. 
2) However, the species changed the

environmental conditions, so more precise 
investigation needed in order to understand 
the invasion of the species. 

3) From the predictive model, we were able to
predict an invasive condition for e 
environmental factors of the future. 

 Then our monitoring site should be done below 
the site, 

1) The altitude from the sea level is 0 to 1m and
concrete banks should be monitored once a 
year. 

2) Because of the different ecotypes, we should
research another area using the general linear 
model. 
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ABSTRACT 
 
Looking back at Japan's period of rapid economic growth (1955-1973), it is clear that it has much in common 

with the current situation in emerging and developing countries. In particular, natural resources and energy policies, 
which are essential for social and economic development, seem to be lacking in many developing countries, in 
very similar way to what Japan experienced before its shift toward economic modernization and industrialization 
without natural resources. It is clear that resources management and energy policy require the existence of long-
term strategies. The issues of resource and energy security, economic efficiency and environmental protection are 
not necessarily mutually exclusive. However, it is a fundamental trilemma that is usually faced by many resource 
and energy policymakers. Japan's economy has already plunged into a steady-state economy and it seems to be 
entangled in more than three decades of prolonged stagnation. This paper examines some aspects of the trilemma 
based on energy related research and policy materials. It is argued that a paradigm shift is important because future 
resources and energy policies may be unsustainable for industry and society if allowed to be pursued along 
uncertain and risky paths. 
 
Keywords: Paradigm shift, Energy policies, Energy security, Economic efficiency, Environmental protection 
 
 
INTRODUCTION 

 
Today, the dramatic changes in the global 

environment, especially the problem of global 
warming and its solutions, are a common global 
challenge. It is undeniable that the background to this 
is deeply related to the resource and energy policies 
of emerging and developing countries that aim to 
catch up with the developed world. Meanwhile, 
developed countries, which have been degrading the 
global environment, are beginning to review their 
resource and energy policies to redesign their 
economic growth strategies to achieve a sustainable 
society [1]. 

After World War II, Japan, as a latecomer to 
industry, pushed forward to catch up with the 
developed nations and succeeded in economic growth 
[2]. The image of Japan then overlaps with that of 
today's emerging nations. On the contrary, today 
Japan, as one of the most developed countries, is 
being forced to work towards the realization of a 
sustainable society.  

At the same time as shifting resource and energy 
policies, it is necessary to recognize that energy 
security, economics and environmental protection are 
three interrelated issues when considering the 
potential impact of the energy system on the 
environment [3]-[4]. This is a basic trilemma that 
many energies policymakers face on a regular basis. 
Therefore, there is an urgent need to redefine the 

critical role of the public and private sectors in 
promoting basic research and applied technologies to 
meet the needs of society, including improving 
energy efficiency and raising awareness of energy 
education [5]. 

The purpose of this study is to re-examine the 
state of Japanese society during the period of rapid 
economic growth, and to redefine energy policy and 
identify issues to be addressed in order to promote 
technological innovation in an environmentally 
friendly manner. It is hoped that the results of this 
study will help emerging and developing countries to 
consider policies related to economic growth. 
 
JAPANESE HIGH ECONOMIC GROWTH 
 

Japan lost much of the country's economic base in 
World War II [6]. During the post-war reconstruction 
period, American-style capitalism was adopted in 
many fields in an effort to build a new industrial 
society [7]. As a result, many Japanese companies 
have converted their management methods, which 
they learned and developed from Germany after the 
Meiji era, to the American style. And a mass 
consumer society without initiative was born against 
the background of mass production, mass 
consumption and disposable culture [8]. 

During the period of rapid economic growth 
(1955-1973), when the foundations of Japan were laid, 
the country grew as an export-led economy using 
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cheap labor and a single exchange rate of ¥360 to the 
dollar as two weapons of international 
competitiveness [9]. In the process, the Japanese state 
also promoted an aggressive industrial promotion 
policy [10]-[11]. It could be described as a kind of 
trickle-down economy, where the wealth of the 
developed Western countries, the customers of 
Japanese companies, was the starting point for 
increasing the income of domestic workers through 
the circulation of capital and goods [12]. 

These were (1) strengthening the economic base 
by investing in modern capital equipment in key 
industries, (2) promoting exports, and (3) reinvesting 
profits back into the country [13]. The acquisition of 
valuable foreign currency has also enabled the 
country to import cheap oil from the Middle East and 
to change its main energy source from coal to oil [14]. 
This optimistic "use lots of cheap oil" energy policy 
lasted until the 1973 oil crisis [15]. 

As shown in Figure 1, the 1973 oil crisis was a 
turning point in energy conservation, especially in the 
industrial sector, and became. This promoted 
economic growth while reducing energy 

consumption [16]. Meanwhile, energy consumption 
in the transport, household, business and other sectors 
is rising slowly. In the 1990s, energy-saving measures 
were implemented in the transportation sector and the 
effects of these measures can be clearly seen [17]-
[18]. 

The household sector has remained largely 
unchanged since the beginning of the 21st century, 
mainly due to the increased energy efficiency of 
home appliances [19]. In addition, the downward 
trend since fiscal 2011 has been driven by the energy-
saving orientation after the Great East Japan 
Earthquake (i.e., widespread use of LED light bulbs 
and the speed of change (such as the spread of energy- 
appliances) is accelerating. The growth in business 
and other sectors continued through 2007, with the 
tertiary sector showing significant growth. In addition, 
the global financial crisis has led to a noticeable 
decline since fiscal 2007. The sharp increase in the 
business and other sectors in 1990 was due to a 
change in the calculation method of the 
Comprehensive Energy Statistics.  

 
 
 
 
 
 
 
 
 
 
 
 
 
  
  
 
  
 
 
 
 
 
 
 
 
 
 
 

Fig. 1   Final energy consumption and real GDP  
・Left-hand axis: Real GDP (unit: trillions of yen) ・Right-hand axis: Magnitude of energy (unit: 1018 J) 
Source: Compiled by the author based on data from the Agency for Natural Resources and Energy's 

Aggregate Energy Statistics, the Cabinet Office's National Accounts, and the Institute of Energy 
Economics, Japan (IEEJ) Energy and Economic Statistics Handbook.  

Note: The method of calculation of "General Energy Statistics" has been changed since 1990. 
 

The rapid economic growth of the 1960s, sparked by the technological innovations of the post-1955 era, 
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led to two mainstream trends in the Japanese 
government and business community [20]-[21].  

There are two main types of public-private 
partnerships: (1) centralization of power and (2) 
organization. This system of public-private 
partnerships will create an affluent and egalitarian 
image of the "100 million middle class" in Japanese 
society and It has become an escape route for the 
Japanese style management society and has 
narrowed the choices of the people, which is the 
essence of the times [22]. As a result, despite the fact 
that "there is a human life and there is an economy", 
"there is an economy and there is a human life a 
reversed idea of "there is" has been created. 

The essence of rapid economic growth is that the 
entire population is working towards the goal of 
creating "prosperity" as envisioned by the 
government. It was a matter of pushing forward. On 
the one hand, the occurrence of external 
diseconomies was noted early on, but any criticism 
was rather silenced for the sake of economic 
prosperity [23]. 
 
EXTERNAL DISECONOMIES  

 
From the 1960s to the 1970s, a number of social 

contradictions erupted in Japan, including the 
problem of pollution [24]. This was the result of a 
national policy that prioritized industrial growth 
above all else as a latecomer to capitalism, a stove-
piped administration that wanted to protect the 
interests of ministries and agencies, and a value 
system that emphasized the pursuit of corporate 
profits and the disposable income of the people [25].  

Resource and energy policies, which are essential 
for economic growth, are strongly influenced by the 
nature of a country's administration. In other words, 
in a democracy where the people can choose their 
own government, we have a serious problem of 
environmental destruction. Based on this, the way in 
which people choose to solve social, economic and 
environmental problems depends on which 
government they choose. 

The Ministry of International Trade and Industry 
(now the Ministry of Economy, Trade and Industry) 
provided administrative guidance for the economic 
growth at that time. The Ministry of Trade and 
Industry (MITI) guided the Japanese economy with 
policies that were appropriate to the economic 
conditions of the time. At the same time, the 
existence of an intermediary organization (industrial 
association) that links the ministry and business 
community facilitated energy policy implementation. 

For example, the Ministry of International Trade 
and Industry (now the Ministry of Economy, Trade 
and Industry) enacted a law to promote the 
automotive parts industry as an important industry 
development measure. However, because 
environmental considerations are reflected in market 

competitiveness and market prices, there has been 
little awareness of the importance of investing in the 
environment. It was not until the end of the period of 
high economic growth that the failure to take care of 
the environment and manage the crisis had a serious 
impact on the structure of the industry and market 
value, which would bounce back on the survival of 
the company [26]. 
 
JAPAN’S NATURAL RESOURCES 
PROBLEMS 

 
Japan faces significant resource problems as the 

natural result of the fact that it is almost impossible 
to acquire energy resources domestically. The reason 
for this is that both coal and oil reserves are small 
and unprofitable. There have been "self-developed 
oil fields" overseas in the past, in which Japanese oil 
development companies and trading companies have 
acquired concessions in overseas concessions and 
developed them. However, the small scale of 
investment has prevented it from taking the lead in 
acquiring resources, and as a result, many other 
countries As well as, it has always been at the mercy 
of American trends. As a result, because energy 
policy does not allow for the free drawing up of a 
long-term vision, the resources on the market are 
mainly purchased at spot prices, which tend to reflect 
demand, and are subject to changes in international 
conditions [27]. 

In 1955, at the beginning of Japan's rapid 
economic growth, hydroelectric power was the main 
source of electricity in Japan [28]. However, in order 
to meet the increasing demand for electricity in 
conjunction with economic growth, it was necessary 
to switch to thermal power generation. At the time, 
the lack of foreign currency prevented the 
importation of sufficient oil, and coal, which was 
less efficient at generating electricity [29]. 

As a result, there was a movement to take 
advantage of the "peaceful use of nuclear power" 
boom created by the United States to use nuclear 
power first before oil-fired power. Japan's nuclear 
power program began with the submission of a 
budget for nuclear research and development to the 
Diet in 1954 [30]. The Atomic Energy Basic Law 
was enacted as early as December 19 of the 
following year, in order to regulate the use of nuclear 
power [31]. As a result, the introduction of nuclear 
power generation in Japan was approved for the 
purpose of providing a stable and inexpensive supply 
of industrial power.  

Meanwhile, at the end of the 1950s, most of 
Japan's local governments were absorbed in the long 
phase of economic growth and waves of labour 
migration toward urban cities that continued to drain 
local populations. The rate of modernization of local 
industries remained low, and some municipalities 
sought to attract a new industry to replace the 
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declining coal industry. In 1974, when Japan's 
research and development of nuclear power 
generation under the guidance of the United States 
progressed, the "Three Laws on Power Sources" 
were enacted. This has created a mechanism to 
subsidize municipalities that attract nuclear power 
plants. As a result, depopulated and financially 
strapped municipalities have become more 
aggressive in attracting nuclear power plants, 
including the Fukushima Daiichi nuclear power 
plant, which suffered an accident in March 2011 [32]. 
At the time, the slogan of the town of Futaba in 
Fukushima Prefecture, which invited the plant, was 
"Nuclear Power: Energy for a Brighter Future.” 
 
ENVIRONMENTAL INVESTMENT 

 
Environmental issues are very much an 

economic issue. For example, in emissions trading, 
the environment is perceived as a market value and 
is material to trade. In other words, the environment 
itself began to form part of the value of the product. 
It is not the resources that are destroying the 
environment, but the economic behavior of the 
people who use them. 

Within the current elemental technologies and 
measures, unless the mass-production and mass-
consumption economy is changed, the resource 
neither the problem nor the environmental problem 
can be fundamentally solved. Moreover, it is 
impossible to solve environmental problems through 
economic rationality alone. This is because the 
economy is not just about productivity; there is also 
an economy in consumption. In order to solve 
environmental problems, there is a need to reform 
the consumer market and consumer awareness at the 
same time. 

Figure 2 compares indicators of GDP production 
and energy consumption (supply) with major 
countries in 2018. Taking Japan as the base value of 
1, we can look at the GDP production efficiency of 
other countries. A smaller value indicates a country's 
energy use and value creation efficiency. In order to 
balance the challenges of global economic growth 
and energy conservation, one option is to not only 
demand reductions from more efficient countries, 
but also to strongly demand improvements from less 
efficient countries. 

When environmental issues are examined from a 
managerial perspective, it is possible to realize that 
there are indeed many environmental business 
opportunities. In the past, investment in 
environmental measures has been an economic 
burden for companies, but investment from 
technological innovation has it is a business 
opportunity. Today, environmental issues have 
become the basis for evaluating the SDGs and ESGs 
being considered in financial markets. It has become 
one of the most important management issues for 

companies. 
 

 
Fig. 2 Major countries in primary energy 
consumption per real GDP 
Source: "Energy White Paper 2019" by the Ministry 

of Economy, Trade and Industry and the 
Agency for Natural Resources and Energy 
(June 7, 2019) 

 
CONCLUSION 

 
Japan has prospered for more than half a century 

since it became the world's second largest economy 
in 1968 [33]. But it has been slow to change its 
resource and energy policies, and fiscal conditions 
may only be part of the explanation. There has been 
rather little willingness to address the major 
international challenges, including the global 
environmental problems that the world is currently 
facing. 

There is a fundamental trilemma in formulating 
an effective energy policy given the potential 
tradeoffs between energy security, environmental 
protection, and sustainable economic development.  
Rebuilding a sustainable society will require 
however a paradigm shift from high to sustainable 
economic growth, from unlimited greed to limited 
wants, and from environmentally harmful energy 
sources to new and renewable energy.  

Thus, it is imperative to strengthen basic and 
applied research, and achieve technology advances 
in the energy sector in line with social policies, 
economic orientations, environmental initiatives. 
There is an urgent need to raise consumer awareness 
through better energy education, and redefine the 
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critical role of the public and private sectors in 
promoting responsible investment. Japan can then 
take the lead in simultaneously addressing the 
fundamental energy challenges, global 
environmental problems and sustainable social and 
economic development. 
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ABSTRACT 
 
In recent years, the global assessment of the economic activities of companies has become more severe. This 

is due to the existence of agreements on global warming measures such as the Kyoto Protocol of COP3 in 1997 
and the Paris Agreement of COP21 in 2015, as well as the global sharing of the concept of the Sustainable 
Development Goals (SDGs) adopted at the UN Summit in 2015. In international financial markets, the term 
"sustainable finance" has become widespread in order to realize a sustainable society, and there is a gradual shift 
away from "investments solely for profit" toward "ESG investments for social contribution.” In Japan as well there 
is a growing emphasis in the energy sector on renewable energy using natural resources. At the same time, the 
construction of energy technological systems that enable a virtuous cycle of "what is gained from nature is returned 
to nature" is underway. The objective of this paper is to identify and examine issues related to ESG investment in 
the energy sector, analyze some relevant data, and provide some recommendations for the future of ESG in Japan. 
The analytical evidence based on macroeconomic data related to the energy sector indicates that new ESG 
investment is essential for technological innovation in response to the environmental needs of future generations. 
 
Keywords: Market economy, SDGs, ESG, TCFD 
 
 
INTRODUCTION 

 
The market economy aims at economic growth 

and social development through the functioning of the 
marketplace of supply and demand [1]. There is a 
mechanism in place to allocate resources to more 
productive industries [2]. An important part of that is 
preventing the waste of resources [3]. In addition, the 
decision on which type of resources to consume is 
essentially left to the free and voluntary actions of 
economic agents including households and 
companies [4].  

In a market economy, it is the consumer who 
decides the actual allocation of resources, but it is 
there that the actions of individual economic agents 
are aggregated and lead to the allocation of resources 
in the economy as a whole [5]. On the other hand, 
while market economies adapt quickly to shocks, 
there is always a degree of instability built into them 
[6]. 

The real economy and society have grown 
significantly on a global scale. As a result, instability 
within existing market mechanisms has become 
apparent [7]. Stability has broken down in the 
industrial sector, especially in the developed 
economies, and one of the problems has been the 
negative impact on the environment that could not be 
solved by the market economy [8]. 

In Japan, coal-fired power plants are operating as 
one of the main energy infrastructures that support the 

industrial society [9], [10]. However, with the 
realization of a low-carbon society and the emphasis 
on renewable and natural energy becoming an 
international trend, Japanese energy companies are 
being asked to adopt the SDGs and ESG perspectives 
as part of their management strategies [11], [12]. 

The purpose of this study is to identify and discuss 
issues related to ESG investment in the energy sector, 
analyze some relevant data, and provide some 
recommendations for the future of ESG in Japan. It is 
hoped that the evidence will be helpful to companies 
and investors who are considering the introduction of 
ESG in the future. 

 
SDGS AND ESG CONCEPTS 

 
Although the concepts of SDGs and ESG are 

similar, their perspectives are different [13]. The 
SDGs are global environmental and social goals 
adopted by the United Nations. The SDGs consist of 
17 goals and 169 targets, each of which has an 
environmental it has a policy of alleviating social 
problems. For this reason, the SDGs are not a way of 
thinking that is confined to the company's profit 
opportunities or risk management. Pursuing a 
positive impact outside the company is in line with 
the purposes of the SDGs. 

ESG stands for Environment, Social and 
Governance. The key to this is the consideration of 
the stakeholders surrounding the company. 
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Stakeholders include not only shareholders and 
investors, but also customers, employees, business 
partners, competitors, local communities and the 
environment.  

Japanese companies have traditionally applied the 
SDGs framework to explain their CSR activities. 
Similarly, the SDGs have been incorporated into ESG 
activities and have become entrenched due to their 
affinity. ESG activities mean that a company can 
avoid conflict with its stakeholders as much as 
possible, while at the same time, it can help them to 
understand the interrelated social, economic and 
environmental challenges. It is an activity to meet the 
demands and expectations of the company. Therefore, 
companies that were actively engaged in the SDGs 
were inevitably considered to have taken ESG 
considerations into account in their economic 
activities. As a result, investors viewed companies 
working to solve environmental and social problems 
as more socially aligned than those that simply 
emphasized financial attractiveness, and they 
expected to see stability in earnings. However, given 
the original purpose of the SDGs, it is likely to be of 
limited application. 
 
ESG INVESTMENT STRATEGIES 

 
In today's corporate management, investors 

(mainly institutional investors) are looking to the 
SDGs and ESGs as "non-financial indicators" to 
measure corporate value [14]. As a result, companies 
cannot ignore these trends in their economic 
activities; rather, they are required to be actively 
involved [15]. 

Some companies, especially multinational 
corporations, are proactively incorporating the SDGs 
into both their business goals and management issues. 
There has been an emergence of a mindset that is 
trying to be embraced. In other words, companies 
involved in the SDGs have created opportunities to 
improve their position in the global market and to 
enter new markets by placing the SDGs at the center 
of their business models, rather than just as a social 
contribution. At the same time, ESG-conscious 
management is being incorporated into management 
strategies, as it would otherwise put firms at a 
disadvantage in market competition. 

From the international perspective, data from the 
Global Sustainable Investment Alliance (GSIA) show 
that the share of ESG investment in global investment 
is increasing every year. Figure 1 shows ESG 
investment as a percentage of total investment in 
2016. This shows that in the European region and 
Australia, ESG investment already accounts for more 
than 50% of total assets. Even in the U.S., where 
public opinion on the environment is rather divided, 
ESG investment accounts for more than 20% of the 
total. It is only when the US and Canada are put 
together that the aggregate ESG investment can 

approach the level in Europe. On the other hand, there 
is a large gap of just over 3% in Japan, and investors 
in Japan are less interested in ESG than in Europe and 
the United States. There are indications that ESG 
investment is still in its infancy. 

 
ESG FROM INVESTORS’ PERSPECTIVE 
 

Traditional investments have been profit-driven. 
However, after the global economic crisis of 2008, 
ESG has become more important, especially for 
institutional investors who manage pension funds 
[16]. ESG investment is a method of capital 
management that aims to reduce negative social 
externalities through "non-financial information" 
related to ESG as well as "financial information" such 
as profits, dividends and tangible assets [17]. 

Fig. 1   ESG investment as a percentage of total assets 
(2016) 
Source: data from GSIA Review 2016, prepared by 
the authors. 
 

This may encourage behavioral changes in 
companies and investors. For example, diminishing 
long-term risks with environmental issues in mind, 
job opportunities through new revenue generation for 
companies increase, etc. As a result, it has the 
potential to enhance sustainable growth and broaden 
its contribution to society. 

 

 
Fig.2 Use of ESG information in investment 
decisions 
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Source: Compiled by the author based on data from 
the Environmental Economics Office, Industrial 
Science and Technology Policy and Environment 
Bureau, Ministry of Economy, Trade and Industry. 
 

Japan's Ministry of Economy, Trade and Industry 
(METI) issued in December 2019 a "Survey for 
Management Institutions on ESG Investment.” It is 
possible to assess the efforts by managers and 
investors toward ESG investment based on the results 
of the survey. As shown in Figure 2, a large 
proportion (98%) of the sample of Japanese 
investment management institutions (48 respondent 
companies with a total of approximately ¥3988 
trillion under management) do indeed use ESG 
information in their investment decisions. 
 

 
Fig. 3   Japanese ESG Investment Standards 
Source: Compiled by the authors based on data from 
the Environmental Economics Office, Industrial 
Science and Technology Policy and Environment 
Bureau, Ministry of Economy, Trade and Industry. 
 

Figure 3 shows the ESG investment decisions in 
Japan. When using ESG information to make 
investment decisions, 93.8% of asset managers said 
they would use the Task Force for Climate-related 
Financial Disclosures (TCFD). Other international 
initiatives include the UN Principles for Responsible 
Investment (PRI) and the SDGs. 

Figure 4 shows the number of institutions 
supporting TCFD. It is noted that Japan has the 
highest number of institutions in the world that 
support TCFD. With reference to Figure 5, the 
evidence suggests that only about 40% of the 
institutions regard TCFD as relevant for ESG 
investment purposes. In the future, the number of 
support organizations should be increased, and the 
information should be made public and its content 
enhanced. 

 
 
CORPORATE ESG-PERSPECTIVES 
 

In the era of globalization since 1990, the 
capitalist economy in the era of globalization has 
added the conditions of "energy and information" to 
the prerequisites of "people, money and goods," and 
it is a system that cannot function without these 
conditions constantly circulating [18]. As a result, the 
challenge for corporate management is how to get 
closer to the corporate value that stakeholders seek. 

 

 
Fig. 4   Number of institutions supporting TCFD 
Source: Compiled by the authors based on data from 
the Environmental Economics Office, Industrial 
Science and Technology Policy and Environment 
Bureau, Ministry of Economy, Trade and Industry. 
 

For companies, a focus on ESG is an opportunity 
to be evaluated on the non-financial aspects of the 
future. Until now, companies have not considered 
environmental measures because they are not 
marketable [19]. However, environmental care and 
social contributions are now one of the most 
important business strategies, as they enhance a 
company's reputation and lead to increased corporate 
value and sustainable growth [20]. 

There is no denying that the impact of ESG 
valuations on corporate value is directly reflected in 
the share price of companies, which in turn has had a 
significant impact on the liquidity of direct funds 
available to them [21]. Investment markets are 
increasingly emphasizing the existence of social 
value and assessing frm performance from an ethical 
perspective [22]. 

ESG investors evaluate a company's ability to 
strengthen its operating base for sustainable growth. 
However, it is not the ultimate goal for companies to 
incorporate ESG indicators and ESG ratings. It's only 

95.8%

89.6%

54.2%

93.8%

54.2%

43.8%

35.4%

2.1%

0% 20% 40% 60% 80% 100%

PRI

SDGs

UN Global Compact

TCFD

Climate Actiion 100+

30％ Club

Other initiatives

None

Which international initiatives do you 
consider to be important for ESG 

investment decisions?

0 50 100 150 200 250 300

Other countries

Japan

UK

USA

Australia

Canada

France

Holland

Sweden

Number of TCFD-Sponsoring Organizations 
(as of December 23, 2019)

Other Organisations
Non-Financial Institutions
Financial Institutions



GEOMATE – Melbourne, Australia, 11-13 November 2020 

500 
 

about long-term growth expectations and gaining 
profits. 

In order for Japanese companies to be properly 
evaluated on a global scale, they need to simply 
disclose information and obtain an ESG rating. 
Companies need to show investors that they have 
long-term growth potential and that they can generate 
new profits. 
 

 
Fig. 5   Evaluation of Japanese companies' support for 
TCFD 
Source: Compiled by the authors based on data from 
the Environmental Economics Office, Industrial 
Science and Technology Policy and Environment 
Bureau, Ministry of Economy, Trade and Industry. 
 

In order for companies to use ESG information for 
further development of their sustainability 
management initiatives and for information 
disclosure, it is important to consider the essential 
significance of their ESG initiatives, clarify their 
priorities, and indicate their intentions. In doing so, it 
would be more effective if it could be streamlined 
with data-driven analysis and scoring possible. 

Even if companies are making progress on ESG 
initiatives, the impact is not immediately apparent. 
However, if a company's unique risk factors surface, 
it could cause significant damage to the company's 
value. The company needs to pay attention to investor 
relations (IR), ESG compliance, and other 
information disclosure. 

Until now, ESG measures have tended to be 
viewed as an extension of corporate social 
responsibility (CSR) activities [23]. In the future, 
corporate managers will need to consider ESG 
measures as a more important management issue. 

 
ESG ASSESSMENT 

 
Each evaluation organization uses its own 

indicators to assess a company's ESG efforts. For 
example, of the four ESG indicators designated by 
Japan's GPIF, the comprehensive ESG indicator 
FTSE Blossom Japan Index (FTSE) and MSCI Japan 

ESG the Select Leaders Index (MSIC) has different 
evaluation criteria. What they have in common is the 
adoption of uniform standards worldwide. 

Table 1 shows some of the items assessed by 
FTSE and MSIC. For example, the themes 
themselves are different in the assessment items on 
environment and governance. This has led to a 
discrepancy between the FTSE and MSCI ratings. 
 
Table 1 Environment and Governance Assessment 
 
ESG criteria Assessment items FTSE MSCI 
Environment Climate Change     

Natural Resources    
Pollution and Waste    

Environmental 
Market 

Opportunities 

   

Biodiversity    
Pollution and 
Resource Use 

   

Water Security    
Supply Chain    

Governance Corporate 
Governance 

    

Corporate Behavior    
Tax Transparency    
Risk Management    

Prevention of Decay    
Source: prepared by the authors from FTSE and 
MSCI references. The checkmark symbol denotes the 
applicability of environmental or governance 
assessment criteria for the stock market indices. 

 
Different ESG assessment bodies have different 

ESG assessment criteria, which means there is room 
for companies to get in that's what it means. Therefore, 
companies that desire to enhance their ESG 
evaluation should check in advance the items required 
by the evaluation organization and make sure that 
they make the appropriate efforts to disclose relevant 
information. There are no legal issues with this type 
of action, and it is not fraudulent. However, the 
company is required to be honest and accountable to 
investors and the market. Therefore, it is likely to take 
some time for many investors to change their 
perceptions about ESG. 

 
CONCLUSION 
 

As Japan has entered a steady-state economy, it is 
difficult to determine whether the ESG initiatives of 
Japanese firms are the manifest of transitory effects 
of competition or the result of structural changes in 
Japanese firms. Companies are free to evaluate the 
SDGs and ESGs in any way they wish. However, the 
choice between remaining in the existing investment 
market or entering the new ESG investment market is 
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already made by companies on behalf of investors 
and for the interest of investors. 

In fact, ESG investment is gaining popularity 
among institutional investors around the world 
because the focus on the SDGs and ESGs by portfolio 
managers reduces the risk of deterioration in future 
corporate performance or business discontinuity, and 
it improves also long-term risk-adjusted returns. In 
promoting the SDGs and ESGs, international 
organizations and governments provide frameworks 
and guidelines for information disclosure. 
Particularly on the environmental front, with the 
adoption of the Paris Agreement, it is expected that 
the assessment of inadequate companies will become 
more severe. 

As volatility is bound to rise in global equity 
markets in 2020 given the increased economic 
uncertainty, the SDGs and ESG, which are the focus 
of institutional investors, such as insurance 
companies and pension funds, who invest for the long 
term, can help them to have a consistent investment 
policy even in a rapidly changing market environment. 
ESG is no longer a merely ethical issue for companies 
but has become an important issue that cannot be 
ignored for the firm’s business continuity and 
sustainable growth. 
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ABSTRACT 

In recent years, it has been considered to secure water and food using seawater desalination technology, and a 

new simple desalination material for reducing high concentration sodium chloride in seawater is required. In this 

study, desalting agents were prepared from natural zeolite with addition of calcined Ca-Fe type layered double 

hydroxide (LDH) to desalinate seawater for agricultural use. Mordenite type natural zeolite from Fukushima, Japan 

was used. The salinity and pH of seawater used in this study were 3.61% and 8.0, respectively. When more than 

250 g/L of natural zeolite was added, the salinity decreased from about 3.56% to about 2.92% (reduction : about 

18.0%) after stirring for 1 h. With higher dosage of calcined Ca-Fe LDH, the reduction time of salinity and the 

increase of pH became faster, while the reduction rate of salinity was almost same and pH value increased. When 
the mixture was used at the mixing ratio of natural zeolite and calcined Ca-Fe LDH was 5:4, the salinity decreased 

to 1.0% (reduction : about 70.0%) after stirring for 1 h, and the pH of the solution increased to  9.0 - 9.7. Radish 

sprouts could be harvested using seawater treated with a mixture of natural zeolite and calcined Ca-Fe LDH (5 : 

4), while it was not possible to harvest using seawater and seawater treated with natural zeolite with lower addition 

of calcined Ca-Fe LDH. 

Keywords: Natural Zeolite, Calcined Ca-Fe LDH, Desalination, Radish Sprouts 

INTRODUCTION 

In recent years, the demand for water has been 

increasing due to the increase of the world population, 

the improvement of economy and living standard. 

The total amount of water resources on the earth is 

about 1.3 billion km3. In water resources, seawater is 

about 97.5%, freshwater is about 2.5%, and human 

beings can only use about 0.01% of the total water 

resources due to the most freshwater present as 

glacier, cloud, vapor and so on. About 70% of fresh 

water for utilization of human being is used for 

agriculture. Therefore, the development of 

technology for obtaining agricultural water from 

high-salinity water, such as seawater, is under 

consideration to secure food. The main seawater 

desalination technologies are the multi-stage flash 

evaporation method and the reverse osmosis 

membrane method, which are methods for producing 

high-purity water used for securing drinking water or 

industrial water. Therefore, the production of 

agricultural water using these methods is expensive, 

and a simple new desalination method is desired. In 

previous studies, seawater was treated with calcined 

Mg-Al layered double hydroxide (LDH) and natural 

zeolite in two steps to obtain a solution that can be 

used for germination of radish  sprouts from 

seawater[1-3] and we have succeeded in cultivating 

radish sprouts using seawater shaken for 5 h with a 

mixture of mordenite-type natural zeolite (produced 

in Iizaka, Fukushima Prefecture, Japan) and calcined 

Ca-Fe LDH (calcination at 500 oC ) (mixing ratio of 

zeolite to LDH =5 : 4) [4]. There is a possibility to 

develop a new desalination material that reduces the 

high concentration of sodium chloride in seawater, 

causing salt damage to a level where crops can grow, 

using natural zeolite with calcined LDH. However, 

little information can be available on the desalination 

behaviors of natural zeolite with calcined Ca-Fe LDH. 

 In this study, the desalination behaviors of natural 

zeolite, calcined Ca-Fe LDH and the mixture of these 

were examined to produce the solution for plant 

growth from seawater. 

EXPERIMENTAL 

Samples 

Mordenite-type natural zeolite obtained from 

Iizaka mine, Fukushima Prefecture, Japan was used 

as a natural zeolite sample. The  exchangeable cations 

and cation exchange capacity of natural zeolite were 

shown in Table 1 [5,6]. 

Table 1  Exchangeable cations and cation exchange 

capacity of natural zeolite  

Exchangeable cations 

(mmol/g) 

Cation exchange 

capacity (mmol/g) 

Na+ K+ Mg2+ Ca2+ 
1.82 

0.50 0.20 0.02 0.19 

The calcined Ca-Fe LDH was prepared as follows. 

A mixed solution of Ca2+ and Fe3+ (Ca/Fe = 2) (200 
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mL) was prepared from 0.2 M CaCl2 solution and 0.1 

M FeCl3 solution, and dropwise to 0.3 M NaCl 

solution (100 mL) at 4 mL/min. The stirring was 

carried out for 1 h while bubbling nitrogen gas, and 

the pH of the NaCl solution was maintained at 12.5 

by dropping NaOH solution during the stirring. After 

stirring, the mixture was filtered, dried, and calcined 

in an electric furnace at 500°C for 1 h to obtain 

calcined Ca-Fe LDH. The mineralogical 

compositions of natural zeolite and calcined Ca-Fe 

LDH were shown in Fig.1. 

Fig. 1 XRD pattern of (a) natural zeolite and (b) 

calcined Ca-Fe LDH 

Seawater used in this study was collected from the 

surface layer of Imari Bay, Saga prefecture, Japan. 

Chemical composition, salinity and pH of seawater 

were shown in Table 2. 

Table 2  Chemical composition, salinity and pH of 

seawater  

Value 

Content (mmol/L) 

SO4
2− 34 

Cl⁻ 805 

Na+ 475 

K+ 11 

Mg2+ 71 

Ca2+ 10 

Fe3+ 0 

Salinity(%) 3.46 

pH 8.0 

Desalination Ability 

The desalting ability was evaluated as follows.  

Raw natural zeolite was added to 40 mL of seawater, 

and stirred for 0 - 2 h. Calcined Ca-Fe LDH was 

added to 40 mL of seawater, and shaken for 0 - 2 h. 

The mixtures of natural zeolite (15 g) and calcined 

Ca-Fe LDH (1, 6, 12 g) were added to 40 mL of 

seawater, and stirring for a 0 - 24 h. After stirring or 

shaking, the solution is filtered, the pH of the filtrate 

is measured by pH meter (Horiba, F-72), salinity is 

measured by salinity meter (LAQUAact, ES-71), the 

concentrations of SO4
2-, Cl-, Na+, K+, Mg2+ and Ca2+ 

in the filtrate were measured with an ion 

chromatograph (Tosho, IC-2010) and Fe3+ content in 

the filtrate was determined using an atomic 

absorption spectrophotometer (Perkin Elmer, 

AAnalyst 200). The reduction rate of each ion in 

seawater after treatment was calculated using 

equation (1). 

𝑅 =
𝐶0−𝐶

𝐶0
× 100  (1) 

where R is reduction rate (%), C0 is each ion 

concentration in initial solution (mg/L), and C is each 

ion concentration in the solution after treatment 

(mg/L). The residue was dried, and the structure was 

confirmed by a powder X-ray diffraction apparatus 

(Rigaku, MiniFlex 600). 

Growth Test 

Radish sprouts (30 seeds) were used for 10 days 

growth test. Seawater or seawater treated with the 

mixtures of natural zeolite  and calcined Ca-Fe LDH 

(5 : 2, 5 : 4) was given by a spray every day, and 

germinations of radish sprouts were observed. 

RESULT AND DISCUSSION 

Seawater  Desalination with Natural Zeolites 

Figure 2 shows the salinity and pH of seawater 

during natural zeolite treatment with various dosages. 

When 250 - 500 g/L of natural zeolite was added, the 

salinity rapidly decreased within 15 minutes, and then 

be almost constant to about 3.0 % (R : about 15.5 - 

19.1%).When 50 - 125 g/L of natural zeolite was 

added, the salinity gradually decreased to 3.11 - 

3.16% for 60 minutes, and then be almost constant 

(R : 11.2 - 12.6%).  The pH decreased from 8.0 of 

seawater to 5.0 -7.5 in 60 minutes, and became almost 

constant. With increasing the dosage of natural 

zeolite, the decrease of pH was larger. 

From the above results, when more than 250 g/L of 

natural zeolite was added, the reduction of salinity 

was almost same after stirring for 1 h. Therefore, 375 

g/L of natural zeolite was used for the subsequent 

experimental condition. 

(a) 

(b)  

●：Mordenite

■：Quartz [SiO2]

▲：Calcite [CaCO3] 
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Fig. 2 Salinity and pH of seawater after treatment 

of natural zeolite 

Figure 3 shows amounts of each ion in seawater 

during natural zeolite treatment. For 30 minutes-

stirring, the Na+ concentration decreased from 475 

mmol/L to 274 mmol/L, and then became almost 

constant (R : about 40%), while the Ca2+ 

concentration  increased from 10 mmol/L to 71 

mmol/L for 30-minutes stirring. For 60-minutes 

stirring, Cl- decreased from 805 mmol/L to 500 

mmol/L, and then be almost constant (R : about 27%). 

The decrease of SO4
2- , K+, and Mg2+ concentration 

and the increase of Fe3+ concentration were 

confirmed, and those amounts were very small 

compared with those of Cl-, Na+ and Ca2+ 

concentration. The reduction of SO4
2- , K+ and Mg2+, 

were 37%, 50% and 37%, respectively. 

Fig. 3 Concentrations of each content in seawater 

after treatment of natural zeolite 

Seawater Desalination with Calcined Ca-Fe LDH 

Figure 4 shows the salinity and pH of seawater 

after calcined Ca-Fe LDH treatment. When 300 g/L 

of calcined Ca-Fe LDH was added, the salinity 

rapidly decreased from 3.61% to 3.26% (R : about 

10%) in 10 minutes, then gradually increased to 

3.49%, the pH increased from 8.0 to 10 in 5 minutes 

and then be almost constant. When 30 g/L of calcined 

Ca-Fe LDH was added, the salinity decreased to 3.2% 

after 30 minutes, then gradually increased, the pH 

increased from 8.0 to  8.8 in 30 minutes and then be 

almost constant. With higher dosage, the reduction 

time of salinity decreased and increase of  pH became 

faster, while the reduction  rate of salinity was almost 

same and pH vale increased. 

Fig. 4 Salinity and pH of seawater after treatment 

of calcined Ca-Fe LDH 

Figure 5 shows amounts of each ion in seawater 

during treatment at 300 g/L dosage. The Na+

concentration decreased from 475 mmol/L to 365 

mmol/L in 10 minutes (R : about 23%), and became 

constant. The Cl- concentration decreased from 805 

mmol/L to 644 mmol/L in 10 minutes (R : about 9%), 

then was almost constant for 1 h and increased after 1 

hs. It is considered that Cl- was captured in the 

calcined Ca-Fe LDH due to the reconstruction of Ca-

Fe LDH (checked by XRD) and Ca-Fe LDH released 

the captured Cl- as weak anion by ion exchange 

reaction of other anions, such as carbonate ion in the 

solution. The reduction rates of SO4
2-, Mg2+ and K+ in 
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the solution were about 26%, 24% and 17%, 

respectively. The Ca2+ concentration increased from 

10 mmol/L to 333 mmol/L after 1-h treatment, and 

then became constant. The concentration of Fe3+ 

increased to 0.649 mmol/L within 1-h stirring. It is 

considered that Ca2+ and Fe3+ forming calcined Ca-Fe 

LDH were dissolved into seawater within 1 h. 

Fig. 5 Concentrations of each content in seawater 

after treatment of calcined Ca-Fe LDH 

Seawater Desalination with a Mixture of Natural 

Zeolite and Calcined Ca-Fe LDH 

In order to determine the effect of adding ratio of 

calcined Ca-Fe LDH to natural zeolite on seawater 

desalination, the mixtures of natural zeolite (15 g) and 

calcined Ca-Fe LDH (1, 6, 12 g) were prepared, and 

their desalination behaviors were investigated. 

Figure 6 shows the salinity and pH of seawater 

during the treatment by each mixture. For all mixtures 

the salinity reduced within 1 h, and then be almost 

constant. The mixture of natural zeolite and calcined 

Ca-Fe LDH (1 g) reduced the salinity to about 2.46% 

(R : about 32%) and pH became 8.1 after 1-h 

treatment. The mixture of natural zeolite and calcined 

Ca-Fe LDH (6 g) reduced the salinity to about 2.1% 

(R : about 42%) and pH became 9.3 after 1-h 

treatment. When a mixture of natural zeolite and 

calcined Ca-Fe LDH (12 g) was added, the salinity 

decreased to about 1.0% (R : about 70%) after 1 h 

treatment, then remained constant thereafter, and the 

pH after the treatment was 9.7. From these results, the 

salinity was reduced to less than 1 % at which the 

plant could be cultivated using the mixture of natural 

zeolite and calcined Ca-Fe LDH at the mixing ratio of 

natural zeolite to LDH = 5 : 4. 

Fig. 6 Salinity and pH of seawater after treatment 

of the mixture of natural zeolite and calcined 

Ca-Fe LDH 

Concentrations SO4
2-, Cl-, Na+, K+, Mg2+, Ca2+ and 

Fe3+ in seawater after treatment with a mixture of 15 

g of natural zeolite and various amounts of calcined 

Ca-Fe LDH were examined. The addition amount of 

calcined Ca-Fe LDH to seawater is (a) 1.0 g, (b) 6.0 

g, and (c) 12.0 g. 

Figure 7 shows amounts of each ion in seawater 

during the treatment using each mixture. In all cases, 

Cl- and Na+ were significantly reduced, SO4
2-, K- and 

Mg2+, which were much lower concentrations in 

seawater than Cl- and Na+, were also reduced, and 

Ca2+ and Fe3+ increased. The concentrations of all 

ions became constant after 1 h stirring regardless of 

mixing ratio.  

In the case of 1.0 g and 6.0 g, Na+ and Cl- decreased 

rapidly for 5 minutes and gradually decreased for 1 h. 

After 1 h, the concentrations of Cl- and Na+ were 441 

mmol/L and 280 mmol/L at 1.0 g, and those were 366 

mmol/L and 181 mmol/L at 6.0 g, respectively. At 

12.0 g, the Cl- and Na+ concentrations decreased 

sharply for 5 minutes, and then gradually decreased 

to 226 mmol/L and 60 mmol/L, respectively. The 

concentration of Ca2+ in the solution after 1-h 

increased with increasing the LDH addition. 
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Fig. 7 Concentrations of each content in seawater 

after treatment of the mixture of natural 

zeolite and calcined Ca-Fe LDH of (a) 1.0 g, 

(b) 6.0 g and (c) 12.0g 

When desalting seawater with natural zeolite and 

calcined Ca-Fe LDH, the concentrations of SO4
2-, Cl-, 

Na+, K+, Mg2+ decreased, and Ca2+ and Fe3+  increased. 

With increasing the LDH addition, these change is 

larger and the salinity of seawater decreases. 

Cultivation of Radish Sprouts 

Table 3 shows the ion contents, salinity and pH of 

(a) seawater, (b) seawater treated with  the mixture of 

natural zeolite (15 g) and  calcined Ca-Fe LDH (6 g) 

and (c) seawater treated with the mixture of natural 

zeolite (15 g) and calcined Ca-Fe LDH (12 g).  It is 

noted that treatment time is1 h. 

By desalting with a mixture of natural zeolite and 

calcined Ca-Fe LDH, Cl- and Na+ were significantly 

reduced from seawater concentrations. In addition, 

the decrease rate increased as the amount of calcined 

Ca-Fe LDH added increased. The concentration of 

Ca2+ in the treated seawater increased as the amount 

of calcined Ca-Fe LDH added increased. Other SO4
2-, 

K+ and Mg2+ were much smaller than those of Cl- and 

Na+, and with increasing calcined Ca-Fe LDH 

addition these contents decreased. Fe3+ concentration 

were zero regardless of the treatment. 

0

100

200

300

400

500

600

700

800

900

1000

0 30 60 90 120 150 180 210 240

C
o

n
te

n
t 

(m
m

o
l/

L
)

Time(min)

SO₄²⁻

Cl⁻

Na⁺

K⁺

Mg²⁺

Ca²⁺

Fe³⁺

(a) 

24 h

0

100

200

300

400

500

600

700

800

900

1000

0 30 60 90 120 150 180 210 240

C
o

n
te

n
t 

(m
m

o
l/

L
)

Time(min)

SO₄²⁻

Cl⁻

Na⁺

K⁺

Mg²⁺

Ca²⁺

Fe³⁺

(b) 

24 h

0

100

200

300

400

500

600

700

800

900

1000

0 30 60 90 120 150 180 210 240

C
o

n
te

n
t 

(m
m

o
l/

L
)

Time(min)

SO₄²⁻

Cl⁻

Na⁺

K⁺

Mg²⁺

Ca²⁺

Fe³⁺

(c) 

24 h



GEOMATE – Melbourne, Australia, 11-13 November 2020 

507 

Table. 3  Each ion concentration, salinity and pH of 

(a) the seawater and (b) the seawater after 

treatment of the mixture of   the mixture of 

natural zeolite (15 g) and Calcined Ca-Fe 

LDH (6 g) and (c) the seawater after 

treatment of the mixture of natural zeolite 

(15 g) and calcined Ca-Fe LDH (12 g) 

Sample （a） （b） （c） 

Content (mmol/L) 

SO4
2− 34 15 12 

Cl⁻ 805 333 226 

Na+ 475 187 60 

K+ 11 6 4 

Mg2+ 71 51 36 

Ca2+ 10 259 354 

Fe3+ 0 0 0 

Salinity(%) 3.61 2.10 1.10 

pH 8.0 9.3 9.7 

Figure 8 shows observation of radish sprouts after 

10 day growth using (a) seawater, (b) the seawater 

treated with the mixture of natural zeolite (15 g) and 

calcined Ca-Fe LDH (6 g), and (c) the seawater 

treated with the mixture of natural zeolite (15 g) and 

calcined Ca-Fe LDH (12 g). The germination of 

radish sprouts could be confirmed in seawater treated 

with a mixture of  natural zeolite (15 g) and calcined 

Ca-Fe LDH (12 g), while radish sprouts cannot be 

germinated in seawater and seawater treated with a 

mixture of natural zeolite (15 g) and calcined Ca-Fe 

LDH (6 g). 

Fig. 8 Observation of radish sprouts after 10 day 

growth using (a) seawater, and (b) the 

seawater treated with  the mixture of natural 

zeolite (15 g) and calcined Ca-Fe LDH (6 g) 

and (c) the seawater treated with the mixture 

of natural zeolite (15 g) and calcined Ca-Fe 

LDH (12 g) 

CONCLUSION 

Mordenite type natural zeolite mixed with 

calcined Ca-Fe LDH were used for desalination of 

seawater. By investigating the desalination behavior 

of these, we attempted to develop desalination 

materials to obtain the solution for agriculture from 

seawater in order to stably supply agriculture water 

resources. 

When 250 - 500 g/L of natural zeolite was added, 

the salinity rapidly decreased within 15 minutes to 

about 3.0% (R : about 15.5-19.1%). When 300 g/L of 

calcined Ca-Fe LDH was added, the salinity rapidly 

decreased from 3.61% to 3.26% (R : about 10%) in 

10 minutes, then gradually increased to 3.49%,  the 

pH increased from 8.0 to 10 in 5 minutes and then 

almost constant.With higher dosage, the reduction 

time of salinity and increase of pH became faster 

while the reduction  rate of salinity was almost  same 

and pH value increased. When a mixture of natural 

zeolite (375 g/L) and calcined Ca-Fe LDH (300 g/L) 

was added, the salinity decreased to about 1.0% (R : 

about 70%) after 1 h treatment, then remained 

constant thereafter, and the pH after the treatment was 

9.7.  Germination of radish sprouts was confirmed in 

seawater treated with a mixture of mordenite type 

natural zeolite (375 g/L) and calcined Ca-Fe LDH 

(300 g/L) for 1-h. From these results, the salinity was 

reduced to less than 1 % at which the plant could be 

cultivated using the mixture of natural zeolite and 

calcined Ca-Fe LDH. 
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ABSTRACT 
 

Estuary is the area where there is a mixing of the seawater with fresh water from the mainland. The estuary 
region is unique because the mixing of the seawater with freshwater makes the formation of brackish water with 
fluctuating salinity. The estuary region is very dynamic because there is always a process of changing in the 
physical and biological environments. The estuary region has a salinity ranging from 0,5-30 ‰ or ppt (part per 
thousand). This research aims to analyze the Ciletuh estuary zonation based on surface water salinity and to know 
the relationship of salinity with variables of rainfall (seasons), river discharge, and tides. The salinity value is 
obtained from Sentinel 2A, through image processing using the salinity estimation algorithms. The statistical 
analysis is carried out to get the algorithm calculation model, where spatial analysis conducted to obtain zonation 
waters. The results show that the mapping of the salinity distribution is forming the estuary boundary, and the 
variables of rainfall, river discharge, and tides are affecting the salinity value. 
 
Keywords: Algorithm, Estuary, Salinity, Sentinel 2A, Zonation 
 
 
INTRODUCTION 
 

The estuary area is the meeting area between land 
and sea, which is an important component of the river 
basin in the complex and dynamic coastal area [1]. 
This region is very dynamic because there is always a 
process of changing in the physical or biological 
environment. The mixing of seawater with freshwater 
makes the estuaries uniquely formating the brackish 
water with a fluctuating salinity [2]. The tides and the 
season influence the changes that occurred in the 
salinity. The process of water movement due to tidal 
currents in transporting minerals, organic materials, 
and sediment and the presence of freshwater flows 
that occur continuously from the upstream of the river 
is a basic material that supports the productivity of the 
waters in the region that exceeds the high marine 
productivity and freshwater water [1]. Therefore, the 
estuarine region becomes the most productive area, so 
it becomes exciting to be studied [3]. The increase of 
rainfall in tropical areas related to global climate 
change can affect the dynamics of metabolism on the 
surface of water estuary [4]. Changes in seawater will 
cause negative ecological consequences, while the 
presence of reclamation water has an adverse impact 
on ecology for the estuary environment [5]. Estuaries 
in temperate and tropical regions were influenced by 
the source of CDOM (Cromophic Dissolved Organic 
Matter), which streams mixed with seawater 
signifying a negative connection between the CDOM 
and its degree of saltiness [6]. Estuarine waters have 
lower salinity than oceans and higher than freshwater. 
The range is 5-30 ppt [3]. 

Seawater salinity levels can be identified by 
remote sensing technology. This remote sensing 
sensor can provide spatial and temporal data in 
various resolutions as well as the scope required for 
coastal identification and analysis, and also data with 
temporal and high spatial diversity. Not only that, but 
the remote sensing technology is also the most 
effective approach to observe coastal formations and 
seafront [7]. Remote sensing satellite techniques can 
be applied to monitor salinity in coastal environments. 
That freshwater discharge not only affects the level of 
salinity and patterns in normal conditions but is also 
very important in restoring the salinity pattern to 
normal conditions after a storm disorder [8]. The 
results of distant sensing imagery on seasonal climate 
change in the Chesapeake, Delaware, and Mid-
Atlantic regions were based on better models of 
results in the determination of salinity levels [9]. It 
also found the right symptoms in the Mid-Atlantic 
region over a period of six years. The process of 
mapping estuary in different water areas has been 
previously done in the north and south coast of Java 
Island using remote sensing techniques. The locations 
were in Cilamaya  [10] and Cimandiri [2]. Those 
previous studies also created regression models 
between the observed sea surface salinity and remote 
sensing spectral bands. Models resulted from those 
studies were applied in this study for identifying the 
estuary zone in Ciletuh Bay. Hopefully, the 
determination of the estuary zone can help the local 
government and society in managing the estuary 
region. 

This research was conducted in the waters of 
estuaries in Ciletuh Bay, West Java. It is located on 
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the southern coast of Java island. The purpose of this 
research is to create a map of the estuary zone based 
on a rainy and dry season with a remote sensing 
approach. The waters of Ciletuh are the estuary of 
three streams, namely Ciletuh river, Cikanteh river, 
and Cimarinjung river. Ciletuh itself is a productive 
area because it has a wealth of marine resources that 
are quite high. One of the dominant fish commodities 
is the production of Sidat fish. Sidat fish is a type of 
fish that mostly live in tropical areas [11, 12]. The 
estuary zone firstly needed to be determined before 
calculating its potential productivity. Determination 
of the zoning of the estuaries can be done by 
analyzing the sea surface salinity distribution [3]. 

 
METHODS  
 

This research was conducted in Ciletuh Bay, 
Sukabumi Regency, West Java. This research refers 
to the geographic approach using remote sensing, 
which is the interpretation of the Sentinel 2A 
imageries. The Sentinel-2A imagery used was level 
1C acquired on March 26th, 2019 and August 23rd, 
2019. In this research, image processing is employing 
two algorithms from previous studies in Cimandiri [2] 
and Cilamaya [10]. 
 
Cimandiri Algorithm 
 

Cimandiri algorithm is an algorithm to model the 
sea surface salinity distribution in Indonesia. It was 
made from research on the utilization of remote 
sensing technology through the use of multi-temporal 
data of LANDSAT 8 OLI-TIRS satellite imagery to 
map the sea surface salinity of Pelabuhan Ratu Bay 
(south coast of Java Island). The formula is as follows 
[2]: 
 
S = 29,983 + (165,047 * Blue) - (260,77 * Green) + 
(2,609 * Red) .................................................... (1) 
 
Where S is the salinity (ppt), Blue is the blue spectral 
band, Green is the green spectral band, and Red is the 
red spectral band. 
 
Cilamaya Algorithm 
 

Cilamaya algorithm is an estimator algorithm of 
salinity distribution in Indonesia made from research 
on the utilization of remote sensing technology 
through the use of multi-temporal data of Sentinel 2A 
satellite imagery to map the salinity distribution of 
Cilamaya estuaries (north coast of Java Island). The 
formula is as follows [10]: 

 
S = 139,566970 + (86,21318 * LnBlue) - (24,62518 * 
LnRed) .............................................................. (2) 
 

Where S is the salinity (ppt), Ln is the natural log, 
Blue is the blue spectral band, and Red is the red 
spectral band. 
 The determination of zoning in the estuary will be 
based on the salinity value of image processing results. 
Salinity value of less than 0,5 ‰ will be classified as 
the freshwater or limnetic zone. Salinity 0,5 to 5 ‰ 
will be classified as the mexo-oligohaline, where 5 to 
18 ‰ will be included in the mexo-mesohaline class. 
Meanwhile, 18 to 30 ‰ will be placed in the mexo-
polyhaline class, and 30 to 40 ‰ will be classified as 
the euryhaline. Lastly, salinity with more than 40 ‰ 
will be included in the hypersaline class [13].  

Estuary zoning areas in this study were analyzed 
based on the rainy season and the dry season. The 
determination of the season is based on Oldeman's 
classification, which states that the wet month is the 
month with high rainfall (more than 200 mm/month), 
and the dry month is the month with low rainfall (less 
than 100 mm/month) [2, 10].  

Tides and ocean currents (direction and velocity) 
also influence salinity concentrations in estuary 
waters. The fluctuation of the salinity is affected by 
the tides and the ocean currents [2, 14]. 
 
RESULT AND DISCUSSIONS 
 

The monthly average rainfall in Ciletuh estuary 
showed typical rainy months from January until May 
in 2019. The average rainfall during January-May 
2019 is more than 200 mm/month. In contrast, June 
until September 2019 is showing typical dry months, 
with average rainfall below 100 mm/month [15]. This 
condition signifies that the Ciletuh estuary area was 
experiencing the dry season during the period. The 
transition period between the dry and rainy months 
occurred in May, October, and November 2019 
(Figure 1). 

 

 

Fig 1. Graph of average monthly rainfall in 2019. 
 

The tidal data of seawater at Ciletuh station in the 
rainy season of 2019 showed an average of 0,51 
meters. Meanwhile, the tide of seawater at Ciletuh 
station in the dry season of 2019 was 0,33 meters. The 
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tides of the seawater in Ciletuh is higher in the dry 
months (Table 1). 

 
 

Table 1 Rainfall and tidal data [16] 
 

Date Precipitation 
(mm) 

Tides 
(m) 

March 26th 2019 
(rainy month) 

210,8 -0,38 

August 23rd 2019 
(dry month) 

18,8 -0,28 

 
The sea surface salinity can be modeled using the 

relationship between the observed salinity value 
towards remote sensing spectral. Previous studies 
showed that Landsat 7 ETM+ imageries could be used 
to estimate the concentration of chlorophyll-a, 
turbidity, and salinity [12, 17].  

The algorithms of Cimandiri and Cilamaya are 
applied to determine the distribution of salinity of the 
sea surfaces during the rainy months (March 26th, 
2019) and dry months (August 23rd, 2019) in the 
Ciletuh estuary. The statistical methods have been 
tested, and it could accurately predict sea surface 
salinity through its combination with the remote 
sensing approach, especially in the physical and 
ecological applications [18]. Spatio-temporal changes 
of the sea surface salinity on the ocean are influenced 
by the freshwater flow and river discharge, which 
have been studied using Meris, MODIS imagery, and 
river discharge data [19]. 

 
Sea Surface Salinity from Cimandiri Algorithm 
 

The distribution of sea surface salinity values in the 
Ciletuh estuary, calculated using the Cimandiri 
algorithm model, can be seen in Figure 2. 
 

 
         (a) 

 
Fig. 2 Graphic distribution of sea surface salinity of 
Ciletuh estuary from the Cimandiri algorithm. (a)  

 
The sea surface salinity distribution from Sentinel 2A 
imageries with the Cimandiri algorithm is shown in 
Figure 3 below. From the figure, it is known that the 

salinity value ranged between 13 to 32 ppt, especially 
in the rainy months of 2019. The low  

  
                                         (b) 
Fig2. March 26th, 2019 (rainy month), and (b) August 
23rd, 2019 (dry month). 
 
salinity level is found on the shore of Ciletuh (Fig. 3a). 
On the other hand, the sea surface salinity ranged 
between 9 to 28 ppt, especially in the dry months of 
2019, and it spread more towards the offshore (Fig. 
3b). Based on the results, it is known that the lowest 
salinity value occurred in August 2019, with the 
lowest salinity found at nine ppt. 

 

 
(a) 

 
(b) 

 
Fig. 3 Distribution of Ciletuh Bay salinity based from 
the Cimandiri algorithm. (a) March 26th, 2019 (rainy 
month), and (b) August 23rd, 2019 (dry month). 
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(a) 

 
(b) 

 
Fig. 4 Zoning of Ciletuh Bay estuary based on 
Cimandiri Algorithm on (a) March 26th, 2019 (rainy 
month), and (b) August 23rd, 2019 (dry month). 
 

Based on the determination of the estuary zoning, 
March 2019 has three classes [13], which are the 
mexo-meshohaline (163,2 hectares), mexo-
polyhaline (2661,7 hectares), and euryhaline (1888,7 
hectares). In August 2019, there were two classes, 
which the mexo-meshohaline (592 hectares) and 
mexo-polyhaline (3121,6 hectares). Based on the 
process using the Cimandiri algorithm, the zoning 
classes that formed during the rainy and dry season 
are not having much different because the amount of 
rainfall in March 2019 is lower than other rainy 
months in 2019 (Fig. 1). In August 2019 the 
euryhaline class is formed (Fig. 4).  

 
Sea Surface Salinity from Cilamaya Algorithm 
 

The distribution of sea surface salinity values in 
the Ciletuh estuary, calculated using the Cilamaya 
algorithm model, can be seen in Figure 5. 
 

 
     (a)  

                  

 
 (b)  

 
Fig. 5 Graphic distribution of sea surface salinity of 
Ciletuh Estuary with Cilamaya Algorithm (a) March 
26th, 2019 (rainy month) and (b) August 23rd, 2019 
(dry month). 
 

The sea surface salinity distribution from Sentinel 
2A imageries with the Cilamaya algorithm is shown 
in Figure 6 below. From the figure, it is known that 
the salinity value ranged between 0,5 to 26 ppt, 
especially in the rainy months of 2019 (Fig. 6a). On 
the other hand, the sea surface salinity ranged 
between 5 to 30 ppt, especially in the dry months of 
2019 (Fig. 6b). Based on the results, it is known that 
the lowest salinity value occurred in March 2019, 
with the lowest salinity found at 0,5 ppt. 

 

 
(a) 

Fig. 6 Distribution of Ciletuh Bay salinity based on 
Cilamaya Algorithm on (a) 
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(b) 

 
Fig.6 March 26th, 2019 (rainy month), (b) August 23rd, 
2019 (dry month). 
 

 
(a) 

 
(b) 

 
Fig. 7 Zoning Salinity of Ciletuh Bay Based on 
Cilamaya Algorithm on (a) March 26th, 2019 (rainy 
month), (b) August 23rd, 2019 (dry month). 
 

Based on the determination of the estuary zoning, 
March 2019 has three classes [13], which are the 
Mexo-oligahaline (17,7 hectares), Mexo-
meshohaline (3618,7 hectares), and Mexo-polyhaline 
(1077 hectares). While, August 2019  had two classes, 
wich the Mexo-meshohaline (148,6 hectares), and 
Mexo-polyhaline (4565 hectares). In rainy month the 
Mexo-oligohaline zone is formed and the Mexo-
mesohaline zone is formed more broadly. Tides in 

March 2019 is -0,38 m, while in August 2019 is -0,28. 
The tide of seawater can affect the amount of 
freshwater and seawater mixed in the estuarine zone 
[10]. These results are temporally similar to the 
results of [20] research at the mouth of the Ganges 
showing a variation of salinity in Estuari Hooghly. 

There are differences in the results of estuaries 
zoning by using Cimandiri algorithm and Cilamaya 
algorithm. Zones formed using the Cimandiri 
algorithm are dominated by the Mexo-polyhaline 
zone, while using the Cilamaya algorithm the Mexo-
meshohaline zone is more dominant.  

Differences in distribution of salinity and zoning 
at Ciletuh Bay Estuary are influenced by the season. 
March is a wet month and is included in the rainy 
season, so the amount of rainfall in this month is 
higher than the month of August which is a dry month 
or included in the dry season. The rainfall affects the 
fluctuations between salt water and fresh water. The 
rainfall also affects the discharge of river water 
entering the estuary. The region with maximum 
turbidity in the region of the estuaries has been 
examined by [21], here more tidal cycles play an 
important role in the maximum turbidity meter zone 
(MTZ) change rather than the seasonal cycle of 
estuaries. In his research [22] said that increased 
salinity in coastal waters could protect vegetation 
species. The results of the study of the zone of  
Estuary Ciletuh based on the results of the analysis of 
[23], the salinity value is carried out by using a remote 
sensing system and the results of the salinity 
measuring algorithm, Muara Cimadur based on the 
salinity classification zone is at a distance of about 3-
4 km from the river mouth in the wet month, while 1-
2 km from the river mouth in the dry month. 

 
CONCLUSION 
 

Based on the analysis in this research, there are 
differences in results obtained from the use of the 
Cimandiri and the Cilamaya algorithms. Differences 
distribution of salinity at Ciletuh Bay Estuary are 
influenced by the season. In the rainy months, the 
water area has a low salinity level (0,5-5 ppt and 5-18 
ppt), and it is wider than the dry season. The area with 
low salinity based on the results of the Cilamaya 
algorithm occurred in March 2019. Meanwhile, a low 
salinity area from the Cimandiri algorithm was found 
in August 2019. The low salinity area (0,5-5 ppt, 5-18 
ppt, and 18-30 ppt) is the area of Ciletuh Bay. 
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ABSTRACT 

Many studies on the effects of artificial river environment modification on fish have been conducted before 
and after river environment modification, and few studies have been conducted during river environment 
modification. In this study, the flood was caused by the passage of the typhoon Talas in 2011, and the Nachi River 
in the southern part of the Kii Peninsula, Japan where long-term riparian works are being carried out was selected 
as the study site. We investigated the effects of riparian works on fish inhabiting rivers. From September 2013 to 
November 2015, fish were collected from three points in the Nachi River. From April 2017 to November 2019, 
fish were collected from four points in the Nachi River. We collected fish using a hand net (2 mm mesh) at each 
survey point at night and also collected fish by fishing. During the survey period, 25 species were identified, and 
1707 individuals were collected. As a result, the number and population of diadromous fish species increased over 
time. Many fish species could be identified even when the turbidity caused by riparian works was strong. On the 
other hand, after a large-scale terrain change due to riparian works, some fish species could not be identified, and 
other species could be newly identified. From this, it is thought that topographical changes due to riparian works 
affect ichthyofauna more than turbidity. 

Keywords: Ichthyofauna, Riparian works, Turbid water, Riverbed topography, Nachi River 

INTRODUCTION 

Turbidity of rivers and changes in river 
topography due to natural disasters and artificial 
changes in the river environment is said to directly 
affect fish and their habitat, or indirectly through food 
resources. Various studies have been conducted on 
the damage to the living body, repellent behavior, 
growth rate, etc [1]-[3]. For example, large-scale 
flood disturbance is known to reduce fish population 
density [4]. According to Keizo Watanabe et al., the 
accumulation of suspended solids on the riverbed due 
to riparian works reduces boulders and loose stone 
and adversely affects benthic fish [5]. However, in 
most cases, research on natural disasters and artificial 
changes in the river environment is a comparison of 
before and after an alteration of the river environment, 
and few studies have been conducted during the 
alteration of the river environment. Understanding the 
response of fish communities to riparian works is 
important not only for the protection and conservation 
of fish but also as an indicator of the degree of 
recovery of fish populations from damage caused by 
environmental changes. 

Therefore, in this study, we investigated the effect 
of riparian works on the fauna of fish in the Nachi 
River, where major flood damage caused by typhoon 
Talas occurred in 2011 and long-term riparian works 
were carried out. 

MATERIALS AND METHODS 

Survey Sites Overview 

Japan is located in East Asia and is a region with 
high rainfall. Also, Japan has many mountains and a 
few plains, so it is a steep slope river compared to 
foreign rivers. The Nachi River (estuary position: 33° 
38' N, 135° 56' E) surveyed in this study is a river 
originating from the Nachi Mountains in Wakayama 
Prefecture, Japan. The basin area of 24.5 km2 and an 
extension of the trunk river of about 8.5 km. The 
climate is affected by the Kuroshio Current, and the 
annual average temperature is about 17 ℃, which is 
warm throughout the year, and the average annual 
rainfall is about 3,500 mm, which is the region with a 
lot of precipitation in Japan. The typhoon Talas that 
occurred at the end of August 2011 washed away 
riverbed structures and bedrock of the Nachi River. In 
addition, after the flood damage, large-scale riparian 
works have been carried out at multiple locations 
from the estuary to the upstream, and the river 
topography and riverbed materials have changed 
significantly.  The riparian works caused turbidity in 
the daytime, but the turbidity was mostly resolved at 
night. The survey period is from September 2013 to 
November 2015 and from April 2017 to November 
2019. In this study, a total of 39 surveys were 
conducted. 
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Survey Methods 
 
This study collected fish from three points on the 

Nachi River from September 2013 to November 2015 
and collected fish from four points on the Nachi River 
from April 2017 to November 2019. Four survey 
points were set at intervals of 1 to 2 km from the 
mouth of the Nachi River, and St. 1, St. 2, St. 3, and 
St. 4 were set from the downstream side (Fig. 1). At 
each point, fish were collected by using a hand net 
(mesh size 2 mm), and fish were also collected by 
fishing at St. 2 and St. 3. The bait used for fishing was 
mainly crustaceans captured at the survey point, and 
only when the bait could not be captured, 
commercially available bait was used for fishing. The 
survey time was 45 minutes at each point. The 
number of fish and the total length of the fish 
collected were recorded for each species. After 
recording the number and total length of the collected 
fish species, some fish were re-released at the 
collection point except for others. Individuals who 
could not identify the species at the site were brought 
home and the species were identified in the laboratory. 
The identification of fishes followed Nakabo (2013) 
[6]. A part of the sample brought back was used as a 
registered sample (WMNH) of the Wakayama 
Prefectural Museum of Natural History. In 2013, 
when the survey started, the river water became 
cloudy due to the riparian works, and the daytime 
survey could only be conducted in limited places. For 
this reason, all surveys were conducted at night. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Map of study sites. Locations of the Nachi 
Falls and four survey points (St. 1 - St. 4) are 
indicated. Water flows from the upper left to 
the lower right. 

 
RESULT 

 
Environmental Conditions at Each Survey Point 

Fig. 2 shows the changes in the environment at 
each survey point. At each survey point, changes in 
the riverbed topography due to riparian works were 
observed at least once. 

Since St. 1 is located in the downstream area when 
riparian works were carried out in the upstream area, 
it was always under the influence of turbidity. The 
depth of water in April 2017 when the survey started 
was about 10 to 50 cm, and there were places where 
the flow was slow and places where the flow was fast. 
However, in January 2019, due to riparian works, the 
riverbed topography and riverbed material became 
uniform, the water depth was almost constant and 
about 10 to 20 cm, and the flow velocity increased. In 
St. 1 from September 2017 to April 2018, loose stones 
in the riverbed decreased due to the inflow and 
accumulation of sediment due to riparian works, and 
most of the riverbed material changed to sand and 
mud. After September 2018, the riverbed was 
renewed by flood, and the riverbed material became 
sand and gravel. 

St. 2 was the survey site that was most affected by 
the riparian works. From March 2014 to February 
2015, construction on the left bank was performed, 
and the river water was always muddy during the day. 
Sand and mud were deposited on the riverbed, and 
loose stones were reduced, but no significant change 
was observed in the river topography. However, when 
the construction of the right bank started after July 
2015, the pool disappeared, the water surface width 
became extremely narrow, the riverbed topography 
changed to rapids, and the riverbed material was 
gravel and boulders. In 2017, the riverbed topography 
was riffle and the water depth remained shallow, but 
after April 2018, a pool was gradually formed in the 
same place as before. 

St. 3 had a dam, and the area directly below it was 
a pool with a depth of 1 to 1.5 m. From December 
2013 to January of the following year, the river 
topography about 40m downstream of the dam 
changed from rapid to riffle due to the riparian works. 
In October 2014, the river topography returned to 
rapids, but after September 2018, the river surface 
was extremely narrowed due to the riparian works. 
Until May 2019, the riparian works were ongoing. 
After the construction, part of the riverbed was 
changed to concrete and a dam was installed. 

Most of the riverbed materials in St. 4 were 
boulders. In October 2014, the removal of sediment 
and boulders that had accumulated on the dam was 
confirmed, but the change in river topography was 
minor. The removal of boulders in the river channel 
was confirmed in March 2015, and part of the rapid 
changed to riffle. In addition, riverbed material 
became sand and gravel, but two months later it 
became gravel and boulders. Around March 2018, 
due to the riparian works, the riverbed material was 
only boulders, the water surface width became 
narrow, and the water depth increased. Around 
September 2018, the river topography became riffle 
and rapid again due to the riparian works, and the 
riverbed material became sand, gravel, and boulders. 
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Fig. 2 Changes over time in conditions at each survey point on the Nachi River. 
 
 
Ichthyofauna confirmed in the Nachi River 
 

Table 1 shows a list of fish confirmed in the Nachi 
River during the survey period. During the survey 
period, 25 species were confirmed and 1707 
individuals were collected. Many fish could be 
confirmed at each point even if turbidity occurred due 
to the riparian works. The number of fish species and 
the number of individuals that have been confirmed 
have increased year by year since the start of the study. 

In St. 1, 18 species were confirmed and 205 
individuals were collected. In St. 1, much 
amphidromous fish such as Barcheek Goby 
(Rhinogobius similis) were confirmed, and also 
peripheral fish such as Striped Mullet (Mugil 
cephalus) and Grass Puffer (Takifugu alboplumbeus) 
were confirmed. A Grass Puffer could not be 
confirmed after the water became shallow and the flow 
became fast. In July and September 2017, it was 
confirmed that large Giant Mottled Eel (Anguilla 
marmorata) inhabited, and the Giant Mottled Eel was 
active at night. After the river depth became shallow 
due to the riparian works, small individuals were only 
confirmed in the gap between the boulder and the 
riverbed. From December 2018 to January 2019, the 
riverbed topography became monotonous due to 
riparian works, the water depth became shallow, and 
sand on the riverbed decreased. After that, Yellowfin 
Goby (Acanthogobius flavimanus) was not confirmed. 
Moreover, after the water became shallow, we could 
not confirm Grass Puffer and Striped Mullet over 100 
mm. Only in January 2019, Ayu (Plecoglossus 
altivelis altivelis) with a total length of more than 100 
mm were confirmed. Ayu is known as an annual fish 
and dies after the spawning season (October to 
November) [7]. In general, individuals with a total 
length of around 100 mm are often seen during the run-
up period from the sea, from May to June. Therefore, 
it was different from the time when it originally 
appeared.  

In St. 2, 16 species were confirmed and 1076 
individuals were collected. In St. 2, there were a pool 
where the tetrapod sank and a pool formed of boulders 
and bedrock. Giant Mottled Eel and Catfish (Silurus 

asotus), which are large fish, were inhabited only in 
that pool. We also confirmed the inhabitation of 
freshwater fish Dark Chub (Nipponocypris 
temminckii) and Chinese Minnow (Phoxinus 
oxycephalus), but Chinese Minnow was only larvae 
and juveniles than 30 mm. Ayu was also confirmed to 
inhabit after April, which is the time of the run-up 
period, but most of the confirmed individuals were 
small. From March 2014 to February 2015, due to the 
construction on the left bank, many fishes including 
Giant Mottled Eel could be confirmed even after 
turbidity occurred in the daytime river. On the other 
hand, Barcheek Goby could not be confirmed during 
the construction period. Also, due to the construction 
of the right bank after July 2015, the pool disappeared 
and the river topography changed. Floating Goby 
(Gymnogobius petschiliensis) was the only fish 
species that could be confirmed thereafter, and the 
number of individuals that could be visually confirmed 
was very small. In 2017, the riverbed topography was 
monotonous as in St. 1, and the water depth was 
uniform. However, we were able to reconfirm the 
habitat of many fish, including benthic fish, which had 
not been confirmed since July 2015. Also, as time 
passed, a pool was formed. In the pool, we could once 
again confirm the inhabitation of Giant Mottled Eel 
and Catfish, which are large fish. In addition, after 
2019, when the river topography from the estuary to 
St. 2 became monotonous, many Striped Mullet larvae 
and juveniles (total length of 30-40 mm) have been 
confirmed. In St. 2, the river was still turbid during the 
survey, but even in that case, it was possible to confirm 
the inhabitation of Giant Mottled Eel, catfish, and 
benthic fish. 

In St. 3, 15 species were confirmed and 154 
individuals were collected. The benthic fishes Monk 
Goby (Sicyopterus Japonicus), Floating Goby, and 
Common Freshwater Goby (Rhinogobius nagoyae) 
have appeared stably, and Ayu was confirmed to 
inhabit during the run-up period from April to 
September. In addition, after May 2015, it was 
confirmed that Catfish, a large fish, lived in the pool 
under the dam, and after July 2015 that Giant Mottled 
Eel lived. A large amount of benthic fish was 
confirmed in riffle, and freshwater fish such as Dark  
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Table 1 The fishes appeared in Nachi River. The number indicates the collected number of individuals. Black 
circles indicate visual observations. 
 

 
 
 

St.1 Family Scientific name                                    Month                                    Collected 
number 

Size 
range(mm) 

                                                2017           2018     2019                   

                                                 Apr. May Jul. Aug. Sep. Dec. Apr. Sep. Nov. Jan. Mar. Apr. May Jun. Jul. Oct. Nov.     

 Anguillidae Anguilla japonica                        ●                  

  Anguilla marmorata                         ●  ●            ●   

 Cyprinidae Candidia temminckii                          1     1      2 6  10 26 - 68 

  Tribolodon hakonensis                               ●           

 Plecoglossidae 
 

Plecoglossus  
altivelis altivelis                             2   2 2 1  1 2  1 11 47 - 115 

 Mugilidae 
 Mugil cephalus cephalus                        1 2 ● ● 41 4  10 1 11 2  1 2  5 80 24 - 125 

 Sparidae 
 Acanthopagrus schlegelii                          ●                

 Kuhliidae Kuhila marginata                               1         1 31 

 Gobiidae 
 Sicyopterus japonicus                        2 1           1 1 1  6 36 - 75 

  Gymnogobius  
petschiliensis                        1    1 3  2  1 1  3  2  14 31 - 109 

  Gymnogobius breunigii                          4          1    5 44 - 53 

  Acanthogobius  
flavimanus                          3 3 3   3 1        13 56 - 152 

  Rhinogobius similis                         4 3 5 4 2  2   4  10  1 3 38 27 - 98 

  Rhinogobius nagoyae                        1        3 1       5 27 - 65 

  Rhinogobius mizunoi                         1               1 82 

  Tridentiger brevispinis                         1 4  ●         2 1   8 49 - 98 

  Tridentiger obscurus                             1   1  1      3 33 - 61 

  Tetraodontidae    Takifugu alboplumbeus                        1 2 3 ●  2  2         10  108 - 169 

  18  Species                                        total 205  

                                            

St.2 Family Scientific name                                     Month                                     Collected 
number 

Size 
range(mm) 

   2013         2014                 2015               2017           2018     2019                   

      Aug. Sep. Oct. Nov. Dec. Jan. Mar. Apr. May Jun. Jul. Oct. Nov. Dec. Jan. Feb. Mar. May Jul. Sep. Oct. Nov. Apr. May Jul. Aug. Sep. Dec. Apr. Sep. Nov. Jan. Mar. Apr. May Jun. Jul. Oct. Nov.     

 Anguillidae Anguilla marmorata   1      ● 1   ● 1    1               ●   1 1   6 675 - 1090 

 Cyprinidae Cyprinus carpio  ●  1                                    1 450 

  Candidia temminckii  ● 1 1      ● ●      1      ● 2 2 2 ●  ●  3   1  2 1 1 5 22 31 - 108 

  Phoxinus  
oxycephalus jouyi           2                ●             2 20 - 24 

  Tribolodon hakonensis  ●  1                           ●         1 157 

 Siluridae Silurus asotus  ●         1                    1  1       3 552 - 585 

 Plecoglossidae Plecoglossus  
altivelis altivelis         1         1       ● ●        ● ● 2 1 ●  5 47 - 85 

 Mugilidae Mugil cephalus cephalus                        2 ●  ●     226 386 235 35 7   33 924 17 - 52 
 

 Kuhliidae Kuhila marginata                                       1 1 34 

 Gobiidae Sicyopterus japonicus    1 1 1     ●                1 ●    1   ●  ●   5 46 - 103 

  Gymnogobius  
petschiliensis    3 1 1   1 3 2      2 1 2  ●  ● 2  1 ●    1   1 1 3 1   26 32 - 108 

  Rhinogobius similis    5 ● 2                   3  ● 1    1  3 8 12 4 1 11 51 25 - 90 

  Rhinogobius nagoyae     1   1   ●  2 1 ●   ●     ● ● 2 2 ● ●   1  ● ●     2 12 26 - 54 

  Rhinogobius mizunoi     1                                   1 41 

  Tridentiger brevispinis                  3 1      ● 1 ● 1 1   1   ● 1 1 2 3  15 42 - 85 

    Tridentiger obscurus         1                                                                     1  37 

  16  Species                                        total 1076  

                                            

St.3 Family Scientific name                                     Month                                     Collected 
number 

Size 
range(mm) 

   2013         2014                 2015                                 2019                   

      Aug. Sep. Oct. Nov. Dec. Jan. Mar. Apr. May Jun. Jul. Oct. Nov. Dec. Jan. Feb. Mar. May Jul. Sep. Oct. Nov. Apr. May Jul. Aug. Sep. Dec. Apr. Sep. Nov. Jan. Mar. Apr. May Jun. Jul. Oct. Nov.     

 Anguillidae Anguilla japonica                         ●                  

  Anguilla marmorata                   1      ● ●        ● ●  ●  ● 1 860 

 Cyprinidae Candidia temminckii      ●      2 9 ●  1  1    ● 8 1 1 ● 1 2   1 1 3 6 ●  ● 6 3 46 24 - 162 

  Phoxinus  
oxycephalus jouyi           1    ●   ●  ● 6 4  ●   ●     ●  ●      11 22 - 36 

  Tribolodon hakonensis                 ●          ●               

 Siluridae Silurus asotus                  ●                        

 Plecoglossidae Plecoglossus  
altivelis altivelis          ●        ● ●      ● ●   ●     ●        

 Adrianichthyidae Oryzias latipes            1                             1 31 

 Gobiidae Sicyopterus japonicus  4    ● ●   ●  ●     2 ● ●      1 ●  ●  ● 1 ●  ● ●   1 1 10 42 - 84 

  Gymnogobius  
petschiliensis      ● 2 2 3 1 1 ● 1   ●  14 ● ● 1 ● 1 1 1 1 1  ● ●  ● 2 3 4 ● 1  ● 40 40 - 109 

  Rhinogobius similis       ●                                   

  Rhinogobius nagoyae  1     2 1  4  ● 1  ● ● 1 1 2 1 1 1 2 ● 7 2 1 ● 1   3 ● 1   ●  1 34 32 - 96 

  Rhinogobius fluviatilis                          ●                

  Rhinogobius mizunoi                          ● 1 1  3 1 1  ●      7 65 - 83 

    Tridentiger brevispinis                1                   ●               2               1 ● ●     ● 4 64 - 87 

  15  Species                                        total 154  

                                            

St.4 Family Scientific name                                       
Month                                     Collected 

number 
Size 

range(mm) 
   2013         2014                 2015               2017           2018     2019                   

      Aug. Sep. Oct. Nov. Dec. Jan. Mar. Apr. May Jun. Jul. Oct. Nov. Dec. Jan. Feb. Mar. May Jul. Sep. Oct. Nov. Apr. May Jul. Aug. Sep. Dec. Apr. Sep. Nov. Jan. Mar. Apr. May Jun. Jul. Oct. Nov.     

 Anguillidae Anguilla japonica                                                   ●                              

 Cyprinidae Candidia temminckii        2 ● 2        ● 2 ●   ●  ● ●            2  8 33 - 156 

  Phoxinus  
oxycephalus jouyi     2     4 4  2 2 3 3 3 1 ● 1 13 4 ● 2 10 7 10 2 2 4 5 3 2 9 12 61 25 5 5 206 7 - 134 

 Salmonidae Oncorhynchus  
masou ishikawae                                ●          

 Gobiidae Sicyopterus japonicus ●           ●       ● ●     1 ●   1     1      3 47 - 75 

  Gymnogobius  
petschiliensis       ●                                   

  Rhinogobius nagoyae ●       1 ●     1 1  ● ● 1 2  ● ● 1 5 2 1 ● 2   1     ●   18 42 - 95 

  Rhinogobius fluviatilis                1 ●    1 ●    1      1       1 5 67 - 114 

  Rhinogobius mizunoi          1               2  4   5 3 1 2 2 7  1 1 2 31 62 - 107 

    Rhinogobius brunneus                                                 1                            1 94  

  10 Species                                        total 272  
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Chub and Chinese Minnow were confirmed in the pool 
and a place where the flow was gentle. In addition, 
while the confirmed Chinese Minnow was a small 
individual of less than 30 mm, Dark Chub was 
confirmed from a small individual to a large individual 
exceeding 100 mm. The number of fish species that 
could be confirmed decreased after December 2017 
when the river topography changed significantly due 
to the flood, but many fish species could be confirmed 
again after April 2019. 

In St. 4, 10 species were confirmed and 272 
individuals were collected. There has been little 
change over time since the survey started. In St. 4, 
many Dark Chub and Chinese Minnow were 
confirmed in comparison with other survey points, and 
much large freshwater fish was confirmed in 
comparison with other points. On the other hand, the 
number of fish species confirmed in St. 4 was smaller 
than in other survey points. 
 
DISCUSSION 
 

Since 19 of the 25 species confirmed in this survey 
were amphidromous fish and peripheral fish, it was 
speculated that a large number of invaders from the sea 
were inhabited. Even in the place where construction 
was done during the daytime and the place that was 
strongly affected by turbidity, it was confirmed that 
many fish species such as Giant Mottled Eel, Dark 
Chub, and Floating Goby, were observed at night. 
Therefore, it became clear that many fish species 
inhabit the river even during the riparian works. In 
addition, the presence of many fish was confirmed 
even before the turbidity of the river subsided, 
suggesting that the habitat was present even during the 
strong turbidity of the river during the daytime. 
Inhabitation of Ayu, which is said to be weak against 
turbidity, was also confirmed [8], but most of them 
were small. Ayu, an annual fish, generally lays eggs 
and dies from October to November [7]. However, St. 
1 confirmed Ayu with a total length of over 100 mm 
in January 2019. Although it is suggested that these 
individuals were immature during the spawning 
season, it was not possible to clarify whether they were 
due to the riparian works due to the small number of 
confirmed individuals. However, since it is known that 
the sedimentation of fine-grained soil due to riparian 
works reduces the production of attached algae [9], it 
is fully possible that riparian works hindered the 
growth of Ayu through bait resources. In addition, 
since sedimentation of riverbed decreases loose stones, 
which are the spawning grounds for fish, it is 
considered that riparian works may hinder the 
recovery of fish populations. 

At St. 1, the closest distance from the river mouth, 
more amphidromous fish and peripheral fish were 
confirmed during the survey period than at other 

survey points. From this, it became clear that many 
invading individuals from the sea live or are 
temporarily used. In St. 2, many fishes could be 
confirmed when the physical environment of the 
channel before the riparian works was complicated 
and diverse. On the other hand, after the river 
topography became monotonous due to the riparian 
works, the number of fish species and the number of 
fish that could be confirmed clearly decreased. This 
suggests that changes in river topography have a 
significant impact on fish. However, after returning to 
the original diverse river topography, many fishes such 
as Giant Mottled Eel could be confirmed again. 
Therefore, by making the river topography 
complicated and diversified, the population of many 
fish species could be increased. It was suggested that 
the recovery would occur in a relatively short period 
of time. This has supported the existing study [10]. In 
St. 3, large Giant Mottled Eel and Catfish were 
confirmed after the riparian works were started in St. 
2. This suggests that large fish such as Giant Mottled 
Eel may have moved to seek suitable habitat due to 
riparian works. In recent years, rivers are often divided 
by artificial structures such as dams. In such rivers, the 
movement of fish is restricted by the structures [11], 
and the impact of riparian works on fish may become 
more prominent. In St. 4, there was no significant 
change in the fish species that appeared compared to 
the other survey points. From this, it was suggested 
that the impact on fish is minor when the riparian 
works are short-term and the topographical changes 
are small. 

In this study, it was clarified that abrupt changes in 
river topography have more direct and short-term 
effects on fish than turbidity associated with riparian 
works. Rivers in Japan are often more transparent than 
rivers in the world and are in a rare river condition in 
the world called rapids [12]. Among them, the 
speciation of fish inhabiting Japan has become 
established. Due to the high transparency of rivers, 
studies on river turbidity have been actively conducted 
in Japan [3]. However, the related species of fish that 
live in the muddy water rivers of the Asian also inhabit 
Japan [13]. From this, it was considered that the 
complicated river topography created by the rapid 
stream is more important than the transparent water 
quality. On the other hand, in this study, we confirmed 
that Ayu lived at a time different from the original 
appearance time and that freshwater fish that lived in 
the downstream region were mostly smaller. From 
these facts, it could not be denied that the cloudiness 
of rivers could impede the growth of fish. In addition, 
the Nachi River that we surveyed this time was a 
small-scale river, and it was a river where turbidity 
could easily subside. In addition, floods occurred in 
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the summer due to typhoons, and the riverbed was 
renewed. From these facts, it is unlikely that a 
sufficient reaction appeared for all fishes. It is 
expected that turbidity caused by riparian works and 
long-term sediment accumulation on the riverbed will 
cause great damage to fish with loose stones as 
spawning sites. Therefore, it is necessary to continue 
the investigation in order to clarify the impact of the 
inflow of suspended solids into the river due to the 
riparian works. 
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EARLY FOREST RESTORATION ON THE CLOSED SKI SLOPE IS 
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ABSTRACT 

Recently, there are many ski resorts that have been closed due to management difficulties in Japan. Forest 

restoration on the abandoned ski slope is necessary from the viewpoints of landscape management, prevention of 

avalanche, and one of the landslide disasters. However, it is difficult to establish forests due to poor nutrients by 

topsoil removals at the time of ski slope development. In this study, we evaluate the effect of thinning to ease 

competition for nutrients.  The study site is in Mt. Tateshina, central Japan. The ski slope was closed in 1997. 

Natural regeneration of larch was observed in 1998 and the artificial thinning was done in 2003. Two thinned and 

nine un-thinned quadrate plots were set. DBH with the height of all living and dead trees were measured. To clarify 

the growth process, nine sample trees were selected and their tree ring at 1 m interval in height was analyzed.  The 

un-thinned plot was characterized by high density, small tree size, and many dead trees, suggesting that severe 

competition has occurred. On the contrary, the thinned plot was characterized by the small density, large tree size, 

and less dead trees. According to the tree ring analysis, the size-order of individuals in the un-thinned plot was 

determined at 5-year-old, while one of them in the thinned plot was changed after thinning. It was concluded that 

the artificial thinning of natural forest on the ski slope is useful to accelerate tree growth and early forest 

development. 

Keywords: Abandoned ski slope, Forest restoration, Topsoil disturbance, Lessening of competition 

INTRODUCTION 

Ski resorts facilities have been developed in the 

mountainous regions of the world. The ski slope is 

usually constructed on forest area in Japan, whereas 

on pastureland and heathland in European Alps [1]. 

This causes that the Japanese civil engineering work 

of the ski slope is accompanied by a drastic change in 

landscape: the forest ecosystems was separated by the 

grass and dwarf shrub ecosystem [1,2].  

In the ski slope development process, all of trees 

were harvested and their stumps and large rocks were 

pull off. Furthermore, huge amount of topsoil was 

removed to smooth ski slope [2-4]. In many case, the 

exotic or local meadow species were introduced and 

controlled. According to the previous research in 

Japan, the following characteristics are common on 

the ski slope vegetation: the existence of the 

introduced exotic grasses, the development of un-

vegetated patches, and the restriction of woody plant 

establishments [1,2]. These vegetation characteristics 

are thought to be the results of the civil engineering 

works and the artificial maintenances of the ski slopes. 

Recently, there are many Japanese ski resorts 

which have been closed due to management 

difficulties [5]. The ski slopes are left derelict because 

these ski resorts companies lack adequate capital. 

These abandoned ski slopes continue to separate the 

forest ecosystems and deteriorate the landscape 

quality. Additionally, they increase the risk of 

avalanche, topsoil erosion, and landslide disasters 

[2,4].  

The early forest restoration on the abandoned ski 

slope is necessary from the viewpoints of the 

conservation of ecosystem services. However, 

artificial reforestation is impractical due to the low 

capital strength. The natural regeneration is possible 

but entail uncertainty [6]. The amount of seeds supply 

is directly affected by the masting event in 

surrounding forests. In some cases, the patches of 

large herbaceous perennial plant or of shrub species 

inhibit the regeneration and development of tree 

species [4,7,8].  In another cases, the topsoil removals 

cause the insufficient of nutrients and the limitation 

of initial growth of trees [3,4,9]. 

In this study, we evaluate the effects of artificial 

thinning on the topsoil removed ski slope. In this site, 

the natural regeneration of Japanese larch was 

succeeded [4]. Because number of saplings was 

enough, it would be difficult to avoid their 

competition in poor nutrient condition. We examined 

the hypothesis that artificial thinning will ease the 

competition among trees and accelerate their growth. 

STUDY SITE AND METHODS 

Study Site 

Study site was located on the north facing slope 

(36.1216 N, 138.3405 E, alt. 1,800 m) of Mt. 
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Tateshina, Nagano prefecture, central Japan (Figure 

1). The closed Tateshina Associates Ski Resorts has 

borrowed this area from National Forest until 1997.  

The ski slope was surrounded by the artificial 

forests of Japanese larch (Larix kaempferi). There 

was the long step surface with from 1 to 2 m height 

between the ski slope and the surrounding larch 

forests. This step suggests that the civil engineering 

work to construct ski slope was severe. 

Just after the close of the ski resorts, the first 

natural regeneration of larch has occurred in 1998. In 

2002, the density of larch was 70,000 trees/ha and of 

broad-leaved pioneer tree species (e.g. Betula 

platyphylla, Alnus filma, Alnus masumurae, and Salix 

sachalinensis) was 20,000 trees/ha (Dr. Y.Koyama, 

personal communication). In 2003, when trees were 

5-year-old, the National Forest thinned them to 3,000 

trees/ha. The National Forest assumed that the severe 

competition causes the growth stunting.  

In 2016, we found small un-thinned larch patches, 

which age is 18-, 11-, and 6-year-old. The 18-year-

old patch was located in the middle of the slope. This 

rectangle patch had 10 m and 15m sides and was 

surrounded by thinned larch and broad-leaved tree 

stand. We also found another 18-year-old un-thinned 

patch nearby the road in the lower part of the ski slope. 

In this patch, the density of larch was smaller due to 

the coverage of dwarf bamboo (Sasa senanensis). The 

11-year-old patches were near the top of the ski slope. 

To construct the starting terraces, the topsoil of this 

position was removed until about 3 m depth. On the 

other hand, the 6-year-old patches were established 

beside the parking place for construction vehicles, 

which surface was tamped down. 

Quadrate plots 

To discuss the developmental stage using the 

chronosequence method, we set eleven quadrate plots 

in the patches that were different in age (Table 1). The 

size of the quadrate plot was determined considering 

the patch size and the stand density.  

Two 18-year-old thinned (T18-1, T18-2) and un-

thinned plots (C18-1, C18-2) were set on the 

constructed ski slope. In addition, an un-thinned plot 

was set nearby road (S18-1). 

Additionally, three un-thinned 11- year-old (C11-

1, C11-2, and C11-3)  and 6- year-old(C6-1, C6-2, 

and C6-3) plots, which were 2 m and 1 m squares, 

respectively, were set. There was no coverage 

vegetation in 11-year- old plots, whereas herbaceous 

plants covered the 6-year-old plots. 

Measurements 

For each plot, tree height and diameter at breast 

height (DBH) of every tree were measured with 

species identification. The tree height was measured 

by the height meter (Measurement Pole, SK Co. or 

Vertex IV, Haglov Co.). DBH was measured by steel 

tape. 

Fig. 1 The studied abandoned ski slope covered by 

larch trees. 

Table 1    Outline of quadrate plots 

Plot Treatment Regeneration Age 
Size 

[m2] 

Location 

on slope 

Vegetation of 

ground surface 

Dead 

tree 

Thinned 

stump 

T18-1 

T18-2 
Thinned 1998 18 10 x 10 Middle Meadow - Many 

C18-1 

C18-2 
Un-thinned 1998 18 5 x 5 Middle - Many - 

S18-1 Un-thinned 1998 18 10 x 10 Bottom 
Dwarf 

bamboo 
Few - 

C11-1 

C11-2 

C11-3 

Un-thinned 2005 11 2 x 3 Top - Many - 

C6-1 

C6-2 

C6-3 

Un-thinned 2010 6 1 x 1 Bottom 
Herbaceous 

plants 
- - 
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To trace the growing process, the tree rings of 

stem were analyzed. The disk samples from 1 m 

interval cross-section of the stem of nine trees were 

collected in thinned (T18-1) and un-thinned (C18-1) 

plots, respectively. These sample trees were selected 

considering size classification in each plot. The 

annual ring width on disk samples was analyzed 

through four radial directions.  

RESULTS 

Stand Structure 

Stand density of each plot was shown in Figure 2. 

Stand density of T18 (Triangle), S18 (Solid circle), 

and C18 (Open circle) plots were about 3,000, 6,000, 

and 12,000 tree/ha, respectively. On the other hand, 

those of C6 and C11 (Open circle) was ranged from 

30,000 to 80,000 and from 27,000 to 60,000 tree/ha, 

respectively. 

The canopy height of each plot was represented in 

Figure 3. The dashed line represents a height growth 

curve for the lowest-grade site index. We calculated 

this curve by referring to the growth curve in the fifth-

grade site of Nagano prefecture [10]. The canopy 

height of un-thinned plots (C6, C11, and C18, Open 

circle) was lower than those of the fifth-grade site 

index. On the other hand, those of S18 (Solid circle) 

and T18 (Triangle) plots were close to those of the 

fifth-grade site index. The average DBH represents 

large value in T18 (Triangle) and S18 (Solid circle) 

plots, and small value in C18 plots (Open circle). 

The relationship between average D2H and stand 

density was represented in Figure 4. The power 

function was found in the data of C11, C18, and S18 

plots, in which the power was approximately -1.5 (ln 

Y = 18.49-1.411 ln X, r2=0.931). The values of C6 

plots were obviously under this power function, 

whereas the values of T18 plots were closely situated. 

The height frequency of living (Open bar) and 

dead (Solid bar) trees in each plot were represented in 

Figure 5. In C6 plots, the concentrated or unimodal 

distribution patterns were found. In C11 plots, the 

bimodal distribution pattern was found and the small 

trees were died. In C18 plots, the bimodal distribution 

with positive skewness was observed, and the small 

size trees were died. In S18 and T18 plots, unimodal 

distribution with negative skewness was observed, 

however, there were few dead trees. 

Reconstructed Stem Growth 

Based on the tree ring analysis, height growth was 

reconstructed (Figure 6). In both plots, bimodal size- 

classification were found before thinning. But the 

growth of lower size class trees represented the quick 

growth in the thinned plot. Finally, the height range 

of lower trees expanded in the thinned plot (T18-1).   

Fig. 2 Stand density of each quadrate plot. 

Fig. 3 Canopy height and average DBH of each 

quadrate plot. 

Fig. 4 Relationship between average D2H and 

stand density. 
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DISCUSSIONS 

Natural Regeneration and Self-Thinning 

The natural regeneration of larch was succeeding 

at this site in 1998, 2005, and 2010 (Table 1). This 

interval supports that the masting cycle of Japanese 

larch is from five to eight years. This long interval 

also suggests that the masting year is a valuable 

opportunity for larch forest establishment. 

The un-thinned plot was characterized by high 

density.  The initial stand density is evaluated from 

60,000 to 80,000 tree/ha based on the first and third 

regeneration (Figure 2, C6 plots). These values were 

enough high for the natural establishment of forests. 

However, the previous study reports that the stand 

density of 4- to 7-year-old Japanese larch was from 

60,000 to 280,000 tree/ha in natural regeneration [6]. 

The density of this study is relatively lower than in 

the previous study. 

The high stand density in un-thinned plots causes 

severe competition among trees which are 

characterized by many small tree sizes and by dead 

trees (Figure 6). In C11, C18, and S18 plots, the dead 

trees were found (Figure 6). The power function 

between density and tree size in these plots suggests 

that the self-thinning [11] has occurred (Figure 5). 

Oppositely, the competition in C6 plots is not thought 

to be severe, because of without dead trees by the self-

thinning and of unimodal height distribution (Figure 

5, 6). 

Additionally, the un-thinned plots were 

characterized by a low growth rate in height and 

diameter. Comparing to the lowest growth curve in 

Nagano prefecture [10], their heights were smaller. 

Usually, topsoil removal affects the vegetation and 

inhibits tree growth [3, 4, 9]. The more intense 

competition might be occurred not only for light but 

also for underground resources. The heavy 

competition with topsoil removal should be one of the 

reasons why the height growth was limited. 

Effects of Artificial Thinning 

Thinning release the competition for light and 

underground resources among trees. In fact, trees in 

thinned plots were larger than those of un-thinned 

plots (Figures 2 and 3). Similar effects were found in 

S-plot, where dwarf-bamboo decreased the larch tree 

density. In this plot, small density eases the 

competition and accelerates tree growth until the local 

lowest height growth curve [10].  

Additionally, thinning affects the size structure. 

The change of skewness from positive to negative 

represents that the larger trees were increased in the 

population (Figure 5). The growth of the lower-class 

trees was improved by thinning, although size-

classification was occurred before thinning. This 

Fig. 5 Size structure of each quadrate plot. 

Fig. 6 Reconstructed height growth of nine trees in 

thinned and un-thinned plot. 
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results that the smaller trees, which were stunted in 

the un-thinned plot, could survive by their growth and 

resource acquisition in the thinned plot (Figure 6). 

The artificial thinning contribute the improving 

mortality and initial growth in a natural regenerated 

dense stand. This effect may be more enhanced in the 

poor soil condition such as the constructed ski slope. 

However, we also should pay attention to the 

limitation of this effects. At first, from the view of 

control the competition, the thinning should be planed 

before a severe competition stage. On the second, the 

effects may be limited in the severer soil condition. 

The release effects of the thinning are based on the 

existence of a certain amount of resources.  If there 

are no or little resources, it will be difficult to expect 

the improvement effects. 

CONCLUSION 

In some cases, the civil engineering work on ski 

slope has affects for long time including the 

reforestation stage. However, the parts of them are 

possible to be improved by the adequate stand density 

control, not only by the natural regeneration. 
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ABSTRACT 

As a metropolitan city, Jakarta faces the problems of uncontrolled migrant populations and limited housing 
availability.  This results in the uncontrolled growth of organic settlements with a lack of adequate sanitation 
facilities. Furthermore, open defecation in public spaces is still practiced in some areas. Using the multinomial 
logistic regression method, this research aims to identify the adequacy of household sanitation in Jakarta, focusing 
on human waste disposal facilities in households. The dependent variable (adequacy of sanitation facilities) is 
divided into three categories; adequate private sanitation (used by one household), adequate shared sanitation (used 
by multiple households), and inadequate sanitation. This research also aims to identify the correlation of household 
characteristics as predisposition factors towards the trends in the sanitation adequacy. The household 
characteristics analyzed in this study are income, employment status, level of education, marital status, gender, 
number of household members, and migrant status. This research uses microdata from the 2017 National Socio-
Economic Survey. It was found that 85.64% of the household sanitation sampled in the research is adequate (of 
which 68.81% are adequate private sanitation and 16.83% adequate shared sanitation), and 14.36% were classified 
as inadequate. Sanitation adequacy is highly correlated with long term residency, high education, household 
members ≥4 people, unemployed, married, female-headed household, and high expenditure. The government can 
utilize those predisposing factors in planning the design policies and interventions on sanitation to lower the 
percentage of households with inadequate sanitation. 

Keywords: Adequacy level, Households, Sanitation, Jakarta. 

INTRODUCTION 

Jakarta as a megapolitan city has a massive 
physical development that is a very strong magnet for 
migrants seeking a better life in this city. Therefore, 
Jakarta's population growth is strongly influenced by 
the influx of migrants. According to the 2019 statistic 
[1], the average population of Jakarta in the last two 
years has increased by 247 people every day or equal 
to 10 people every hour. This data illustrates the 
exponential population growth of Jakarta, which 
increases housing needs. As a result of the housing 
scarcity, some low-income migrant resorts to organic 
settlements. These organic settlements, with dense 
and slum characteristics, and also poverty, are often 
labeled as an urban-diseases.  

Most households in Jakarta still use traditional 
latrines in their sanitation facilities. However, 
Jakarta’s Health Office reported that in January of 
2019, there are 115,185 households who are still 
practicing open defecation [2], or latrines that dump 
feces directly to the environment.  

Lack of sanitation facilities and the practice of 
open defecation are strongly related to human and 
environmental health. It can cause water and land 
pollution, and increase the infection rate of various 
diseases such as diarrhea. On the other hand, this also 
results in increased economic burden for cities to 
address public health problems.  

These sanitation issues, have been declared as one 

of the strategic issues in development in Indonesia [4]. 
Until now, Indonesia is still struggling to achieve the 
universal access to sanitation as mandated by the 
United Nation’s 6th Sustainable Development Goals 
(SDGs). Nevertheless, Jakarta targeted 100% proper 
and safe sanitation by the year of 2024 [5], even when 
there are a variety of obstacles to be faced with. 

The main objective of this research paper is to 
map the adequacy of household sanitation in Jakarta, 
in order to achieve the SDG’s target as well as the 
regional targets. This research also aims to identify 
the influence of household characteristics on the 
adequacy of household sanitation. This study focuses 
on household sanitation facilities for feces disposal in 
Jakarta, using microdata from the 2017 National 
Socio-Economic Survey. 

LITERATUR REVIEW 

Human beings can only be healthy in a healthy 
environment [6]. Dahlgren and Whitehead argued 
that environmental health is an important component 
of public health, where the individual lifestyle to the 
socio-economic and cultural environment takes part 
as major determinants [6]. It covers all aspects of 
human behavior in relation to the living environment, 
with the aim of improving and maintaining the 
highest level of human health by modifying social 
and environmental factors. On the other hand, 
environmental health is in actuality a byproduct of 
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human activities. Therefore, human activities are 
keys to the public health.  

According to Lawrence Blum, there are four 
factors that influence public health: 1) environmental 
factors (physical, biological and socio-cultural), 2) 
behavioral factors (attitudes and lifestyles), 3) health 
service factors, and 4) heredity. Green divided the 
determinants of health behavior into three main 
factors consisting of predisposing factors, enabling 
factors, and reinforcing factors [7].  

One of physical component that supports the 
environmental health is the availability of adequate 
sanitation in households. According to WHO-Unicef 
Joint Monitoring Program (JMP), the criteria for 
global measurement of sanitation services known as 
the sanitation ladders consists of safely managed 
sanitation, basic sanitation, shared sanitation, 
unimproved sanitation, and open defecation [3]. The 
sanitation service refers to the management of excreta 
from facilities including emptying and transporting 
process of the excreta from the facilities. This 
sanitation issues have been declared as The United 
Nation’s 6th Sustainable Development Goal. The goal 
targets to achieve universal access to basic sanitation 
services and progressively improving sanitation to 
safely managed sanitation by the year of 2030. The 
target can be achieved if all levels of society have 
healthy sanitation behavior. 

According to the theory of Thoughts and Feeling 
by WHO [8], there are four main factors that shape a 
person's behavior, one of which is a resource reason 
which includes facilities, money, time, energy. 
Resources can have a positive or negative effect on 
human behavior. On the other hand, the availability 
of resources is strongly influenced by three reasons: 
1) the level of understanding and consideration (the
presence of knowledge, beliefs, and attitudes), 2) 
influence from important people in their lives, and 3) 
culture. These factors shape the way of life in urban 
communities. 

The Function theory expressed by Katz [8], 
considers that changes in individual behavior can 
occur when individuals feel a need. The need revealed 
the ability of individuals to deal with the surrounding 
environment. On the other hand, individual behavior 
also depends on the individual’s character, which is 
shaped in the household.  

From the theories explained above, we can further 
hypothesize that an individual’s decision to provide 
adequate sanitation is influenced by the individual’s 
resources (especially financial), knowledge, and need. 

Household income illustrates the economic 
condition and welfare of the household, the ability to 
fulfill all basic and non-basic needs, and the ability to 
maintain their standard of living. Household welfare 
can be assumed to be in line with the proportion of 
household expenditure which is spent on non-food 
needs [9].  

Household income is also an important predictor 

in determining the ability of households to adopt an 
adequate sanitation facility. There have been 
numerous research that found a positive correlation 
between latrine ownership and high socio-economic 
status [10,11]. Those research found that rich 
households have a strong will to build their own 
latrines, even a latent demand for improving 
sanitation comes from them [12]. In addition, poor 
households tend to prioritize the fulfillment of basic 
needs above the procurement of adequate sanitation 
facilities [13,14]. Poverty has also been proven to 
reduce the demand for sanitation [15-17], and that 
individuals with low-income tend to not use latrines 
[18]. 

Migration status has a potential correlation in 
improving household welfare [21] and social status 
[20]. Most migration is done to increase the current 
value of the expected lifetime income [22]. Migrants 
in the new urban environment have better working 
conditions and quality of life. They are usually 
women, well educated, older, living in longer 
migration periods [23], unmarried, and have informal 
jobs [20].  

Education and employment status of a household 
are reliable indicators for household welfare [19]. 
Employment provides opportunities to gain income, 
while education is a way to develop knowledge and 
get better employment. However, individuals with 
informal employment status in Jakarta has been found 
to have higher welfare level due to migration [20]. 

Education has a significant influence on the use of 
household latrines [18,16]. Household heads with 
higher education have more knowledge of healthy 
living [14]. A better understanding of the health 
impact of poor sanitation is a driving factor for 
investment in adequate sanitation, which declines the 
trend in open defecation [27].  

Gender also influences sanitation preferences. 
Numerous research has shown that females tend to 
have high preferences for the health and non-health 
benefits of sanitation such as hygiene and privacy 
[10,25-27]. Research shows that women have an 
important role in determining sanitation choices and 
are able to persuade their partners to invest in 
adequate sanitation facilities [25].  

Household size also determines the needs for 
sanitation facilities, especially the size of a septic tank. 
Commonly, households with four or more household 
members have a higher chance of having a latrine [28]. 

Efforts to improve access to sanitation facilities at 
the household level is expected to reduce the 
environmental and economic burden of a city. 
Indirectly, it can improve welfare, helps reduce 
poverty levels by reducing health costs, productivity 
gains associate morbidity and mortality, increase 
gender equality, environmental sustainability, and 
water resource [12,30]. Ultimately, sanitation 
adequacy can improve health and save lives. 
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METHODS 

This research uses the microdata from the 2017 
National Socio-Economic Survey which is conducted 
by The Indonesia’s Central Bureau of Statistics. The 
survey, also known as Susenas, do annual collection 
of data relating to the socio-economic conditions of 
the community, including health, education, fertility, 
family planning, housing and other socio-economic 
conditions in all provinces in Indonesia. Data and 
indicators from Susenas have been widely used and 
are seen as important pieces of evidence useful for 
planning, monitoring, and evaluating government 
development programs. The 2017 survey sampled 
3,483 households spread in six regions in Jakarta. 

This research uses a quantitative approach to 
fulfill the research aims. Descriptive analysis is 
performed for data analysis using a cross-tabulation 
method, to map the adequacy of household sanitation 
in Jakarta. While the inferential analysis is performed 
using a multinomial logistic regression method, to 
identify the influence of household characteristics on 
the adequacy of household sanitation.  

The research begins with examining the influence 
of resources (illustrated by the level of income and 
employment status of households) on sanitation 
adequacy. The research then examines the level of 
understanding (illustrated by the level of education), 
as well as other variables (marital status, gender, 
household size and migration status of households) 
and their correlation to sanitation adequacy.  

The dependent variable in this research is the 
adequacy of household sanitation, adopted from 
sanitation ladder of The JMP [3]. The sanitation 
ladder was simplified into three categories: (1) level 
0: inadequate sanitation (unimproved sanitation and 
open defecation), (2) level 1: adequate shared 
sanitation (shared sanitation), (3) level 2: adequate 
private sanitation (safely managed sanitation dan 
basic sanitation).  

The independent variables are the predisposing 
factors that consist of household income (measured 
by expenditure per-capita (exp_cap)), employment 
status (workstat), education (educ), marital status 
(maritalstat), gender (gend), number of household 
member (art), and migration status (risenmig and 
lifetimemig). Pearson correlation method is used to 
define the correlation between each of independent 
variables. The result indicates that there is no 
multicollinearity between the independent variables.  

Research Model 

The dependent variables are treated in 
multinomial forms with three categories that do not 
have a natural sequence. The level labeled 0 (Y=0) set 
as the reference category that forms the basis of the 
logit function to compare other categories (Y=1 and 
Y=2) against Y=0. Modification of the variables 

results in statistical modeling as follows: 
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with: 
Pinadequate  = opportunity for inadequate sanitation 

category 
Pshared  = opportunity for adequate shared 

sanitation category 
Pprivate = opportunity for adequate private 

sanitation category 
Iteration log shows how fast the model is 

converged. The log likelihood value (-2.546,679), 
Chi-square likelihood ratio of 674.84 with p-value 
<0.0001, prob>chi2 value <0.05, Pseudo R2 value of 
11.7%, and a large sample size shows that the model 
describes the quality of household sanitation facilities 
adequately. Partial effect was used in this research, 
which estimated by the Average Marginal Effect 
(AME), to obtain additional probabilities in each 
dependent variable. 

RESULT 

In this research, 85.64% of the sampled 
households in Jakarta owned adequate sanitation, of 
which 68.81% are private sanitation and 16.83% are 
shared sanitation. The rest of the households 
(14.36%) owned inadequate sanitation. Figure 1 
shows the distribution of household sanitation 
adequacy in six regions of Jakarta. East Jakarta has 
the highest percentage of adequate private sanitation 
(78.95%), Central Jakarta has the highest percentage 
of adequate shared sanitation (34.43%), and the 
Thousand Islands has the highest percentage of 
inadequate sanitation (38.03%).  

Fig.1 Distribution of Households Sanitation 
Adequacy Level in Jakarta 
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This research found that households in East 
Jakarta tend to have the longest duration of stay, have 
a private home, with better financial ability. The 
households in Central Jakarta have a higher 
percentage of migrant households who live in rental 
houses. On the other hand, households in Thousand 
Islands district tend to have a longer duration of stay, 
have a private home, but have a lower financial ability. 

Table 1 Summary of Descriptive Statistic 

Dependent  

Independent  

Adequacy level of sanitation facilities in households 

Inadequ
ate 

Adq. 
Shared 

Adq. 
Private 

Total 
% n 

Gender 
Female 11,86 15,72 72,42 100 328.619 
Male  14,88 17,06 68,06 100 1.565.697 

Number of household member 
<4 person 16 27,1 56,9 100 865.327 
≥4 person 12,97 8,19 78,83 100 1.028.989 

Marital status 
Not married 13,44 22,84 63,72 100 506.461 
Married 14,69 14,64 70,67 100 1.387.855 

Education 
Uneducated  20,36 18,67 60,98 100 148.999 
Primary 21,4 19,08 59,52 100 330.771 
Middle sch. 13,89 18,78 67,33 100 1.077.312 
Univ. 6,27 7,60 86,13 100 337.234 

Employment status 
Unemployed 9,28 8,76 81,96 100 392.172 
Informal 15,68 17,32 67,00 100 613.269 
Formal 15,68 20,05 64,26 100 888.875 

Expenditure per capita  
(Rp 100.000) 16,232 18,035 24,725 - - 

Recent migrant 
Non-migrant 14,02 15,2 70,78 100 1.811.487 
Migrant 21,8 52,45 25,74 100 82.829 

Lifetime migrant 
Non-migrant 13,22 11,87 74,91 100 826.159 
Migrant 15,24 20,67 64,1 100 1.068.157 

Table 1 shows the summary of the descriptive 
statistics in this research. It provides some initial 
insight into the household characteristics and its 
correlation to the quality of sanitation. The 
independent variables with a strong influence on the 
private sanitation adequacy are (1) female (72,42%), 
(2) household member ≥4 people (78,83%), (3) 
married (70,67%), (4) college education (86,13%), 
(5) unemployed (81,96%), (6) high expenditure, (7) 
non-migrant recent (70,78%), and (8) non-migrant 
lifetime (74,91%). While the inadequate sanitation is 
strongly related with (1) male (14,88%), (2) 
household member <4 people (16%), (3) married 
(14,69%), (4) low education (primary) (21,4%), (5) 
informal and formal sector (15,68%), (6) low 
expenditure, (7) recent migrant (21,8), (8) lifetime 
migrant (15,24%).  

Table 2 shows the inferential analysis results of 
the significant relationship between research 
variables and the comparison within the adequacy of 
household sanitation. The results of the inferential 
analysis are in line with the descriptive results. The 
comparison result can be summarized in two point: 
1. the variables which significantly influence the

increase from inadequate to adequate shared

sanitation category are household members <4 
people (14,6%), formal employment status 
(11,2%), not married (9,6%), migrant lifetime 
(4,4%), and junior/senior high school education 
(0,7%). While gender, expenditure, and recent 
migrant status show no significant effect. 

2. The variables which significantly influence the
increase from inadequate to adequate private
sanitation category are non-migrant recent
(26,2%), higher level of education/university
(19,7%), unemployment (17,9%), household
members ≥4 people (16,4%), married (11,4%),
female-headed (8,6%), and high expenditure
(0,6%). The lifetime migrant status shows no
significant effect.

Table 2 Multinomial Logistic Regression Analysis 

Independent 
Variables 

Adequate Shared sanitation Adequate Private sanitation 

Coef. Std. 
err. 

Part. 
effect Coef. Std. 

err. 
Part. 
effect 

Gender 
(0 = Female, 1 
= Male) 0,17 0,23 0,06 -0,40** 0,21 -0,09 

Number of household member 
(0 = <4 person,  
1 = ≥4 person) -0,90*** 0,14 -0,15 0,48*** 0,11 0,16 

Marital status 
(0 = not 
married, 1 = 
married) 

-0,54*** 0,20 -0,10 0,37** 0,18 0,12 

Education 
primary (0 = 
uneducated, 1 
= primary) 

0,03 0,23 -0,00 0,04 0,18 0,01 

Mid.school (0 
= uneducated, 
1 = mid.sch) 

0,56*** 0,22 0,01 0,68*** 0,17 0,08 

Univ. (0 = 
uneducated, 1 
= univ.) 

0,50 0,32 -0,06 1,38*** 0,25 0,20 

Employment status 
Informal (0 = 
unemployment, 
1= informal) 

0,10 0,20 0,07 -0,75*** 0,16 -0,13 

Formal (0 = 
unemployment, 
1= formal) 

0,34* 0,20 0,11 -0,89*** 0,16 -0,18 

Expenditure per capita  
(Rp.100.000) -0,01 0,01 -0,00 0,03*** 0,00 0,01 

Recent migrant 
(0 = non-mig, 1 
= migrant) 0,33 0,27 0,15 -1,30*** 0,29 -0,26 

Lifetime migrant 
(0 = non-mig, 1 
= migrant) 0,35*** 0,13 0,04 -0,04 0,10 -0,04 

_cons 0,03 0,27 0,97*** 0,21 
Number of obs 3.483 
LR chi2(22)    674,84 
Prob > chi2 0,000 
Pseudo R2    0,117 
Log likelihood -2.546,6791 

Note : *) significant at 10%; **) significant at 5%; ***) significant at 1% 

DISCUSSION 

This research found a statistical correlation 
between household characteristics with sanitation 
quality. In this research, longer duration of stay, a 
higher level of education, and unemployment status 
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have a significant correlation with the high 
percentage of marginal effect to the adequate private 
sanitation category. When households have been 
living longer in Jakarta, it can be assumed that they 
can adapt to the urban environment and improve their 
standards of living. On the other hand, education 
(formal and informal) can catalyze this process of 
behavior change, especially in increasing the 
knowledge on the importance of adequate sanitation, 
as well as improving the chance to have a better job 
opportunity. On the other hand, the unemployment 
status does not describe poor financial status. The 
samples tend to have a good financial ability even 
though they are unemployed. 

From further descriptive investigation, this 
research found a statistical correlation between some 
variables:  
1. female-headed households tend to have a higher

correlation to adequate sanitation, with
characteristics of not married, unemployed, and
live in their own house together with children/son-
in-law/grandchildren.

2. male-headed households tend to have a higher
correlation to inadequate sanitation, with
characteristics of not married, working in the
informal sector, living alone in a rental house with
uninhabitable condition.
The operational definition of not married status in

this research is divided into three categories: single, 
widowed by law, and widowed by death. There are 
two possibilities why females who are not married 
tend to have adequate sanitation; (1) the female is an 
elder in her house at the time of the survey, and 
indirectly appointed as the head of the family, and (2) 
the females who are widowed have sufficient monthly 
living expenses or have inheritance so that they are 
financially capable even though they are unemployed. 

On the other hand, the inadequate category 
indicates a correlation with the status of recent 
migrants, who live in rental houses, with 
uninhabitable conditions. Some of the migrants who 
come to Jakarta may have limited resources or 
financial ability. They try to survive by settling 
temporarily in a densely populated area. Many of 
them are from villages. They may still carry traits and 
habits that they develop while living in their previous 
dwelling. The transition between traditional rural 
culture to modern urban culture can create problems 
in their daily life, such as continually practicing open 
defecation [31]. According to research, these 
household characteristics found in Central Jakarta 
area. As for the Thousand Islands, our conjecture is 
related to low education and low welfare. 

The other variables that also have a significant 
correlation to the adequate private sanitation category 
are being married, household members of ≥4 people, 
and female-headed households. Females tend to have 
a high preference for private defecation facilities in 
the household due to privacy needs, hygiene, and 

safety factors. Even, the rate of open defecation is 
lower in female than in male [21].  

Jakarta is targeted to achieve 100% access to 
proper and safe sanitation by 2024 [4]. Eradicating 
14.36% of the inadequate category is a heavy task. 
The biggest challenge is presented by the practice of 
open defecation, inadequate sanitation facility in 
households, and inadequate clean water and 
sanitation service coverage. Susenas data show that 
the coverage of clean water services in 2017 is only 
60% [5]. It can be ascertained that the remaining 40% 
still uses ground water sources to fulfill their water 
needs. Besides that, the coverage of wastewater 
management services in 2017 is 24.33% [12], and 
only targeted to be 35% by 2022 [29]. The lack of 
access to water resources may have influenced the 
household sanitation adequacy. Heads of households 
need strong reasons for the importance of adequate 
sanitation to decide to adopt adequate sanitation.  

CONCLUSION 

Research findings shows that 85.64% of 
household sanitation facilities in Jakarta have 
adequate sanitation (68.81% are adequate private 
sanitation and 16.83% adequate shared sanitation, 
while 14.36% are inadequate. The household 
characteristics of inadequate sanitations are male-
headed household, household members <4 people, 
married, with low education and income, working in 
informal sector, migrant (recent migrant and lifetime 
migrant), and living rented house in low living 
condition. The household characteristics that 
significantly influence the change from inadequate to 
adequate private sanitation are non-migrant recent, 
university education, household members ≥4 people, 
unemployed, married, female-headed household, and 
high expenditure. The problem of low-quality 
sanitation in households in Jakarta can be overcome 
by incorporating these correlated household 
characteristics in the policymaking process, 
especially to lower the percentage of inadequate 
sanitation. 

Limitations of the Study 

The analysis in this study is dependent on the 
availability of variables in the Susenas data. A 
comprehensive analysis conducting a household 
survey specifically to study the feasibility of disposal 
facilities at the household level in Jakarta is strongly 
recommended. It will strongly support the analysis 
results. 
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ABSTRACT 

Bantul Regency is located around the subduction zone between the Indo-Australian Plate and is passed by 

the Opak Fault making it an earthquake-prone region. Earthquake disaster is a disaster that cannot be predicted so 

that an earthquake disaster mitigation effort is needed by studying the historical earthquake that occurred. The 

purpose of this study was to analyze Peak Ground Acceleration (PGA) both the average and maximum values in 
Bantul District based on earthquakes that occurred from 1900 to 2017. calculations using the Gutenberg - Richter 

method with the Richter formula combined with the intensity attenuation formula Subardjo-Prih Harjadi which is 

a function of magnitude, epicenter distance, and earthquake intensit. The PGA was then analyzed using the 

overlapping method with the built-up area. Based on the PGA average PGA distribution, the lowest average PGA 

value is 33.81 gals and the highest is 36.23 gals. Whereas based on the maximum PGA, the highest PGA 

distribution is in the northwest and southeast regions of Bantul Regency with the lowest maximum PGA value of 

223.58 gals and the highest of 248.42 gals. The PGA value has the potential for an enormous risk of damage is on 

the VII MMI Scale. Pajangan Subdistrict, Bambanglipuro Subdistrict and Pundong Subdistrict are on average high 

PGA and maximum PGA, so these sub-districts have a higher risk potential than other sub-districts. 

Keywords: Earthquake, Magnitude, Peak Ground Acceleration (PGA), vulnerability 

INTRODUCTION 

Indonesia-based on its geographical location is 

one of the regions prone to natural disasters. One of 

the natural disasters that often happens is an 

earthquake. Data shows that Indonesia is a country 

that is has a top level of seismicity in the world, over 

ten times as much seismicity in the United States [5]. 

Indonesia geographically located between 6o North 

Latitude-11o South Latitude and 95o East Longitude -
141o East Longitude are three places the world’s 

major plates are the Indo-Australian Plate, the 

Eurasian Plate and the Pacific Plate. The activity of 

the three plates causes good soil movement small 

earthquakes that are only detected by seismographs, 

quakes that can be felt an average of about 70-100 

times per year, and a quake cause damage between 1-

2 times per year [5] 

Yogyakarta Province and its surroundings are on 

two active plates, Indo Australia and Eurasia, which 

stretches from the western hemisphere of Sumatra to 

the southern hemisphere of Nusa Tenggara. This 
causes the Yogyakarta region and its surroundings 

very prone to tectonic earthquakes [4]. The source of 

the earthquake in this region is located in the sea from 

the subduction zone and on land from an active fault. 

In addition, there is an earthquake distribution at the 

top of the subduction zone or also known as the inter-

plate zone, the accretionary prism zone. This 

earthquake is characterized by the epicenter of 

position in the sea but with shallow depth. The source 

of the earthquake from the Benioff zone sometimes 

also occurs in this area. The source of the earthquake 

on land has been identified as coming from the Opak 

Fault. This is a fault that is considered causing the 

2006 Yogyakarta earthquake. Based on the 

earthquake distribution, there may be other active 

faults besides the Opak fault. The maximum 

magnitude of the earthquake originating from the 

subduction zone was 8.1 Mw, while the Opak fault 

was 6.8 Mw [4]. 
One of the most damaging earthquake evidences 

occurred on Saturday, May 27, 2006 at 05.53 WIB 

obtained from the Meteorological, Climatological, 

and Geophysical Agency of Indonesia station, United 

States Geological Survey (USGS), and the station 

owned by the Volcano Technology Research and 

Development Center, Yogyakarta. Data from the 

Volcano Technology Research and Development 

Center is then analyzed by the Geological Agency 

Emergency Response Team. USGS noted that the 

epicenter was located at coordinates 8.01o South 

Latitude & 110.29o East Longitude at a depth of 17.2 
km, strength of 6.2 Mw, and intensity of damage to 

VII MMI. According to BMKG, the earthquake 

centered at 7.89o South Latitude & 110.37o East 

Longitude and a depth of 40 km, with a magnitude of 

6.2 Mw, and an intensity of VII MMI. While 

according to Meteorological, Climatological, and 

Geophysical Agency of Indonesia, the earthquake 

was centered at 8.08o South Latitude & 110.31o East 

Longitude, depth of 33 km, with a magnitude of 5.8 
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SR and intensity scale VII-IX MMI [4]. 

Over 5,000 people die, huge property losses, and 

a lot of environmental damage. Several cracks in the 

ground, liquefaction, and landslides occurred in the 

Yogyakarta region, which showed that the earthquake 

shocks were strong. The Bantul region experienced 

the worst disaster, so that the May 27, 2006 

earthquake can also be referred to as the “Bantul’s 

Earthquake”. The 2006 Yogyakarta earthquake was 

one of the earthquakes with the most casualties in 
Indonesia since 1612 [4]. 

This earthquake has made us aware of the 

importance of mitigation efforts, both structural or 

physical and non-structural or non-physical 

mitigation [7] [10] [11]. Mitigation efforts must be 

carried out to minimize the risk of earthquake and 

tsunami disasters in the Yogyakarta region, which 

may be repeated in the future. Including non-physical 

mitigation efforts, delivery of data and information 

about the danger and impact of the earthquake so that 

people can prepare for disasters. Various attempts 
were made to reduce the impact that occurs when an 

earthquake occurs. One of them is by knowing the 

Peak Ground Acceleration (PGA) both the average 

value and the maximum value in Bantul Regency 

based on earthquakes that occurred from 1900 to 

2020 [1] [3 . The PGA was then analyzed using the 

overlapping method with the built-up area of Bantul 

Regency. I expect the results of this study can be used 

as a reference in disaster mitigation efforts and 

disaster risk management plans. 

METHODS 

Earthquake wave vibration parameters recorded 

by seismographs generally the velocity deviation or 

velocity in units of kine (cm/s). Besides velocity, 

other parameters such as displacement (deviation in 

micrometer units) and acceleration (acceleration in 

gal units or cm/s2) can also be specified. Seismic or 

frequent wave acceleration parameters called the 

acceleration of the ground is one of the important 

parameters in science seismology [8]. Acceleration is 

the parameter that states changes in speed from rest 
to a certain speed. Peak Ground Acceleration is the 

value of the greatest ground vibration acceleration 

that ever happened somewhere caused by earthquake 

waves [6]. In this study, calculations using the 

Gutenberg-Richter method with the Richter formula 

combined with the intensity attenuation formula 

Subardjo-Prih Harjadi which is a function of 

magnitude, epicenter distance, and earthquake 

intensity. The greater the PGA that occurs, the greater 

the risk. PGA data which is a parameter of the source 

of damage caused by an earthquake, obtained through 
functions of magnitude, epicenter distance, and 

earthquake intensity earth (Ibrahim & Subardjo, 

2005). The PGA calculation value is carried out the 

steps as follows [5] [9]: 

a. Calculate epicenter distance

The epicenter distance is determined by 

calculating the distance from the epicenter to the 

point X, using the formula:  

Cos ∆ = Cos Le Cos LX + Sin Le Sin LX Cos (λE-

λX)                                                                        (1) 

Information: 

Cos ∆ : Epicenter distance to point X 

Lx : The geographical latitude of the point X, 

for which the PGA value will be calculated;  

λx   : Geographic longitude of point X, for which 

the PGA value will be calculated;  

Le   : Epicenter geographical latitude,  

λe  : Epicenter geographical longitude  

∆ : Distance between points E and X in degrees 
∆ ° : converted to kilometers, diverting 111.11 

Km for every 1 ° 

b. Calculate the intensity in the hypocenter with the

formula;

Io = 1.5 (M - 0.5)  (2) 

Information  

Io : Intensity at the source; 

M : Magnitude of body wave (Richter Scale) 

c. Calculate the intensity at point X with the formula

of the attenuation constant of Prih Haryadi and

Subardjo:

I = (Io. Exp –b.∆)  (3) 

Information: 

I  : Surface intensity  

Io : Intensity at the source  

∆  : Distance to the source of the earthquake 

(epicenter)  

b : The attenuation constant (energy decay), 

worth 0.0021  

exp : Natural number, worth 2,786 

d. Calculate the PGA value at point X with the

formula;

Log α = (I / 3) - 0.5  (4) 

Information: 

α : Peak Ground Acceleration (PGA) in gal 

(cm / second)  

I : Surface intensity on the MMI scale and the 
numbers 3 and 0.5 are constants. 

The point of the earthquake taken in this study 

was that an earthquake that had occurred in the 

Special Region of Yogyakarta with a coordinate limit 

of 7 ° 32 '30 "LS to 8 ° 12' 20" LS and 110 ° 0 '10 "BT 
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to 110 ° 50' 5" BT sourced from Earthquake USGS 

and BMKG. Determination of the reference point is 

done by making the center of gravity. Determination 

of the emphasis is done on each village in the city of 

Bengkulu, as many as 75 reference points. In one 

earthquake event, the PGA value was calculated at 

each center of gravity so that at each point a PGA 

value was obtained, then the PGA value was 

calculated for all reference points from the PGA 

values, a maximum PGA value is sought at each point. 
After getting the maximum PGA value in each village 

in Bengkulu City, then the same point value will be 

calculated and will form a contour-like line using the 

interpolation method. In this study earthquake data 

was divided into two groups, i.e. maximum PGA and 

average PGA. The division of these two groups is 

based on different patterns and levels of earthquake 
risk. Then from the minimum and maximum values 

of each group are categorized into three classes with 

the equal interval method each class has the same 

interval in the interpolation’s division class. 

DISCUSSIONS 

Distribution of Earthquakes in Yogyakarta 

The frequency of earthquakes in Yogyakarta is 

not really high but destructive earthquakes, in the 

period of 120 years, i.e. the period 1900 to 2020 there 

were 34 earthquakes with a magnitude of 3.7 SR to 

6.3 SR with a depth of less than 100 km (Fig 1) . 

Earthquakes with a magnitude of less than 4 SR 

occurred three times, earthquakes with a magnitude 

of 4 SR up to 5 SR occurred 26 times and earthquakes 

with a strength of over 5 SR occurred three times. 

Significant and destructive earthquake occurred on 

March 13, 1981 with the intensity in Yogyakarta VII 

MMI with the resulting impact of the cracked walls 

of the Ambarukmo Hotel. On 25 May 2001 with 

magnitude 6.3 SR depth of 143 km and intensity in 

Yogyakarta V MMI and minor damage in 

Yogyakarta. On May 27 2006, with magnitude 5.9 SR 

33 km and intensity VII MMI. This is characterized 

by: shocks felt by everyone, including those inside the 

vehicle; crockery falling and breaking; old buildings 

and buildings that are designed not to withstand 

earthquake shocks collapse and are damaged; 

liquefaction, land cracks, and landslides occur; turbid 

community wells, gutters and irrigation channels 

damaged; and the ceiling and the top of the building 

are broken. 

Geologically, Bantul Regency is bypassed by the 

Opak Fault. Based on historical records of destructive 

earthquake events from Supartoyo et al. (2014) 

coupled with the events of 2015, the Yogyakarta area 

has experienced at least seven destructive earthquake 

events. One incident is thought to have caused a 

tsunami, namely the earthquake in 1840. The 

destructive earthquake events in 1943, 2006 and 2010 

were estimated to originate from the Opak fault. In 

addition, Bantul Regency is located in the collision’s 

vicinity zone (subduction zone) between the Indo-

Australian Plate which is moving northward to the 

Eurasian Continent Plate at a speed of ± 7cm / year. 

This zone is about 200 - 250 km from the South Coast 

of Java and has the potential to cause an earthquake. 

The earthquake that occurred in the collision zone 

was one of the prime causes of local tsunamis, which 

in a quick time had the potential to impact the South 
Coast of Java, including the beaches in Bantul 

Regency.  

Fig. 1 Distribution of Magnitude (1900-2020) 

Bantul Regency. 

Based on these conditions, the May 27, 2008 

earthquake had a very significant impact on Bantul 

District with 4,143 fatalities, then 71,763 houses were 

damaged, 71,372 houses were severely / moderately 
damaged and 73,679 houses were lightly damaged. 

For Bantul Regency itself the most severe damage 

occurred in Jetis sub-district in 143 people, then 

71,763 houses were damaged, 71,372 houses were 

severely damaged / moderately damaged and 73,679 

houses were lightly damaged. For Bantul Regency 

itself the most severe damage occurred in Jetis sub-

district in 143 people, then 71,763 houses were 

damaged, 71,372 houses were severely damaged / 

moderately damaged and 73,679 houses were lightly 

damaged. For Bantul Regency itself the most severe 
damage occurred in Jetis sub-district in where 11,356 

houses were totally damaged. Damage data in every 

district is complete can be seen in Table 1. The 

earthquake also caused Adi Sutjipto Airport to be 

temporarily closed due communication disruptions, 

building damage and cracks on the runway, so that air 

transportation was diverted to Semarang and Achmad 

Yani Airport Adisumarmo, Solo Airport. 
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Spasial Pattern of the Average of Peak Ground 

Acceleration, Year 1900 to 2020 

     If assessed based on the PGA, the average PGA 

distribution in Bantul Regency shows in Figure 2 with 

the lowest average PGA value of 33.81 gals and the 

highest of 36.23 gals. Based on [2] with an average 

PGA value is in the class of 25-50 gals, the resulting 

risk level is small. This average PGA distribution has 

a pattern further north, so the average PGA is getting  

lower (Fig.2). The average low PGA area (<34 gals) 
is in the north of the Regency with an area of 5638.98 

Ha or 11.03% of the Bantul Regency area is in the 

sub-districts of Sedayu Sub-district, part of the 

Kasihan Sub-district, part of the Banguntapan Sub-

District and part of the Pinyungan Sub-District.The 

average PGA area (34-35 gals) is in the north of 

Bantul Regency with an area of 11,133 hectares or 21, 

78% of the Bantul Regency area is in some areas of 

Sedayu District, Pajangan District, Kasihan District, 

Sewon District, Banguntapan District, Pleret District 

and Pinyungan District. Then for the PGA region the 
average high (> 35 gals) is in the middle to the south 

of Bantul Regency with an area of 34,346, 65 Ha or 

67.19% of the Bantul Regency area.  

Fig. 2 Peak Ground Acceleartion (Average) Bantul 

Regency 

Table 1. shows the area of built-up area that is in 

each average PGA class. The lowest risk districts are 
in Sedayu District which has an area of 634.27 Ha 

with 537.47 Ha including the low class and 96.80 Ha 

including the moderate class. Conversely, it can also 

be seen that several sub-districts that are on a high 

average PGA with the entire area included in the 

class. Such as Bambanglipuro Subdistrict, Imogiri 

Subdistrict, Jetis Subdistrict, Jetis Subdistrict, Kretek 

Subdistrict, Pandak Subdistrict, Pandak Subdistrict, 

Pudonhm Subdistrict, Sanden Subdistrict and 

Srambat Subdistrict. These sub-districts have a higher 

risk potential than other sub-districts, so efforts are 

needed to mitigate disasters so that they can recover 

quickly in the event of an earthquake. 

Table 1.  Distribution of Built-up Area in each class 

of PGA Average 

Spasial Pattern of the Maximum of Peak Ground 

Acceleration, Year 1900 to 2020 

If assessed based on the maximum PGA, PGA’s 

distribution in Bantul Regency shows in Figure 3 

with the lowest maximum PGA value of 223.58 gals 

and the highest of 248.42 gals. Based on Fauzi, 2000 

with a maximum PGA value which is in the class 

200-300 gals with a high level of risk. This is 
indicated from the earthquake on May 27, 2006 which 

has intensity VII MMI. This is characterized by: 

shocks felt by everyone, including those inside the 

vehicle; crockery falling and breaking; old buildings 

and buildings that are designed not to withstand 

earthquake shocks collapse and are heavily damaged; 

liquefaction, land cracks, and landslides occur; turbid 

community wells, gutters and irrigation channels 

damaged; and it breaks the ceiling and the top of the 

building. 

District Name 

Built-up Area (Ha) 

Total Low 

PGA 

Moderate 

PGA 

High 

PGA 

Bambanglipuro 452.78 452.78 

Banguntapan 79.72 184.42 6.48 270.61 

Bantul 3.11 179.54 182.65 

Dlingo 3.26 965,57 968.83 

Imogiri 1077.99 1077.99 

Jetis 657.23 657.23 

Pity 376.91 390.78 767.70 

Clove 373.28 373.28 

Display 37.57 251.54 289.10 

Pandak 451.95 451.95 

Piyungan 67.51 200.95 268,45 

Pleret 10,72 183.80 194.52 

Pudong 411.62 411.62 

Sanden 220.30 220.30 

Sedayu 537.47 96.80 634.27 

Sewon 232.27 142.01 374.28 

Srambat 122.66 122.66 

Total of Built-up Area 7718.22 
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Fig. 3 Peak Ground Acceleartion (Average) Bantul 
Regency 

 In general, this maximum PGA distribution has a 

pattern going further north, the average PGA getting 

lower. However, specifically for the maximum PGA 

which is in the high class spread in the northwest and 

southeastern areas of Bantul Regency. This happened 

because of the magnitude of the influence of the 

earthquake on May 25, 2001, with magnitude 6.3 SR 

depth of 143 km which has an epicenter point in the 

western part of Yogyakarta that affects the northwest 
region of Bantul Regency. Then the earthquake on 

May 27, 2006, with a magnitude of 5.9 SR depth of 

33 km which has an epicenter point in the 

southeastern Bantul Regency. 

 Table 2. shows the area of developed land is in 

each of the maximum PGA classes. The district with 

the lowest risk is in Pinyungan District which has an 

area of 268.45 Ha with 203.39 Ha including the low 

class and 65.06 Ha including the moderate class. 

Conversely, it can also be seen that some sub-districts 
that are at the maximum PGA that are in the high class 

with almost the entire area of the area included in the 

class, such as Pleting District, Bambanglipuro 

District and Pundong District. These districts have a 

higher risk potential than other districts. This is in line 

with the earthquake damage data of May 27, 2006, in 

the sub-district which was damaged. The total 

damaged houses in Pundong District were 6,793 

houses, Pleting District as many as 1,228 houses and. 

Bambanglipuro District 6,587 houses. These sub-

districts also need more attention as a disaster 

mitigation effort. 

Table 2.  Distribution of Built-up Area in each class 

of PGA Maximum 

CONCLUSION 

The frequency of earthquakes in Yogyakarta is 

high, in the period of 43 years, namely the period 

1974 to 2017 there were 34 earthquakes with a 

magnitude of 3.7 SR to 6.3 SR with a depth of less 

than 100 km. Based on the PGA, the average PGA 

distribution has a pattern that the further north the 
average PGA is lower with an average PGA value of 

33.81 gals and the highest of 36.23 gals. Based on the 

maximum PGA, the highest PGA distribution is in the 

northwest and southeast regions of Bantul Regency 

with the lowest maximum PGA value of 223.58 gals 

and the highest of 248.42 gals. The PGA value has the 

potential for a large risk of damage which is on the 

VII MMI Scale. Pajangan Subdistrict, 

Bambanglipuro Subdistrict and Pundong Subdistrict 

are on average high PGA and maximum PGA as well, 

so these sub-districts have a higher risk potential than 
other sub-districts. More attention is needed to these 

sub-districts to mitigate disasters. 

District Name 

Built-up Area (Ha) 

Total Low 

PGA 

Moderate 

PGA 

High 

PGA 

Bambanglipuro 49.51 403.26 452.78 

Banguntapan 117.59 150.77 2.20 270.61 

Bantul 109.11 73.54 182.65 

Dlingo 205.55 531.67 231.61 968.83 

Imogiri 564.46 513,53 1077.99 

Jetis 602.30 54.93 657.23 

Pity 369.80 377.53 20.26 767.70 

Clove 301.62 71.66 373.28 

Display 57.49 231.62 289.10 

Pandak 448,16 3.79 451.95 

Piyungan 203.39 65.06 268,45 

Pleret 194.52 194.52 

Pudong 1.04 410.57 411.62 

Sanden 180.43 39.87 220.30 

Sedayu 506.02 120.18 8.29 634.27 

Sewon 261.49 112.78 374.28 

Srambat 122.66 122.66 

Total of Built-up Area 7718.22 
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ABSTRACT 

 
Self-purification at rivers is mainly conducted by microorganisms attached on river bed.  In order to enhance 

the self-purification capacity, several process or technologies have been proposed for improvement of river water 
quality and preservation of bio-diversity.  From the viewpoints of environmental engineering, finding influential 
parameters and their effective control are effective to improve river water quality.  However, there are a lot of 
parameters affecting self-purification capacity at rivers, and quantitative evaluation of these parameters have not 
been completed.  In this study, influence of light on both microbial river water ecosystem and its self-purification 
capacity are investigated.  There are several type of water purification facilities incorporated in rivers in order to 
improve river water quality and maintain bio-diversity.  Most of the cases, light (sun light) is not blocked, and the 
light might affect microbial community and structure by photo synthesis. 

Lab-scale experimental facilities (artificial river) are set, and artificial contaminated river water are introduced 
to the system. Light irradiation stimulates algal activity and affects the composition of the other microorganisms 
such as bacteria and zooplankton.  By mass balance analysis of carbon, it is made clear that amount of organic 
carbon accumulated in the river under lighting condition becomes almost double compared with the case under 
dark condition.  It is suggested that clean river water condition can be affected by light more than contaminated 
river water condition because of the large relative intensity of organic carbon loading by photo synthesis. 
 
Keywords: self-purification, river ecosystem, mass balance analysis, photosynthesis 
 
 
INTRODUCTION 

 
In order to preserve water environment in both 

urban section and the catchment area around the 
section, sewerage is important facilities and plays 
important roles.  However, sewerage development 
requires not only huge cost but also long time. For 
example, it takes 38 years to increase its coverage 
from 30%(at the end of FY1980) to 79%(at the end of 
FY2018) in Japan [1].  In the areas of where the 
sewerage system has not been developed, the ratio of 
domestic contaminants to total contaminants load into 
enclosed water areas such as lakes and inner bays is 
higher [2].  It is difficult to reduce the discharge 
amount of contaminants by individual households, 
therefore, direct purification in rivers, channels, lakes 
and bays is being conducted in order to reduce the 
loading rate until the sewerage system development 
is completed [3], [4].  Among the direct purification 
methods, the contact oxidation process has been 
attracting attention and it is adopted in many places 
because it enhances the natural purification function 
and seems to be environment-friendly. has high 
hydrophilicity [5].  However, good results are not 
always obtained because proper design and operating 
factors have not been sufficiently clarified. 
Operational and design parameters in the system are 
inlet water quality, water flow rate, HRT, DO, the 

water temperature, and so on.  Light irradiation is one 
of them. In the direct purification process to the river, 
it is practically not designed to block sunlight.  There 
are some cases where light irradiation was studied as 
a design factor in the design of direct purification [6], 
[7], [8], but few cases, and studies including treatment 
processes have not been sufficiently conducted. 
However, the effects of light (mainly visible light) on 
the treatment results should be fully considered taking 
into account photosynthesis. 

In this study, the effects of light irradiation on the 
biota, which is the main component of purification, 
during the treatment process was investigated using a 
laboratory-scale contact oxidation system.  The 
amount and number of microorganisms in the 
treatment process, their activity, dissolved oxygen, 
and the concentration of organic and inorganic 
substances in the treated water were monitored and 
evaluated the effects of light. 
 
MATERIALS AND METHODS 

 
The schematic diagram of the experimental 

equipment is shown in Fig. 1. The experimental water 
channel was made of acrylic and the width, height and 
length of the channel are 1 cm, 4 cm, 200 cm, 
respectively.  In the water channel, a fiber carrier 
(made by Chisso Filter Co., Ltd., Japan, material: 
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polyethylene/polypropylene mixture, fiber length 64 
mm, specific gravity 0.90 to 0.96, that is easy to fix 
for retaining biota) is packed.  The thickness of the 
incorporated fiber carrier is 1 cm, and attached to the 
channel bottom.  The packing density of the fiber 
carrier becomes 0.031 g/cm3.  Organisms used in this 
study was collected from Okawa, Miyamae River, 
and irrigation channels in Matsuyama City, Ehime 
Prefecture, Japan, and they were inoculated at 25 cm 
intervals from the upstream to the downstream.  Three 
experimental channels were prepared, and two of 
them were set under the light conditions, (hereinafter 
referred to as case L-1 and case L-2) and the other 
was set under dark condition. (hereinafter referred to 
as case D).  These three channels were installed on 
the same shelf, and the entire shelf was surrounded by 
a blackout curtain.  Under light conditions, white 
fluorescent lamps were used to irradiate the upper 
part of the channel with an illumination intensity of 
3000 Lux every 12 hours.  Under dark conditions, the 
water channels were covered with aluminum foil to 
block the light.  The water temperature in the water 
channel was set to 25°C by contacting silicon tubes 
on both sides of the water channel (inner diameter: 8 
mm× outer diameter: 1 mm) and circulating water at 
30°C inside the tube.  The composition of the 
artificial wastewater used in these experiments was 
shown in Table 1.  The wastewater was continuously 
flowed into the experimental channels with a flowrate 
of 100 mL/h.  The DOC of the artificial wastewater 
was set to 20 mgC/L, assuming a small-to-medium-

sized river in a city where sewerage development is 
delayed. The hydraulic retention time was estimated 
188 minutes as a result of the tracer experiment using 
NaCl, that means average water level of the channel 
was 1.56cm.  The experimental equipment was 
operated for 90 days in winter season. 

DOC was measured as the amount of dissolved 
organic matter in each channel, and the number of 
viable and total bacteria was measured as the amount 
of biomass over time.  Then, on the 90th day, in order 
to grasp the condition inside the channel in detail, the 
channel was divided into four sections I to IV shown 
in Fig. 2 from the artificial wastewater inflow section.  
For the division of the sections, visual observation of 
both the algae green density and water depth in the 
channel on day 73 were considered.  SS, viable cell 
count, total cell count, zooplankton population, Chl-a 
concentration, and total dehydrogenase activity of 
each category were measured.  For the measurement 
of the number of bacteria and the number of 
zooplankton population, the sampling points shown 
in Fig. 3 were provided in each compartment.  
Syringe was used for the sampling.  Samples mixed 
with dissolved and suspended matters from both the 
fiber carrier and the channel wall were collected and 
used for the measurement of SS, Chl-a concentration 
and total dehydrogenase activity.  

 
RESULTS DISCUSSION 

 
Removal capacity of organic matter and 
accumulated materials in channels 
 Fig. 4 shows the daily change of DOC in the inflow 
and outflow water of each case. From the 3rd day 
after the start of the experiment, it was almost in the 
range of 3 to 6 mgC/L, and there was no difference in 
the removal efficiency of organic substances in the 
entire channel resulting from the effect of light 
irradiation.  

Table 1  Composition of artificial wastewater 
Substrate concentration Substrate concentration 

NaCl 1.32mg/L NaHCO3 38.3mg/L 
KH2PO4 3.72mg/L MgSO4・7H2O 1.64mg/L 

KCl 2.68mg/L Dextrin 15.2mg/L 
NH4Cl 19.1mg/L Bacto peptone 32.7mg/L 

(4) (3) (2) (1) 

Artificial Wastewater 

50 

Fig.3 Points of sampling (Unit:cm) 
100  100 

: Sampling Point 

Fig.2 Section of the waterway (Unit:cm) 
 

IV III II I 

37.5 50.0 50.0 62.5 

Artificial Wastewater 

fluorescent lamp 
influent 

P experimental water channel effluent 
pump 

shelf 
blackout curtain 

Artificial 
wastewater 

Fig.1 Schematic diagram of experimental setup 

Fig.4 Time course of DOC in influent and effluent 
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Fig. 5 shows the SS and its composition in each 
section.  Under dark conditions, SS increased slightly 
in section II but decreased as it flowed down.  In the 
cases of light conditions, it did not decrease as much 
as in dark condition, and in some section it increased 
to the same level or in sections III-IV.  The amount of 
accumulated organic matter in the entire canal was 
120 to 130 mgC in the two cases under the light 
condition, whereas the amount in the dark condition 
is 50 to 60 mgC which was about 50% or less of the 
light condition.  It is suggested that organic matter is 
easy to accumulate under light conditions due to 
photosynthesis. 

 
Biota in the channel 

Fig. 6 shows the total and viable cell counts at 
each section.  There was no difference in total and 
viable cell counts under both dark and light 
conditions, and the numbers decreased as they flowed 
down.  Between section I and section IV, the number 
of viable cells decreased by one order and the total 
number of cells decreased by two orders.  In section 
I, where the loading rate of organic matter load is 
higher, the environment became anaerobic, and under 
light conditions, the presence of purple bacteria were 
observed. 

Fig. 7 shows the population of zooplankton. In 
Section I, the population tended to be small in all 
cases. It is considered that it was difficult for 
zooplankton to live in Section I because of its 
anaerobic condition. The proportion of metazoans 
increased as they flowed under both light and dark 
conditions. 

The Chl-a concentration at each division is shown 
in Fig. 8.  More number of algae was confirmed in 
section IV where the organic matter load was low.  
The algae inoculated at the beginning of the 
experiment remained in sections II to IV.  It is 
considered that the main component of SS in section 
I and IV was microbial communities and algae, 
respectively. 

The total dehydrogenase activity in each section 
is shown in Fig. 9. The activity tended to be higher in 
light conditions, and the difference in the sections III 
and IV was obvious. 
 
Carbon balance in the channel 

Considering these experimental results, it can be 
concluded that the treated water quality was not 
different between light and dark condition, however, 
the organic carbon amount accumulated in the 
channel was higher in light conditions than in dark 
condition due to photosynthesis.  In particular, it was 
suggested that the effect of light cannot be ignored  

Fig.5 SS and its composition at each section 
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when the amount of inflowing organic matter is 
small and the load due to photosynthesis is large.  

Fig. 10 and 11 show the carbon balances of case 
L-2 and Case D in section IV, respectively.  Boxes 
indicate living organisms and abiotic organic matter 
that compose the ecosystem, and arrows show carbon 
transfer rate.  The numbers attached to the arrows and 
boxes indicate the ranges of quantity in each process 
or state valuables.  The box size and the thickness of 
the arrow are based on each quantity.  The extant 
amount was calculated using the carbon conversion 
formula shown in Table 2 based on the measured 
value.  The inflow and outflow amounts were actually 
measured values. The amount of carbon transfer was 
calculated using the formula shown in Table 3 based 
on each existing amount. Table 4 shows the literature 
values used to determine each quantity. 

 

Fig.9  Dehydrogenase activity at each division 
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Table 2  Expression of carbon conversion of 
standing crop 

Symbol Item Equation 
CP Algae CP=b･(P/1000)･

(V/1000) 
CB Bacteria CB=B･a･wB･V 
CZ1 Protozoa CZ1=Z1･a*･wZ1･V 
CZ2 metazoan CZ2=Z2･a*･wZ2･V 
CO Abiotic organic matter CO=D1･(V/1000) 

*: (C/protozoan dry weight), (C/bacterial dry weight) were 
used for (C/metazoan dry weight) 

 
 

Table 3 Carbon transfer process and the 
expression 

Process Equations 
Death of bacteria R1 = kB･wB･a･B 

Death of algae R2 = kP･(P/1000)･(V/1000)･b 
Death of protozoa R3-1 = kZ1･wZ1･a･Z1･V 
Death of metazoan R3-2 = kZ2･wZ2･a･Z2･V 

Degradation of abiotic 
organic matter by 

bacteria 

R4 = B･r1･V 
(assuming 1 cell = 1 CFU) 

Predation of algae by 
metazoans 

R5 = a･r2･Z2･wZ2･V 
In case R5 > CP, 

R5=A･r3･(V/1000) 
Primary production by 

algae 
R6 = r4･c･(P/1000)･(V/1000) 

Bacterial predation by 
zooplankton 

R7 = r5･a･Z･V 

Inflow into the section R8 = D1･(Q/1000)･24 
Outflow to the outside R9 = D2･(Q/1000)･24 

A: Algal biomass/algal biomass (literature value)( = 
CP/e) 

D1: DOC at the previous section (mgC/L) 
D2: DOC in the effluent (mgC/L) 
P: Chl-a(μg/L) 
B: viable bacteria count (CFU/mL) 
Z1: Protozoa population (N/mL) 
Z2: Metazoan population (N/mL) 
Z: Zooplankton population (N/mL) (=Z1+Z2) 
V: Volume of the section (mL) 
Q: flow rate (mL/h) 

 

Table 4 Literature values for the calculation of carbon 
transfer and storage 

Symbol Content Values reference 
kB Rate constant of self 

decomposition (Bacteria) 
0.25(1/d) [9] 

kP Rate constant of self 
decomposition (Algae) 

0.007-0.07(1/d) [9], [10]  

kZ1 Rate constant of self 
decomposition(protozoa: 
Ciliata) 

0.15(1/d) [12] 

kZ2 Rate constant of self 
decomposition(metazoan
: Rotatoria) 

0.15(1/d) [12] 

r1 Intake activity of organic 
compounds by bacteria 

1.2-7.7 
(×10-12mgC/(cell･d)) 

[13] 

r2 Filtration rate of rotifer 0.6～1.5 
(1/(mgDW･d)) 

[14] 

r3 Carbon transfer rate with 
intake of algae by 

zooplankton 

0.000045 
(mgC/d) 

[15] 

r4 Primary production rate 53.0 
(mg-carbohydrate/ 

(mgChl-a･d)) 

[16] 

r5 Predation rate of bacteria 
by zooplankton 

0.000012 
(mgBacteria/(N-
zooplankton･d) 

[17] 

wB Dry weight of bacteria 
(Escherichia coli) 

(Alcaligenes faecalis) 

 
4.0×10-10(mg/cell) 
5.56×10-10(mg/cell) 

[18] 

wZ1 Dry weight of protozoa 
(Ciliata) 

(Colpoda steinii) 
(Tetrahymena 

pyriformis) 
(Colpidium campylum) 
(Vorticella microstoma) 

 
1.20×10-6(mg/N) 
1.39×10-6(mg/N) 
1.60×10-6(mg/N) 
3.85×10-6(mg/N) 

[18] 

wZ2 Dry weight of protozoa 
(Ciliata) 

(Brachionus angularis) 

8.9×10-5(mg/N) [19] 

a C/(Dry weight of 
bacteria) 

0.531 [20] 

b C/Chl-a 49 [21] 
c C/carbohydrate 1.1 [21] 
e Algal amount 0.0009(mgC/L) [15] 
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The abundance of algae was about 10 times larger 
under light conditions than the dark condition. In 
terms of carbon transfer, the primary production was 
about 10 times, the predation of algae was 100-1000 
times, and the death of algae was 10-1000 times 
larger under light conditions than the dark condition. 

It was suggested that light irradiation activates the 
primary production by algae and increases the 
existing amount.  And the algae predation amount of 
zooplankton and the production of abiotic organic 
matter due to algae death increase accordingly. 
 
CONCLUSIONS 

 
In this study, the influence of light irradiation on the 

carbon balance in the process of contact oxidation 
treatment for wastewater containing organic matter 
was discussed. The results obtained in this study are 
shown as follows; 
1) There were not clear effects of light irradiation on 

the organic matter removal capacity of the entire 
channel, but the amount of accumulated organic 
matter in the channel under light condition was 
almost double compared to that of dark condition. 

2) Light irradiation had an effect on the biota in the 
channels, including the presence of 
photosynthetic bacteria and the number of algae, 
but no effect on the number of bacteria. 

3) According to the carbon balance analysis in the 
channel, it was suggested that the light irradiation 
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increases the load of organic compounds due to 
photosynthesis 10 times greater compared to the 
dark conditions, and the effect of light irradiation 
cannot be ignored when the inflow amount of 
organic compounds is relatively small.  In the case 
nutrients such as nitrogen and phosphorus exist in 
the water, internal production by algae gives    
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ABILITY AND WILLINGNESS TO PAY FOR WASTE WATER 

MANAGEMENT MAINTENNACE SERVICES (IPAL) 

*Marselina Djayasinga,  Tsra Subianto, Tri Joko Prasetyo

Economic and Business Faculty, University of Lampung, Indonesia 

ABSTRACT: Infrastructure sustainability must be maintained through public participation payment  for the 

utilization of these public facilities. However, it is difficult to determine the appropriate tariff of public 

utilization. Ability and Willingness to Pay  (ATP and WTP) are used to get it. This study aims to estimate 

ATP and WTP of beneficiary of waste water management maintenance services (IPAL). Using a purposive 

random sampling and cluster technique from 300 RT, there are 153 are selected as samples. There are 3 

classification   of household:   household native inhabitans , household comers  without experience with 

PDAMs, and household comers with experience PDAM. PDAM is another alternative of water supply 

produced by government. The results of this study are, the highest ATP is household inhabitants compared to 

the other 2   household categories. The WTP for IPAL is 30% higher than the rate set by the government 

initially. Increasing WTP   is affected by the level of education, reference cognition, level of income and 

satisfaction. Continuous improvement in technology of water treatmenty, socialization to the community and 

use of tariffs based on volume of usage must be carried out for the continuity of infrastructure. 

Keywords: Willingness to pay, Ability to pay, Waste water management services 

1. INTRODUCTION

Lack of public awareness of waste water 

treatment has caused some areas to become a crisis 

of clean water and polluted the environment. 

Recently,  waste  water  management maintenance 

services  is  becoming  an  important  issue  in  the 

water protection  in Indonesia. According to Hua 

(2010)  the  increasing  population  and  reduced 

water resources have caused  the  need  for  clean 

water to be a very pressing problem in almost all 

parts of the world  and lack of awareness of proper 

waste  water..  This  habit  is  driven  by  the  low 

charge even free of charge of this services. As a 

public  good,  waste  water  management 

maintenance services IPAL) in Indonesia,   is not 

on market mechanism. The tariff cannot be 

determine because no one can express their 

preference. So, it is needed the method  to get the 

tariff  which reflect the ability and willingness to 

pay of beneficiaries in order to maintenance this 

public facilities sustain for long time  and arose 

awareness community to protect the water. 

Community  is expected to respond for this public 

facilities by expected to be willing to participate 

through  pay  some  cost  to  maintain  the 

sustainability of this public infrastructure. 

Langkapura Baru Sub district, in Bandar 

Lampung City is one of the worst sanitation areas, 

where domestic waste water, both black water and 

gray water, is thrown into the environment without 

any prior treatment, thus polluting surrounding 

groundwater and often experiencing drought. Now, 

the village is being built a Waste Water Treatment 

Plant, we called IPAL and immediately operating 

precisely at RT. 05 LK.II  Langkapura Baru. The 

total population of households who will use the 

service is 350 families. 

The IPAL program aims to overcome the 

problems of clean water and sanitation through the 

provision of assistance to Low-Income 

Communities by building communal IPAL. This 

public facility will treat household black water and 

gray water waste so that treated wastewater can be 

returned safely to household and   environment in 

accordance with environmental quality standards. 

This processed wastewater will be the next source 

of clean water. The regional government 

cooperating with the Islamic Development Bank 

(IDB) only build the IPAL infrastructure, 

meanwhile  for operational and maintenance costs 

are expected to come from community 

participation. So that the amount of the tariff is 

needed to cover this operational and maintenance 

costs of the IPAL, which will be charged to the 

community, especially the beneficiaries, which is 

in accordance with the ATP and WTP beneficiary 

households 

Now,  the city government has set a tariff for 

Communal IPAL in the Langkapura Baru Village 

for  operation and    maintenance of    this  public 

infrastructure    by IDR    100,000 / month / 

household. This tariff is set by the city government 

with  the  consideration that the  government will 

provide a subsidy of IDR 50,000 / household, and 

honestly   this   subsidy      can   build   the   same
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infrastructure in other regions if burden to 

community. Allen Consulting Group (2003) states 

that one source of financing for public goods can 

come from fees in the form of tariffs, where the 

levy rates are influenced by the ability to pay 

(Ability to Pay) and Willingness to Pay. Based on 

this background, it is a technique for estimating 

tariffs  that  cover  operational  and  maintenance 

costs  and  encourage  environmental  awareness. 

One of the methods to estimate is the Ability to 

Pay (ATP) and Willing to Pay (WTP). 

ATP is the ability to pay for public services 

received based on income that is considered ideal. 

According to Rubiani (2004), ATP is the amount 

of money that can be paid by the community to 

replace the service costs it receives While Russel 

(1995) states that ATP is a consideration in 

spending his income / expenditure to buy goods or 

other services. ATP is related to the limitations of 

household income, where household need   make 

priorities economically in choosing maximum 

satisfaction. ATP is the rest of income after 

deducted by essential expenditure, non-food 

expenditure, non-essential expenditure. 

According [14] one form of participation of 

community can be seen from their  willingness to 

pay.WTP according to Wedgwood. A (2003) is the 

maximum amount of an individual's status for 

willingness to pay for an item or service, Mankiw 

(2004) defines WTP as the highest price that each 

beneficiary is willing to pay using the consumer 

surplus approach of the demand curve . The 

consumer surplus is the willingness of a person to 

pay an economic value less the value actually paid 

by him. Economists, psychologists, and marketing 

researchers rely on measures of consumers' 

willingness to pay (WTP) in estimating demand 

for private and public goods and in designing 

optimal price schedules [22] and customers pay 

what they bid (s) so they must bid less than their 

true WTP if they want to obtain surplus from the 

transaction.. Using WTP to avoid the problem of 

free-riders in the determination of tariffs for public 

goods services [3]. 

2. OBJECTIVES

This study aims (1) to calculate the ability and 

willingness to pay off household to waste water 

management  maintenance  services  (IPAL)  in 

order     to     get     the  tariff     in  which     is 

resulting  which cover operational  and 

maintenance cost and    arouse the awareness of 

households to be more responsible in   water 

protection,     (2)   to investigate the relationship 

between respondent’s characteristic with their 

WTP.  This study is expected to provide policy to 

set tarrif in which keep infrastructure  sustainable 

and community awareness. 

3. LITERATURE REVIEW

Public participation is essential t and may lead 

to  enormous  benefits  for  sustainability 

development [5, 22]   agree that public goods are 

build by the government should be   managed by 

the community which requires active community 

involvement. Involvement, participation and some 

characteristic of household determine their choices 

in WTP. WTP is a technique to know the 

willingness of individuals to pay for public goods 

benefit   in   which   the   price   of   it   cannot   be 

determined by market mechanism because of the 

lack of information or preferences. Some experts 

also define WTP is the maximum price 

beneficiaries willing to pay for a given quantity of 

product or services [21].   WTP as a way of 

calculating the  ability of  each  individual on  an 

aggregate basis to pay in order to improve 

environmental conditions to conform to desired 

standards. Economic valuation is an attempt to 

provide a quantitative value to goods and services 

produced by natural resources and environment 

regardless of whether the market value is available 

or not [17] and. CVM is done by asking directly to 

benefit about the value of benefits of public goods 

includes  resources and  environment. [12]  found 

that almost 85% of respondents are willing to pay 

a higher tariff and this WTP   is effected by the 

level of education,  family income This result also 

supported by [11] that the average WTP of 

consumers on waste treatment services is higher 

than the tariffs paid. 

WTP is based on the user's perception  of the 

public services. To get user perception, it can be 

used the Contingent Valuation Method (CVM). 

According  to  [7]  CVM     is  one  technique  to 

analyze the valuation function that can provide 

qualitative   information   that   is   difficult   to 

identify using other conventional valuation 

techniques. CVM is conducted because people is 

unable to  express its  preference for  economic, 

such as  for tourism hunting services, dumping 

tariffs, pollution, waste management, utilizing 

wildlife, environmental quality, etc. CVM is a 

method of measuring someone's preference [8]. 

CVM is measuring WTP by eliciting stated user 

preferences through direct surveys. The useris 

directly asked about their  WTP by using open- 

ended questions [17]. In these surveys, household 

or beneficiaries are offered some alternative 

services or condition with varying attributes. WTP 

is inferred indirectly from their ranking or ratings 

of these alternative services. 

Some characteristics of community such as 

education level, gender, age,   lines of class, race, 

ethnicity,  house type, house distance, income and 

service quality, awareness,       perception and 

household satisfaction level toward the benefits of
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Scenarios Services Tariff/ 
month 

Scenario A Water  will  be  flowed 
to household   once   a 
week 

90.000 

Scenario B 
(starting 

point) 

Water  will  be  flowed 
to household 2 times a 

week 

100.000 

Scenario C Water  will  be  flowed 
to household 3 times a 
week 

110.000 

Scenario D Water  will  be  flowed 
to household  4 times h 

a week 

120.000 

Scenario E Water  treatment    will 
be  flowed 5  times    a 

week 

130.000 

Scenario F Water  treatment    will 140.000 

public goods in correlating with WTP [4, 13]. 

Effects on WTP is high when they are interactions 

with each other.. Community awareness of the 

environment is influenced by the level of education 

and knowledge about the environment [7]. 

According to [17] household concerning will affect 

WTP and  it increases along with improving the 

quality of services. Income inequalities can 

influence environmental degradation.  Inequalities 

may affect the overall extent of environmental 

quality  so  that  the  higher  income  the  higher 

WTP .High level of awareness and knowledge and 

positive attitude will increase environmental 

protection [2]. 

4. METHODOLOGY

The location of IPAL  construction is in the RT. 

05 .LK II   Langkapura Baru, City of Bandar 

Lampung. There are 350 households  will receive 

direct benefits from this infrastructure are 350 

families. With a quota purposive sampling 

technique with the cluster method,158 respondents 

were selected. Through structured questionnaires 

and interview techniques, to determine the amount 

of tariff for operational and maintenance services 

based on   their   ATP and WTP. The Contingent 

Valuation Method (CVM) method with game 

bidding techniques are conducted by giving 

repeated questions about the desire to pay for 

wastewater   management   maintenance   services 

with a number of services. The frequency of water 

flowed into the household is service scenario. At 

the starting point, tariffs are used and the service 

promised by the government is IDR 100,000 / 

month / RT and water is supplied to household 

twice a week. The 7 scenarios are designed   as 

follows: 

Table 1. 7 Scenarios of Services IPAL 

be   flowed      times   a 
week 

Scenario G Water treatment   will 
be flowed every day 

( 7x a week) 

150.000 

The starting point of IPAL services scenario 

at   B, in which wastewater treatment will be 

flowed to household 2 times a week with tariff 

IDR 100.000. IPAL services is decreased or 

increased by flowing water to household once a 

week,  Increased     scenario  using  IDR  10.000 

every stage .If most respondents answer to one 

scenario selected, then his scenario is the actual 

WTP desired mostly 

4.1.Hypothesis Development 

To answer the second objective that the 

relationship between the  characteristics of  the 

respondent  with  their  WTP,      correlation 

technique and crosstab analysis techniques are 

used. The respondent's characteristic consists of 

5 elements, namely the number of family 

members, the level of education, reference 

cognition. Level of income and satisfaction of 

the services. The hypothesis developed as 

follows: 

Ha (1):Numbers of Family has a positive 

correlation with WTP. 
Ha (2):Level of education has a positive 

correlation with their WTP 
Ha(3):The reference cognition has a positive 

relationship with WTP. 
Ha(4):Level of income level has a positive 

relationship with WTP. 
Ha(5):The level of satisfaction of respondents 

has a positive relationship with 

WTP. 

5. RESULT

Descriptive Respondent 

Questioner distributed to 350 households. There 

are 158 households that returned and responded 

the questioner or 45%. The purpose of the 

household classified is to prove the correlation 

between reference cognition with their   WTP. It 

may  be  correlated  between  perceptions  of  RTs 

who have no reference at all about clean water 

management, and households that have already felt 

clean water management services such as IPAL, 

namely PDAM
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 A  B   C 

Family member : 
< 5 person 
≥ 5 person 

40 % 
60% 

65% 
35% 

60% 
40% 

Level of Education 

< 9 years 40% 20% 15% 

9 ≤  x < 12 years 
≥ 12  years 

25% 
35% 

25% 
55% 

20% 
65% 

Family Category ATP 

Household stay formerly 

Household comers 

without experience  with 

PDAM 

295 
305 

Household comers with 
experience with PDAM 

315 

Table 2. Family Categories  of Respondent ATP dan WTP

Family Categories KK Percentage 

Household stay formerly 78 49% 
Household comers without 
experience  with     PDAM 

service. 

43 27% 

Household comers with 
experience with  PDAM 

service. 

37 24% 

The  original  RT  was  obtained  by  78 

households, namely the RTs that settled in that 

location and had never moved. During this time 

they have experience in the difficulty of obtaining 

water,  especially  during  the  dry  season.  The 

second is 43 newcomer RT groups, namely RTs 

who moved to that location and have settled in 

that location and this household has never 

experienced water treatment services like the 

previous PDAM. PDAM is a water treatment 

service that is managed by the city government 

where the source of the spring is from a river or 

mountain or other source, then it is channeled to 

RT. Third, namely immigrant households that live 

in  that location but  already have  experience in 

experiencing PDAM services. They already know 

a  little  about  the  quality  of  PDAM  water,  the 

tariff, the frequency of the water flowing to the 

previous household. The characteristics of 

respondents based on the number of family 

members and the level of education obtained the 

following results. 

Table 3. Descriptive of Respondents 

The Ability to Pay for  household stay  formerly 

on average, is lower than   to ATP in household 

comers, but their willingness to pay (WTP) is 

highest   than   to   the   other   2   categories   of 

households. This is presumably because the former 

households   have experience having difficulty 

obtaining water so  they highly value  water and 

realize how difficult it is to obtain clean water. 

While ATP for household comers  with experience 

using PDAM services is the highest  compared to 

the other two household categories, but they have 

the lowest WTP compared to the other two 

household    categories. Household    comers  with 

PDAM experience have had references to the 

quality and quantity of clean water provided by the 

city government so far with cheaper rates because 

PDAM tariffs have been subsidized by the 

government. 

Table 4. ATP and WTP IPAL ( IDR ,000) 

WTP 

125 

115 
 

 
95 

 

Based on the questionnaire, the average tariff for 

PDAM water services, ranges from IDR 100,000 

- 300,000 / month with water can be used not 

only for bathing and MCK but for drinking and

cooking.    Household    comers    consider    that 

wastewater management from IPAL are still 

unsure about the quality of water produced  This 

condition happen because of the source of 

wastewater from IPAL is come from black and 

gray water. Whether it is hygienic or not to be 

consumed, the use of waste water that has been 

processed by IPAL is still bog question. Based 

on the  IPAL experience, water is  usage   only 

limited for non-eating, drinking purposes such as

Note: A is household  stay formerly and never move to other 
location,  B is household comers without PDAM service 

experience, C is household comers with PDAM  experience 

Households which    stay formerly in that 

location have a greater number of family members 

than household comers with relatively lower levels 

of education than comers. On the other hand, 

household comers is dominated by small family . 

They have a  family members less than 5 people, 

but they have   with a relatively higher level of 

education than formerly household. 

washing   clothes,   flush   for   toilet,   washing 

vehicles, flushing plants. Household who stay 

formerly do not really care about wastewater 

quality. The   important for them is, that water 

supply is always there regularly every day. For 

this condition   and they want to pay higher 

because of the benefits of water and water 

difficulties so far. 

WTP
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Scenario Tarif WTP 

A 90.000 
B 100.000 

C 110.000 

D 120.000 

E 130.000 

F 140.000 

G 150.000 

Characteristic 
 Respondent 

coefficient 

The  family 
member 

0,593 

Level 
Education 

0,786 

Reference 
Cognition 

0,155 

Level   of 
Income 

0,733 

Level   of 
Satisfaction 

0,740 

Of the 158 respondents who were filled with Respondents with Their WTP

the  questionnaire,  respondents  were  dominantly          

chosen scenario F, by 35,7%. They desired the 

wastewater     management  services  working  6 

times a week to flow the water. They agreed to 

pay   IDR140.000 charged per month. If it 

compares with government tariff which is IDR 

100.000,  this WTP can increases  40%. A total 

of 31,4 % of respondents are willing to pay IDR 

110.000 or scenario D, in which   wastewater 

treatment  is  flowed  to  the  household  by  four 

times a week, A, B, C, E, F. The respondent's 

choice is shown in 

Table 5. Validity of WTP of IPAL (IDR) 

Valid (%) 

 

 

 
 
 
 
 
 
 

 
 
*) significant on 95% 

**) significant on 0,1% 

Sign 

0,230 

0,036* 

0,025* 

0.090** 

0.010*

10,5% 
26,3% 

30,8% 

31,4% 

24,2% 

35,7 % 
20,8% 

The actual WTP is that it is willing to pay IDR 

140,000 a month or increase 40% as long as the 

quality of water treatment is improved, by 

increasing the flow of water to household 6 times 

a day. This result is higher than what [7] found 

in WTP of water supply in Nigeria. It 's mean 

that the WTP can be pushed to increase if their 

satisfaction of public services is increased. 

5.1 Correlation Between the Characteristics of 

Respondent with Their WTP of IPAL 

The relationship of some characteristics of 

respondents   with   their   WTP   used   Pearson 

Product Moment Test. Characteristics of 

respondents consist of 5 elements, namely family 

members, the level of education, reference 

recognition, the level of income and satisfaction. 

The result on 

5.1 Correlation Between the Characteristics of 
Respondent  with Their WTP of IPAL 

Relationship of some characteristics of 

respondents with WTP used Pearson Product 

Moment Test. Characteristics of respondents 

consist of 5 elements, namely  family members, 

the level of education, reference recognition, the 

level of income and satisfaction. The result on 

 Table 6. Correlation Between Characteristics of 

From 5 characteristics of respondent, only the 
family  members  has  no  correlation  with  their 

WTP of  IPAL, others such as level of education, 

level of income, reference cognition and 

satisfaction of IPAL services have correlation 

positively. The more the number of families is 

not relevant to the more their WTP. The family 

members has no correlation with WTP because 

IPAL tariff setting initially,   is fixed cost, does 

not depend on the number of usage.  Wastewater 

treatment by IPAL is not equipped with a meter 

or water volume meter distributed such PDAM's 

did. Increasing WTP is also supported by level of 

education and awareness of wastewater treatment 

with coefficient correlation equal to 78,6%.  The 

higher level of education,  the higher their WTP 

of IPAL. With higher levels of education and 

knowledge, household   tend to wish and   better 

understand about water protection. The more 

knowledge about environmental, the higher their 

WTP.   Respondents who have good knowledge 

about  the  benefits  and  damage  of  the 

environment, they will tend to be more likely to 

be willing to pay [15].   Level of income is also 

correlated with WTP with 73.3%.  It means that 

if the household has more income, the family has 

more  WTP,  with  a  coefficient  correlation  of 

56.8%. 

Reference cognition is used as a variable 

because of past experiences either satisfied or un 

satisfied of the services,  has a big  influence on 

their WTP.   For formerly household who often 

difficult to get  clean water especially in the dry 

season, they have highest appreciate with 

wastewater  treatment, whatever its form. He [6] 

shows  that  experience  is  positively  correlated 

with environmental awareness. People who have 

environmental experiences are willing to pay 

higher. Respondents will have more knowledge 

that will not be environmentally damaging and
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are  likely  to  be  willing  to  make  conservation 

efforts environment. 

Level satisfaction of household from IPAL 

services, affects their  WTP. Comers households 

who had experienced the benefits of other water 

sources, especially those provided by the 

government, such as the PDAM, The satisfaction 

of household increases if the quality of water 

treatment by implementing new technology will 

increase   the quality of wastewater treatment. He 

[10] shows that more services are added, more 

WTP increases. Management service in Kampala 

City, Uganda can be improved by improving the 

quality of waste services [3]. 

Level of income does not  have a  significant 

effect with degree of freedom 5%, but significant 

on  its  10%.  For  households,  water  is  a  vital 

goods, requirement and is determined by the 

government in a fixed rate. So whatever the tariff 

is charged to household, it will still to pays it 

unaffected by its income. 

6. CONCLUSIONS

(1)  The ATP of household  which stay formerly 

on the location, , on   average is lower than 

others the ATP from other household 

classification, but their WTP is relatively 

higher than the 2 other categories of 

households, because they highly value water 

and know how difficult it is to obtain clean 

water when dry season arrives; 

(2)  The average ATP of household comers  who 

have  never  had  the  experience  of  using 

PDAM  services  is  relatively  highest 

compared to the other two categories of 

household, but on average, their WTPs are 

medium, because they feel the importance of 

water and feel the quality of wastewater 

quality treats IPAL is quality standard; 

(3)  Household comers  that have had experience 

using PDAM services, their ATP is medium, 

but their WTP are lowest,  compared to 2 

sample categories of household. They have 

had experience enjoying water supplied by 

the government that has better quality and 

this household  is still unsure, is  the quality 

of wastewater of IPAL to be supplied is high 

such as PDAM did; 

(4)  Reference cognitive is positively correlated 

with their WTP because previous references 

are mainly on experiences with PDAMs with 

better quality and with tariffs so far; 

(5) The city government needs to improve 

continually wastewater treatment by IPAL 

using high  technology so that the quality of 

wastewater is quality  standards, at least the 

same    with    other    drinking    water    and 

government promote it; 

(6) Tariff     per     household,     should     be 

determination   as   a   variable   costs   or   a 

number of uses. 
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ABSTRACT 

 
Buildings and their construction together contribute annually 36% of global energy use and 39% of energy-

related carbon dioxide emissions. In energy use per m2, buildings sector energy intensity constantly to improve 
at an annual average rate of around 1.5%. Building growth in ASEAN countries, include Indonesia, are predicted 
rapid to double by 2040. Indonesia, is committing to 29% reduction in greenhouse gas (GHG) emissions by 
applying the Intended Nationally Determined Contribution (INDC). Emission reduction in many sector should 
be contributed, include construction sector. This study estimates the GHG emission of the use of column, beam 
and plate in a real estate project in Malang – Indonesia, based on their life cycle assessment (LCA). The stages 
of LCA consist of goal and scope definition, life cycle inventory, life cycle impact assessment, and interpretation 
of the result. Each an individual construction material of column, beam and plate plus transport and electricity 
related to project is analyzed by using software tools SimaPro 9.0 and GaBi. Then, an individual construction 
material that contributes most significant to GHG emission is discussed. It is shown that the individual material 
of column and beam in a conventional process namely cement, reinforced bar, and sand contribute +50%, 26-
44%, and +10% GHG emission, respectively. In a ready mix process, the highest GHG emission for two sub-
structural materials (beam and plate) are ready mix concrete, reinforced bar, and wooden board. The dimension 
and quantities of aforementioned sub-structural material also make in impact to GHG emission.  

 
 
Keywords: Beam, Column, Greenhouse Gas (GHG) emission, Life Cycle Assessment (LCA), Plate  
 
INTRODUCTION 

 
According to the United Nations Environment 

Program [1], buildings and their construction 
together contribute annually 36% of global energy 
use and 39% of energy-related carbon dioxide 
emissions CO2 emissions from 
buildings construction increase continually, from 3.1 
Gt CO2 in 2010 to around 3.7 Gt CO2 in 2016 [1]. 
Buildings sector energy intensity (in terms of energy 
use per m2) constantly to improve at an annual 
average rate of around 1.5% [1]. Building growth in 
ASEAN country, include Indonesia, is expected 
rapid to double by 2040. The environmental impact 
of building growth should be investigated. 

Many investigations were conducted to mitigate 
greenhouse gas (GHG) emission or environmental 
impacts in the buildings and construction industries. 
Ragheb [2] determined which life cycle phase 
(manufacturing of materials, construction, use, 
maintenance, and demolition) contributes the most 
to the total impact and investigated key assembly 
systems (foundation, structure, walls, floors, roofs) 
affect its environmental impact in Michigan. Their 
study resulted that the use phase of the building has 
the highest total impact (more than 90%). For 
building assembly system, especially structure 
system (beams and column) has the highest 
contribution to fossil fuel consumption and to 
eutrophication, namely 31% and 56%, respectively 

[2]. Rey and Yepes [3] by their literature review, 
mentioned that concrete structures using steel frames 
had a greater impact when compared to wooden 
frames and bamboo frames. Moreover, the frame 
materials manufacturing caused greater energy and 
emission impact than the construction process. For 
different construction units, it was observed that the 
greater environmental impact related to concrete 
slab [3]. The three construction materials that 
produced the largest percentages of carbon dioxide 
emissions were cement, ceramics and steel in 30.3%, 
20.3% and 18.75 per m2 of building, respectively [4]. 
According to Basbagill et.al. [5], the impacts for 
each building component especially column and 
beams was 0.27% (minimum) until 19.18% 
(maximum) of total impact. The environmental 
impacts of conventional reinforced concrete, with 
production as critical stage, were 3.5 times more 
damage to ecosystem, 32% more extraction of 
natural resources, and 53% effect to the human 
health [6].  

Indonesia, is committing to 29% reduction in 
GHG emissions by applying Intended Nationally 
Determined Contribution (INDC). Emission 
reduction in many sector should be contributed, 
include construction sector. Indonesia government 
has a blue print Indonesia Construction 2030 as a 
grand design and grand strategy in construction 
sector.  In the document stated that Indonesia must 
be oriented not to contribute to environmental 
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damage, but instead became a pioneer in the 
improvement of environmental quality in the entire 
habitat of Indonesia inhabited by humans and all 
other creatures in a symbiotic mutualism. However, 
there are still lack numbers of research in Indonesia 
that investigated GHG emission of construction 
material and assembly process in detail from its life 
cycle especially at early design stages. Hendra [7] 
investigated an average carbon emission in the small 
housing cluster construction was below threshold 
environmental balance (314 ppm) with the ratio of 
simultaneously construction: gradually construction 
was 2.1:1.7. Sapulete et.al. [8], using cradle to cradle 
in a small laboratory scope, has confirmed relation 
of higher cement consumption will produce higher 
carbon dioxide emission for laboratory concrete 
waste. Prior research in Indonesia has not includes 
the most environmental impact in Life Cycle 
Assessment (LCA) of material or process 
construction. The sensitivity analysis has also 
neglected in previous research in Indonesia. 

Some methods for estimating GHG emission are 
LCA [5] [6], Strategic Environmental Assessment 
(SEA), Environment Impact Assessment (EIA), 
Environmental Risk Assessment (ERA), Cost 
Benefit Analysis (CBA), Material Flow Analysis 
(MFA), Ecological Footprint and Carbon Footprint 
[9], supply chain method that applied actual 
corporate and published data [10]. Some researchers 
have integrated LCA with Building Information 
Modeling (BIM), energy analysis, cost, embodied 
energy and sensitivity analysis [4] [5]. According to 
Hermawan et.al. [11], the advantage of LCA are a 
tool in the construction industry manufacturing 
where this LCA can describe the needs and 
environmental impacts resulting from each stage and 
help in making environmental impact reduction 
decisions. A number of software tools have also 
been used such as DProfiler for Building 
Information Model, eQuest for energy simulation, 
SimaPro and Athena Ecocalculator for operational 
CO2eq [5], LCA Manager 1.3 and database 
Ecoinvent 2.0 [6], and Gabi. In this research, 
SimaPro 9.0 and Gabi will be used. The strength of 
SimaPro 9.0 compared to previous version are new 
and update data in Ecoinvent 3.5 and in method 
especially ReCiPe 2016 that implemented a 
regionalized water consumption category (in 
endpoint), inclusion of normalization (endpoint and 
midpoint) and weighting set (endpoint). The LCA 
community recommended the ReCiPe method for 
several impact categories and promoted consistency 
the midpoint and the endpoint methods [12]. 

This study purpose is to estimate environmental 
impact of the use of column, beam and plate at real 
estate project in Malang City, East Java Province, 
Indonesia. Based on LCA, the environmental 
impacts are measured in GHG emissions that the 
sum of the emission during raw material procuration, 

construction material production, the transportation 
and on site construction using SimaPro 9.0 and Gabi 
software. 

 
METHODS  

 
A typical house 216 m2 is used in this research. 

The location is in Malang City, East Java, Indonesia. 
It is a two-storey house with four types column and 
beam which detail information are presented in 
Table 1 and Table 2, respectively.  All columns and 
lintel beam were constructed by conventional 
methods, while ready mix concrete were utilized for 
other type of beams and plate. All of data collected 
by learning the design and visiting site project.  
 
Table 1 Details information of the column 

 
Column dimension Number 

of 
column 

Quantity 
Volume 

(m3) 
Length 
(cm) 

Width 
(cm) 

Height 
(m) 

25 25 4 7 1.75 
20 20 4 6 0.96 
15 
15 

20 
15 

4 
4 

12 
73 

91.44 
6.57 

 
 
Table 2 Detail information of the beam 

 
Beam dimension Quantity  

Volume
(m3) 

Length (cm) Width 
(cm) 

Height 
(m) 

25 50 30.80 3.85 
15 30 98.40 4.43 
15 
15 

15 
15 

5.05 
13.26 

0.11 
  0.33* 

Note: *lintel beam 
 
To estimate GHG emission, the detail information of 
LCA of column, beam and plate plus transport and 
electricity related to project were analyzed by using 
software tools SimaPro 9.0 and GaBi. 
 
RESULT AND DISCUSSION  
 
Goal and Scope Definition  

 
The first goal is to estimate construction material 

impact, related with greenhouse gas emission in the 
term of global warming potential. The parameter is 
carbon dioxide equivalents (CO2-eq) using the 
relevant 100-year global warming potential, which 
measure the sum of the emission during raw material 
procuration, construction material production, 
transportation, and on site construction. Furthermore, 
the following goal is to determine which stage of 
construction material contributes most significantly 
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to environmental impact.  
The scope of LCA that applied in this research is 

cradle to grave, which means life cycle from the raw 
material to the operation process. This scope 
consists of raw material procuration, construction 
material production, transportation, and on site 
construction. Figure 1 schematically represents the 
life cycle of a typical house.  

 
 
 

 
 
Fig 1. House project life cycle stages for estimating 
impact of early phase designs.  

 
Life Cycle Inventory  
 

The second phase of life cycle assessment is 
making an inventory of input and output related to 
the study scope. At the input stage, each column and 
beam is divided into several sub materials resources 
need and its transportation. Those resources need 
defined into process, product stages and system 
description. The resources need and transportation 
will map into emission rate that described as the 
output.  Materials input in each column, beam and 
plate are shown in Table 3, Table 4, and Table 5 
respectively. 

 
Table 3 Material in each column 
 

Type 
Column 

Material Quantity Unit 

25 x 25 Multiplex  12.99 sheet 
 Wooden board 1.48 m3 
 Wooden block 

Concrete wire 
0.56 
7.42 

m3 

kg 
 Cement 973.88 kg 
 Sand 1.36 m3 
 Gravel 1.40 m3 
 Reinforced bar φ8 17.43 bar 
 Reinforced bar φ12 6.30 bar 
 Reinforced bar φ13 18.90 bar 

20 x 20 Multiplex  8.90 sheet 
 Wooden board 1.02 m3 
 Wooden block 

Concrete wire 
0.38 
5.09 

m3 

kg 
 Cement 667.80 kg 
 Sand 0.93 m3 
 Gravel 1.40 m3 
 Reinforced bar φ8 8.82 bar 
 Reinforced bar φ13 8.40 bar 

15 x 20 Multiplex  4.60 sheet 
 Wooden board 0.9 m3 
 Wooden block 

Concrete wire 
0.19 
4.01 

m3 

kg 
 Cement 489.72 kg 
 Sand 0.70 m3 
 Gravel 1.02 m3 
 Reinforced bar φ8 13.60 bar 
 Reinforced bar φ12 15.40 bar 

15 x 15 Wooden block 
Concrete wire 

1.14 
23.92 

m3 

kg 
 Cement 2,922.92 kg 
 Sand 4.18 m3 
 Gravel 6.07 m3 
 Reinforced bar φ8 49.02 bar 
 Reinforced bar φ10 68.40 bar 

 
Table 4 Material in each beam 
 

Type 
Beam 

Material Quantity Unit 

25 x 50 Multiplex  12.41 sheet 
 Wooden block 20.22 m3 

 Concrete wire 13.30 kg 
 Ready mix 3.85 m3 
 Reinforced bar φ8 27.19 bar 
 Reinforced bar φ12 12.27 bar 
 Reinforced bar φ13 27.60 bar 

15 x 30 Multiplex  11.78 sheet 
 Wooden block 18.14 m3 

 Concrete wire 9.47 kg 
 Ready mix 4.43 m3 
 Reinforced bar φ8 32.55 bar 
 Reinforced bar φ10 13.38 bar 
 Reinforced bar φ12 26.75 bar 

15 x 15 Multiplex  3.29 sheet 
 Wooden block 5.07 m3 

 Concrete wire 2.64 kg 
 Ready mix 0.11 m3 
 Reinforced bar φ8 31.03 bar 
 Reinforced bar φ10 43.29 bar 

15 x 15 Multiplex  50.20 sheet 
(lintel Wooden block 3.77 m3 

beam) Concrete wire 40.34 kg 
 Cement 5.791.41 kg 
 Sand 9.32 m3 
 Gravel 13.99 m3 
 Reinforced bar φ8 4.00 bar 

 Reinforced bar φ10 4.70 bar 
 
 
Table 5 Material in plate 
 

Raw 
material 

procuration

Construction 
material 

production
On site 

construction

Transportation 
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Material Quantity Unit 
Scaffolding (bamboo)  26.90 m3 
Wooden block 
Multiplex 

2.40 
54.00 

m3 
sheet 

Reinforced bar 604.00 bar 
Concrete wire 29.30  kg 
Ready mix 17.3 m3 
Vibrator electricity 11,268.60 kWh 

 
The calculation of quantity of materials used to 

build columns, beam and plate are considering 16 
kg/sheet for multiplex and wooden board, 600 kg/m3 
for wooden block, 500 kg/m3 for bamboo, 1,800 
kg/m3 for sand, 1,400 kg/m3 for gravel and 2,330 
kg/m3 for ready mix. To calculate weight of 
reinforced bar, the weight of each bar are used, 
which 4.74 kg/bar, 7.4 kg/bar, 10.66 kg/bar, and 
12.48 kg/bar for reinforced bar φ8, φ10, φ12, and 
φ13, respectively. The results of quantities in kg 
were converted to kg CO2-eq using conversion 
emission factor.  

The other emission source that should be 
considered is transportation. Table 6 shows the 
distance between raw material place and project 
location. The distances in km were changed to kg 
CO2-eq. 
 
Table 6 Distances from raw material place to 

project for calculating transportation 
emission 

 
Material Distance (km) 

Multiplex 5.00 
Wooden board 8.80 
Wooden block 8.80 
Concrete wire 5.30 

Nail 5.3 
Cement 1.10 

Sand 17.00 
Gravel 17.00 

Reinforced bar φ8 6.60 
Reinforced bar φ10 6.60 
Reinforced bar φ12 6.60 
Reinforced bar φ13 6.60 

Ready Mix 11.00 
Bamboo 8.80 

 
Life Cycle Impact Assessment  

 
In this phase, the life cycle inventory result are 

evaluated their impact potency. Then, the impact 
results are interpreted in the final phase. In this 
research, ReCipe 2016 Midpoint with 
characterization impact assessment is selected in 
SimaPro software. 

Each column and beam is classified into 4 types 

dimensions with different quantities and methods. 
The dimensions of column are 25 x 50, 20 x 20, 15 x 
20, and 15 x 15, while beam are categorized 25 x 50, 
15 x 30, 15 x 15, and lintel beam 15 x 15. While in 
this research also separate nine individual material 
categories for column, beam and plate: 
multiplex/wooden board, wooden block, concrete 
wire, cement, sand, gravel, and reinforced bar (φ8, 
φ10, φ12, and φ13), ready mix concrete and bamboo 
plus transport to project.  

In this phase of impact assessment, the individual 
materials were analyzed in network flow and table 
for each type column, beam and plate. Moreover, the 
impact assessment for general column, beam and 
plate were also calculated. Table 7 show the impact 
assessment in the form of greenhouse gas of 
individual materials for each type column, beam and 
plate, as indicator of global warming impact.  

 
Table 7 Greenhouse gas as global warming impact 

for each type column, beam and plate 
 

Type  Material Greenhouse gas 
(kg CO2-eq) 

Column Multiplex  -96.20 
25 x 25 Wooden block 

Concrete wire 
65.90 
16.90 

 Cement 932.00 
 Sand 201.00 
 Gravel 68.30 
 Reinforced bar  753 

Column Multiplex  -66.00 
20 x 20 Wooden block 

Concrete wire 
45.20 
11.60 

 Cement 639.00 
 Sand 138.00 
 Gravel 46.80 
 Reinforced bar  286.00 

Column Multiplex  -55.50 
15 x 20 Wooden block 

Concrete wire 
18.80 
9.14 

 Cement 469.00 
 Sand 104.00 
 Gravel 34.00 
 Reinforced bar  447.00 

Column Wooden block 112.00 
15 x 15 Concrete wire 54.50 

 Cement 2,800.00 
 Sand 618.00 
 Gravel 203.00 
 Reinforced bar  1,440.00 

Beam Multiplex  -10.70 
25 x 50 Wooden block 2,390.00 

 Concrete wire 30.30 
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Type  Material Greenhouse gas 
(kg CO2-eq) 

 Ready mix 1,020.00 
 Reinforced bar  1,180.00 

Beam Multiplex  -10.20 
15 x 30 Wooden block 2,150.00 

 Concrete wire 21.60 
 Ready mix 1,170.00 
 Reinforced bar  1,050.00 

Beam Multiplex  -2.85 
15 x 15 Wooden block 600.00 

 Concrete wire 6.03 
 Ready mix 30.00 
 Reinforced bar  913.00 

Lintel Multiplex  -0.94 
15 x 15 Wooden block 9.64 

 Concrete wire 1.99 
 Cement 120.00 
 Sand 29.90 
 Gravel 10.10 
 Reinforced bar  283.00 

Plate Scaffolding  23.30 
 Wooden block 

Multiplex 
1.54 x 105 
-1,740.00 

 Reinforced bar 8,800.00 
 Concrete wire 66.80  
 Ready mix  1.01 x 107 
 Vibrator elect. 2.38 x 104 

 
Multiplex, as shown as Table 7, gives a negative 
greenhouse gas emission. Multiplex material does 
not have an impact on the environment because this 
material can be recycled. In network flow, the red 

arrow indicates the emissions from each material or 
process, while the green arrow indicates recyclable 
material or no negative impact on the environment. 
Fig. 2, Fig. 3 and Fig. 4 show the network flow to 
calculate GHG emission as the global warming 
impact for whole column, beam and plate, 
respectively. 
 
Interpretation  
 

By using SimaPro 9.0, the dominant GHGs 
almost came from unvaried materials from each 
types of column due to the same conventional 
construction method. Based on Table 7, three 
materials that produce highest GHGs on four types 
column came from cement 469 kg CO2-eq – 2,800 
kg CO2-eq (45% - 58%), reinforced bar 28 kg CO2-
eq - 753 kg CO2-eq (26% - 44%) and sand 104 kg 
CO2-eq - 618 kg CO2-eq (10% - 13%). Similarly, on 
the conventional beam construction (lintel beam 15 
x 15), the highest GHGs produced from cement 
5,420 kg CO2-eq (58.80%), gravel 1,400 kg CO2-eq 
(15.20%) and sand 1,380 kg CO2-eq (15%). The 
reinforced bar on lintel beam which installed above 
doors and windows, do not give high GHG due to 
dimension and quantities.  

On the contrary, the three highest GHG 
emissions on ready mix process for beam and plate 
are varied sources depend on dimension and 
quantities. Ready mix concrete on beam and plate 
produced GHG on 983 kg CO2-eq – 1,130 kg CO2-
eq (20% - 45%) and 4,570 kg CO2-eq (87.30%), 
respectively. Reinforced bar contribute GHG 913 kg 
CO2-eq – 1,180 kg CO2-eq (25% - 58%) on beam 
construction and 440.90 kg CO2-eq (8.43%) on plate 
process.  
 
 

 

 
 
Fig 2. Network flow and emission GHG of all column type  
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Fig 3. Network flow and emission GHG of all beam type 
 

 
Fig 4. Network flow and emission GHG of plate 
 

According to column network flow analysis 
(Fig. 2), it seen clearly that cement, reinforced bar, 
and sand emitted three highest GHG as global 
warming emission at 4,840 kg CO2-eq (52%), 2,926 
kg CO2-eq (31.50%), and 1,061 kg CO2-eq 
(11.40%), respectively. A high emission from 
cement could be explained by cement production 
and transportation. It originated from fuel 
combustion and from the calcination reaction. The 
rest of CO2 emissions emerge from grinding and 
transport [13]. 

Meanwhile, the beam works consist of two 
method, a conventional process and ready mix 
process. As a consequence, beam network flow 
analysis (Fig. 3) resulted not only cement (120 kg 
CO2-eq, 1.09%) and reinforced bar (3,426 kg CO2-
eq, 31.20%) produced GHG emission, but also 
ready mix concrete at 2,200 kg CO2-eq (20.20%) 
and wooden block 5,150 kg CO2-eq (46.90%). Fig. 

4 shows plate network flow analysis that dominated 
by emission from ready mix concrete at 1.01 x 107 
kg CO2-eq (98.40%). This emission included 
emission from transportation and electricity. 

Furthermore, in comparison to SimaPro 9.0, the 
impact assessment also calculated using GaBi 
software. The calculation indicates that there is no 
significant difference in both of software result, 
especially on GHG as global warming indicator. 
 
CONCLUSIONS 
 

The emission of GHGs from conventional 
process of column and beam in a real estate 
construction derived from cement, reinforced bar, 
and sand at +50%, 26-44%, and +10% GHG 
emission, respectively. In a ready mix process, the 
highest GHG emission for beam and plate are ready 
mix concrete, reinforced bar, and wooden board. 
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The varied sources that contribute dominant GHG 
depend on dimension and quantities of structural 
material. 
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ABSTRACT 
 
Street trees are one of the important components of green infrastructure in urban area. This study surveyed 

trends in the introduction of street trees across Japan. The results showed that Japanese street trees tended to be 
mainly broad-leaved rather than coniferous, and many of these were native species.  In addition, we found that 
street trees not only fulfill the roles of disaster prevention and disaster reduction, but also contribute to citizen 
welfare and recreation because a relatively large number were flowering trees such as sakura, camellia and 
dogwood. On the other hand, species composition of street trees was not monotonous across Japanese, which were 
broadly categorized into four groups, and each group had species such as Picea glehnii, Quercus acuta, Aucuba 
japonica and Planchonella obovata that were unique to that group. Each group had correlation with latitude, 
longitude, Kira’s Warmth Index, annual precipitation, etc. Also, there were only five species that were common 
to all groups: Rosaceae sp., Lythraceae sp., Theaceae sp., Juniperus chinensis, Fabaceae sp. It was suggested that 
these five species are the street trees that represent Japan. Incidentally, weeds which invade the narrow soil beds 
at the base of high trees were managed by installation of shrubs, garden plants such as flowers and artificial cover 
such as concrete in addition to weeding in japan. 
 
Keywords: Street trees, Green infrastructure, Trend in Japan, Management 
 
 
INTRODUCTION 

 
Urban areas are facing big problems such as the 

heat island phenomenon, air pollution, and increased 
risk of disasters due to climate change [1]–[10], [23], 
[24]. Green infrastructure in urban areas has recently 
attracted attention as a way to combat some of these 
problems [11]–[14], [20], [22]. Green infrastructure 
is a nature-based solution that contributes to disaster 
prevention and reduction by incorporating the natural 
environment into normal infrastructure [11]–[14], 
[20], [22]. Trees planted along streets (street trees) are 
one example of green infrastructure that is actively 
introduced because they fulfill the roles of preventing 
the spread of fires and reducing earthquake damage 
[15], [16]. It is difficult to introduce new large green 
infrastructure such as parks in urban areas because of 
limited space and the high costs associated with 
construction and maintenance; however, more street 
trees are expected to be introduced in the future 
because they are smaller and cheaper than full parks. 

Although there are various reports on the use of 
street trees in various prefectures and urban areas in 
Japan, there is no clear study on trends in the 
introduction of street trees across Japan (e.g. native 
species ratio) [17]–[19], [25], [26]. Clarifying this 
tendency would be useful for promoting green 
infrastructure in the future. Therefore, this study 
analyzed trends in the introduction of street trees 
across Japan based on a collection of reports on street 
tree use in various parts of Japan. 

 
MATERIALS AND METHODS  

 
In this study, the top 50 high tree species in 

number planted in each Japanese prefectures (47 
prefectures × 50 species = 2350 species) were 
targeted. Information on species planted was obtained 
from “The Roadside Trees of Japan VIII” issued by 
the National Institute for Land and Infrastructure 
Management Ministry of Land, Infrastructure, 
Transport and Tourism, Japan [17]. We tallied the 
ratio of native species, evergreen broad-leaved, 
deciduous broad-leaved, coniferous, flowering (i.e. 
trees that are generally grown for the enjoyment of 
their flowers such as sakura, camellia and dogwood) 
and edible (i.e. trees with generally edible fruits such 
as ginkgo, olive and orange) trees. We also 
determined in what areas these street trees were used 
from the classification of prefectures by Two Way 
Indicator Species Analysis (TWINSPAN), and 
Detrended Correspondence Analysis (DCA).  

In addition, we examined street tree management 
from a survey of 1629 high trees randomly selected 
in Fukuoka City, Fukuoka Prefecture, and located in 
western Japan and one of the five biggest cities in 
Japan. Street tree management was inferred by 
examining the narrow soil beds at the base of high 
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trees planted along the sidewalk.  
TWINSPAN and DCA were analyzed using PC-

ORD Ver.4.25 (MjM Software Design). Also, 
relationship between the stand scores extracted from 
DCA and environmental variables (latitude, longitude, 
Kira’s Warmth Index, annual precipitation, daylight 
hours and snowfall of each prefecture [21]) were 
analyzed by Pearson’s correlation test. 

 
RESULTS 
 
Trends in street trees used in Japan 

 
Native species accounted for 57.1% of street trees 

in this study (Fig.1). 46.0% of street trees were 
deciduous broad-leaved, 40.1% were evergreen 
broad-leaved, 13.9% were coniferous, 24.6% were 
flowering and 5.6% were edible (Fig.1). 

Japanese prefectures were broadly categorized 
into four groups (A, B, C and D) based on the species 
composition of street trees by TWINSPAN (Fig.2 and 
Table 1). Group A included four prefectures and had 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1     Trends in Japanese street trees. 
              252 species were analyzed, excluding 

duplicates from 2350 species in the research 
target. 

              †Varieties were included. 
 
 
Table 1     Tendencies in street trees for each group. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

96 species of street trees, Group B included 20 
prefectures and had 141 species of street trees, Group 
C included 22 prefectures and had 155 species of 
street trees, and Group D included 1 prefecture and 
had 50 species of street trees. There was a significant 
difference in the rate of evergreen broad-leaved, 
deciduous broad-leaved and coniferous trees among 
these groups. Group A had the most deciduous broad-
leaved and coniferous trees, followed by Group B, 
Group C, and Group D, respectively (Table 1). 

Each group had its own unique street trees that 
were used only in that group (Appendix 1). Group A 
had 27 unique species such as Picea glehnii, Abies 
sachalinensis and Populus suaveolens, Group B had 
21 unique spec ies such as Quercus acuta , 
Chamaecyparis obtusa and Larix kaempferi, Group 
C had 44 unique species such as Aucuba japonica, 
Aphananthe aspera and Cinnamomum daphnoides, 
and Group D had unique 29 species such as 
Planchonella obovata, Satakentia liukiuensis and 
Millettia pinnatas. Incidentally, there were also five 
species that were common to all groups: Rosaceae sp.,  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2     Classification of prefectures by TWINSPAN. 
              Top 50 high tree plant species in number 

used in each Japanese prefectures and the 
number of each planted was set as a variable. 
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Fig. 3     Ranking of Japanese prefectures by DCA. 
 
 
 
Lythraceae sp., Theaceae sp., Juniperus chinensis, 
Fabaceae sp. (Appendix 1). 

Each group was ranked on two axes by DCA 
(“after-the-fact coefficient of determination” was 
0.536) (Fig.3). Each group was arranged in the order 
of Group A, B, C, D on the left side (i.e. the first axis). 
Each group had a high positive correlation with 
Kira’s Warmth Index and annual precipitation, and a 
negative correlation with latitude and longitude on the 
first axis (Table 2). Namely, it was suggested Group 
A had higher latitude, colder temperatures and lower 
annual precipitation followed by Group B, C, and D, 
respectively. For the second axis, each group was 
arranged in the order of Group A, B, C, and D along 
the bottom side. Each group had a high positive 
correlation with Kira’s Warmth Index and daylight 
hours, and a negative correlation with latitude, 
snowfall and longitude on the second axis (Table 2). 
The groups had same tendency as the first axis, and 
Group A had high snowfall and low daylight hours 
followed by Group B, C, and D, respectively. 
 
Street tree management 
 

Results of the survey of the narrow soil beds at the 
base of high trees showed the following five types of 
management: no installation (n=614), installation of 
artificial cover such as concrete and iron (n=322), 
installation of garden plants such as flowers (n=177), 
installation of shrubs (n=341) and others (n=175) 
(Fig.4 and Photo 1). No installation was defined as 
nothing installed on the narrow soil beds at the base 
of high trees. Signal devices, garbage cans, road signs, 
billboards, etc. were included in “Others” (Photo 1).  

 
DISCUSSION  

 
Trends in street trees used in Japan 

 
There are various reports on street trees used in  

Table 2     Correlation between DCA stand scores and  
Table 2     environmental variables.  
 

 
 
 
 
Japanese prefectures and urban areas [17]–[19], [25], 
[26]. However, there is no clear summary of trends in 
street tree use across Japan. This study collected and 
analyzed information on street tree trends across 
Japan. Results showed that evergreen broad-leaved 
and deciduous broad-leaved species accounted for 
nearly 90% of street trees in Japan and that many 
street trees were native species (Fig.1). Therefore, we 
considerd that Japanese street trees tended to consist 
of mainly broad-leaved and native species. In 
addition, we found that street trees as a green 
infrastructure not only fulfill the roles of disaster 
prevention and disaster reduction, but also contribute 
to citizen welfare and recreation because a relatively 
large number were flowering trees (Fig.1). Since few 
edible street trees were found, it was suggested that 
the role of street trees as edible was small (Fig.1). 

Although there were some similarities, species 
composition of street trees was not monotonous 
across Japanese prefectures, which were broadly 
categorized into four groups (Fig.2). Group A tended 
to have the most deciduous broad-leaved and 
coniferous trees, and few evergreen broad-leaved 
trees, followed by Group B, C, and D, respectively 
(Table 1). Also, it was suggested that Group A had 
high latitude, cold temperatures, heavy snowfall, low 
annual precipitation and low daylight hours followed 
by Group B, C, and D, respectively (Fig.3 and Table 
2). On the other hand, each group had species that 
were unique to that group (Appendix 1). From above 
results, it was suggested that Japanese street trees 
have different species composition based on the 
latitude, temperature and annual precipitation of each 
area. 

On the other hand, each group had also five 
species (Rosaceae sp., Lythraceae sp., Theaceae sp., 
Juniperus chinensis, and Fabaceae sp.) that were 
common to all Groups regardless of latitude, 
temperature and annual precipitation (Appendix 1), it 
was suggested that these five species are the street 
trees that represent Japan. 
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Street tree management 
 
This study inferred street tree management by 

examining the narrow soil beds at the base of high 
trees. The results showed that Japanese street tree had 
five patterns of no installation, installation of garden 
plants such as flowers, installation of artificial cover 
such as concrete and iron, installation of shrubs, and 
others (Fig.4 and Photo 1). “No installat ion” 
accounted for 37.7% of st reet t ree.  In "No 
installation", weeds often invaded (the authors 
frequently observe this) (Photo 1). Therefore, it was 
suggested that weeds are allowed to invade the 
narrow soil beds at the base of high trees and are then 
managed by weeding in japan. In addition, we 
 
 
 

 
 
Fig. 4     Street tree management. 
 
 

consider that Japanese street tree management tends 
also to prevent invasion of weeds by installation of 
shrubs, garden plants and artificial cover, because 
they accounted for 51.2% of street tree management. 
Incidentally, it was suggested that “Installation of 
garden plants” fulfilled also the role of recreation for 
citizens and improving the urban landscape. Overall, 
weeds which invade the narrow soil beds at the base 
of high trees were managed by installation of shrubs, 
garden plants such as flowers and artificial cover such 
as concrete in addition to weeding in japan. 
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Appendix 1     Street trees present in each group. 
 

 
 

A (n=4) B (n=20) C (n=22) D (n=1)
Rosaceae sp (Cerasus x yedoensis ) ‡ Rosaceae Ⅴ Ⅴ Ⅴ Ⅴ ● ●

Lythraceae sp (Lagerstroemia indica ) ‡ Lythraceae Ⅳ Ⅴ Ⅴ Ⅴ ●

Theaceae sp (Camellia japonica ) † Theaceae Ⅲ Ⅴ Ⅴ Ⅴ ● ●

Juniperus chinensis * Cupressaceae Ⅳ Ⅳ Ⅴ Ⅴ ●

Fabaceae sp (Acacia dealbata ) † Fabaceae Ⅲ Ⅱ Ⅱ Ⅴ ●

Picea glehnii * Pinaceae Ⅲ ●

Aria alnifolia ‡ Rosaceae Ⅲ ● ●

Malus prunifolia ‡ Rosaceae Ⅲ ● ●

Abies homolepis * Pinaceae Ⅲ ●

Quercus dentata ‡ Fagaceae Ⅲ ●

Bignoniaceae sp (Catalpa ovata ) ‡ Bignoniaceae Ⅲ
Populus alba ‡ Salicaceae Ⅲ
Abies sachalinensis * Pinaceae Ⅲ ●

Picea pungens * Pinaceae Ⅲ
Others - (18 species) (8 species) (3 species) (1 species)

Quercus acuta † Fagaceae Ⅰ ●

Aesculus x carnea ‡ Sapindaceae Ⅰ
Linnaeaceae sp (Abelia x grandiflora ) † Linnaeaceae Ⅰ ●

Carpinus tschonoskii ‡ Betulaceae Ⅰ ●

Deutzia crenata ‡ Hydrangeaceae Ⅰ ●

Ilex serrata ‡ Aquifoliaceae Ⅰ ● ●

Chamaecyparis pisifera * Cupressaceae Ⅰ
Chamaecyparis obtusa * Cupressaceae Ⅰ ●

Larix kaempferi * Pinaceae Ⅰ ●

Others - (12 species) (6 species) (3 species) -

Erythrina crista-galli ‡ Fabaceae Ⅱ ●

Juglandaceae sp (Pterocarya rhoifolia ) ‡ Juglandaceae Ⅱ ●

Arecaceae sp (Phoenix dactylifera ) † Arecaceae Ⅱ ●

Podocarpus macrophyllus * Podocarpaceae Ⅱ
Aucubaceae sp (Aucuba japonica ) † Aucubaceae Ⅰ ●

Ficus superba † Moraceae Ⅰ ●

Malvaviscus penduliflorus † Malvaceae Ⅰ ●

Olea europaea † Oleaceae Ⅰ ●

Dendropanax trifidus † Fabaceae Ⅰ ●
Others - (35 species) (17 species) (7 species) (1 species)

Planchonella obovata † Sapotaceae Ⅴ ●

Palaquium formosanum † Sapotaceae Ⅴ
Hibiscus tiliaceus † Malvaceae Ⅴ ● ●

Tabebuia rosea  ‡ Bignoniaceae Ⅴ ●

Bombax ceiba ‡ Malvaceae Ⅴ ●

Millettia pinnata † Fabaceae Ⅴ ●

Cocos nucifera  † Arecaceae Ⅴ ●

Araucaria heterophylla * Araucariaceae Ⅴ
Thespesia populnea  † Malvaceae Ⅴ ● ●

Others - (20 species) (8 species) (8 species) (1 species)

Firmiana simplex ‡ Sterculiaceae Ⅲ Ⅲ Ⅲ ●

Fraxinus lanuginosa ‡ Oleaceae Ⅱ Ⅰ ●

Bischofia javanica † Euphorbiaceae Ⅰ Ⅴ ●

Carpinus laxiflora ‡ Betulaceae Ⅱ Ⅱ Ⅰ ●

Pinaceae sp (Pinus densiflora ) * Pinaceae Ⅴ Ⅴ Ⅴ ●

Ulmus parvifolia  ‡ Ulmaceae Ⅴ Ⅳ ●

Thujopsis dolabrata * Cupressaceae Ⅳ Ⅱ ●

Pieris japonica † Ericaceae Ⅰ Ⅰ ● ●

Acer rubrum ‡ Aceraceae Ⅱ Ⅰ
Others (117 species) - - - - - (75 species) (26 species) (7 species)

‡Deciduous broad-leaved.
*Coniferous.

Native Flowering Edible

Occurrence frequency: I, <20; II, <40; III, <60; IV, <80; V, ≦100
†Evergreen broad-leaved.

Species Family
Group
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ABSTRACT 
 
Padang on the west coast of Indonesia is one of the oldest cities with a history of more than a century. As the 

west gate of Indonesia from the direction of the Indian ocean, its existence is known as a port city with the main 
function as warehousing and logistics center. After continuing to develop as a city of trade and services, Padang 
is now considered as one of the most congested cities in Indonesia. A series of secondary data has been collected 
including satellite imagery and both qualitative and quantitative methods were used simultaneously. The pattern 
of urban space has not changed significantly for decades, even though the number of trips has continued to increase. 
The population of close to 1 million and land use with more diverse functions results in the road network being 
overwhelmed to serve vehicle flow. Uncontrolled on-street parking contributes to reducing transport performance. 
Case study found the degree of saturation and wide road occupied for parking variables, and the speed and number 
of warehouse building variables are having strong correlation each other. 
 
Keywords: Land use, transport, relationship, Padang, Indonesia 
 
 
INTRODUCTION 

 
City paradigm in Indonesia according to Law No. 

26/2007 governing Spatial Planning emphasizes that 
cities are areas with denser population concentrations 
compared to surrounding areas due to functional 
centralization related to the activities of the 
population for work, commerce, social, culture, 
recreation and education. It must be acknowledged 
that the model of city growth in developing countries 
is not by design as is common in developed countries, 
for example Eindhoven, the Netherland [1], and 
Wellington, New Zealand [2], but develops naturally, 
sporadically and spreads irregularly beyond 
administrative boundaries. Daily activities and 
residences are also further apart, because owning a 
house in the city center is not affordable for most city 
residents. Rapid city growth and high dependence of 
auto ultimately triggered new urban problems in the 
form of imbalance between land use from the demand 
side and the ability of the transportation system from 
the supply side to accommodate the movement of 
people and goods and services as experienced by 
Shanghai [3]. The situation in almost all cities in 
Indonesia is increasingly worrisome because the 
authority is still focused on approaching the supply 
side by building flyovers, underpasses, LRT and even 
the metro and is still very limited in steps related to 
reducing demand side. Lack of reference to best 
practices in the region as conducted by Denver in the 
USA [4], loose and out of date regulations and the 
absence of the role of civil society have triggered the 
city of more suffering, marked by, among others, the 

continuing depletion of green space. The same 
problem is also experienced by Lop Buri province, 
Thailand [5] and even Georgia (USA) due to the 
development of interstate highway [6], though 10% 
increase in a city’s initial stock of highway causes 
about 1.5% increase in its employment over a 20-year 
period in the USA [7].    

This paper evaluates the long experience of one of 
the oldest cities in Indonesia; Padang city based on 
the National Spatial Planning document is directed to 
become a National Activity Center and will be 
developed into the PALAPA (PAdang-Lubuk Alung-
PAriaman) Metropolitan Core City. As the capital of 
west Sumatera province the largest city on the west 
coast of Sumatra is the west gate of Indonesia from 
Indian ocean. With a land area of almost 700 km2 and 
a population of nearly 1 million, Padang, which was 
hit by a major tsunami disaster at the end of 2009, is 
now ranked fourth as the most congested city in 
Indonesia according to the INRIX 2017 Global 
Traffic Scorecard [8]. Integrated of land use and 
transport is still a big challenge in the operational 
agency settings and integrating it with transport 
systems [9], tension between bottom up and top down 
[10], [11], and the need to bridge the gap between the 
proliferation of activity-based travel demand and 
their integration with operational models in practice 
[12]; the challenges became more complex if the city 
sustainability issue is associated with energy scarcity 
and climate change [13]. The more advanced 
approaches using a relatively new database (LEHD) 
to explore land-use-transportation relationships 
conducted by Horner and Schleith [14], usage of 



GEOMATE – Melbourne, Australia, 11-13 November 2020 

564 
 

mobile phones to indicate the social function of land 
use in Singapore [15], and applying a spatial 
composite index to portray an overview of the 
sustainability performance [16].    
 
MATERIAL AND METHOD 
 
Study Area 
 

Initially the city consisted of 3 districts with 15 
villages. In its current development Padang covers 11 
districts with elevations varying from 25 m to 1,853 

m (Lubuk Kilangan) and coastal areas with elevations 
from 0 to 8 m (Padang Barat). Administratively, this 
city besides dealing directly with Indian ocean in the 
west is flanked by three regencies, each of Padang 
Pariaman in the north, Solok in the east and Pesisir 
Selatan in the south as shown in Fig. 1.   Based on 
regulations, the city of Padang is classified as a large 
city with a population of 927,168 (2017); with an 
average growth of 1.53% annually the population is 
predicted to reach 1 million in 2022 and will position 
it as a metropolitan city.

 
Fig. 1 Administrative map of Padang city 

 
Interestingly, the population distribution is also 

diverse; Koto Tengah district has a density rate of 817 
people/km2 and Padang Timur is much denser at 
9,751 people/km2 with land use dominated by 
education center and middle class housing complex 
and closer to the central business district despite the 
area including in the tsunami alert zone. Based on 
population structure data, productive age with a range 
of 15-55 years dominates with a percentage of 62% 
indicating more than half of the population has the 
potential to travel and daily urban activities such as 
education, shopping, leisure, economic and financial 
activity, social, and culture. City economic structure 
is supported by wholesale and retail trade, car and 
motorcycle repair and transportation, and 
warehousing, respectively. While the number of 
registered vehicles tends to be constant and even 

decreases during the 2013-2017 period as shown in 
Fig. 2. As with other cities in Indonesia public 
transportation service is dominated by paratransit 
with capacity 12 people as many as 1.979 units 
covering 40 routes. 

 
Fig. 2 Number of motorized vehicle 2013-2017 
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New bus service named Trans Padang with a 
capacity of 40 people serving two routes began to 
operate since the last two years. At almost the same 
time, downtown Padang is also connected by train to 
the Minangkabau international airport initiated by the 
central government. The first train departs from 
Padang station on 06:30 a.m. and the last one would 
depart on 06:00 p.m. with totally six trips daily and 
45 minutes’ travel time. Although the transport 
supply available varies, the facts in the field indicate 
the opposite condition. Based on the results of INRIX 
research, Padang ranks fourth as the most congested 
city in Indonesia as shown in Fig. 3 below. Based on 
Fig. 3 on average the city residents of Padang lost 45 
hours annually due to congestion and delay.  
 

Fig. 3 Indonesia most congested cities (hours/year)  
 
Data Sources 
 

Primary data related to land use was conducted by 
classified building function along the study corridor 
based on regulation (Regulation of the Minister of 
Agrarian Affairs and Spatial Planning / Head of 
National Land Agency No 16/2018 concerning 
Guidelines for Compiling Detailed Spatial Planning 
and Zoning Regulation of Regency/City). According 
to its regulation the building function to be classified 
is a building that has conformity with definition, 
purpose of determination and zone perform criterion 
of housing, trade and services, offices, industries, 
public service entities, tourism, and others. 

In order to understand road performance, the 
whole information related to road section 
characteristics is needed. Road characteristic data was 
collected in a number of standard field form survey 
for urban road i.e. geometric form, traffic flow, and 
road side activity. Geometric itself covering road 
section type, lane number and lane width, section 
length, curb, shoulder, median, and pedestrian facility. 
Hence, the way the traffic controlled was conducted 
including parking management, split, and flow 
distribution. Moving car observer method has been 
used to count the traffic flow, velocity, and density 
for sixteen road section entire research area.  

A series of secondary data has been collected 
including satellite imagery, population, registered 
vehicle, road class, and road information, spatial 
plans, transport master plan, and traffic and road 
transport master plan. Both qualitative and 
quantitative methods were used simultaneously in 
order to get convergent findings.       

  
RESULT AND FINDINGS 
 
Land use development 

The area that focuses on this study is Kampung 
Pondok district; the historical development of this 
region began since 1915 and after more than a century 
the spatial patterns almost resemble actual current 
conditions. According to Topographiache Inrichting, 
Batavia map (1915) Kampung Pondok was clearly 
directed to support the commercial system of the city 
which at that time was functioning as a port. Its vital 
function was triggered by the growth of the city and 
was proven by permanent buildings that lined the 
estuary of the Batang Arau river as shown in Fig. 4. 
 

 
Fig. 4 Topographiache Inrichting Map (1915)  
 
Refer to the map permanent buildings associated 

with function perform as government offices, rock 
houses and wood and bamboo houses. It is clearly 
seen in the map that railway line has been available 
direct to the port indicating an advance transport 
system.  
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Fig. 5 Map of Kampung Pondok district (1945) 
Rapid urban activity around river estuary and its 

surrounding coast encourage the growth of buildings 
supporting port activities such as warehousing and 
logistics centers. Hence, the existence of the port and 
its supporting facilities shows that the Kampung 

Pondok region performs a strategic function on the 
growth of urban areas at the time.  

In 1945 the area was remapped to understand the 
development of urban land use after four centuries of 
interacting with various urban activities. As can be 
seen in Fig. 5 the built up area continues to grow 
along the river estuary and looks more concentrated 
in the southern part of the city. Non-government 
buildings are also seen beginning to fill the area that 
was previously green space, indicating the presence 
of the port has an important contribution in driving 
the development of land use towards the north of the 
city 

But the delta along the Batang Arau river is still 
seen as a major trading area through its building 
function characteristics, especially warehousing, 
logistics centers, banks, and markets. Along with the 
echoes of Indonesia's independence, cities are 
developing more rapidly including Padang city. The 
city reform at that time was more focused on 
improving the road network to accommodate the 
development of land use and increasing population, 
which implies an increase in travel demand. Based on 
the comparison of maps in 1915 and 1945 with 
current conditions, it shows that the road sections in 
Kampung Pondok district have not changed 
significantly. 

  

 
 

Fig. 6 Open space of Kampung Pondok (2005-2019) 
 

This indicates that the development of the region 
has maintained a spatial pattern over the last century 
dominated by commercial support activities in the 

form of warehousing, logistic centers, plus trade 
centers and office buildings as markers of city 
modernization. In order to identify the latest spatial 
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patterns and future plans in Kampung Pondok district, 
the authors elaborated the city spatial planning 2010-
2030 period which stated that the west Padang district 
will focus on a strategic area for the development of 
trade and services. Furthermore, more detailed 
identification is done based on Ministry Spatial 
Planning Act No 16/2018 enacted guidelines for 
preparation of detailed spatial planning and the 
regency/city zoning regulations. As can be seen at this 
time along the study corridor dominated by buildings 
that functioned as trade centers and mixed functions, 
in addition to part of the space functioned for 

education, religion and military. But the growth of 
land use in the current condition is no longer 
stimulated by the existence of ports; the area develops 
because of the function directed as the CBD. Figure 6 
shows changes in land use around Kampung Pondok 
district over the past few years. The existence of small 
roads seems to contribute to the degradation of the 
region with increasing population and has an impact 
on increasing demand for housing and roads. The next 
figure shows more clearly the changes in the 
Kampung Pondok district over the past decade. The 
high demand for various urban activities, resulting in 

reduced green space. Hence, analyses focusing on 
average travel speed, density, and level of service 
analysis according to Indonesian Highway Capacity  

 
Fig. 7a (left) and Fig. 7b (right) show average speed 

during 12-2 and 4-6 
 
Manual (1997) [17]. There were sixteen road sections 
observed in April 2019 during 12–2 and 4–6. Average  
travel speed in the two observation periods is shown 
in Fig. 7a and Fig. 7b, respectively. The next Fig. 8a 
and Fig. 8b express level of density (pcu/km) in the 
same period. Almost the same with speed motion, 
level of density getting worse during 4-6 period. 

 

 
Fig. 8a (left) and Fig. 8b (right) show density level 

during 12-2 and 4-6 
 

Analysis result related to the level of service as the 
ratio of volume to capacity can be seen in Fig. 9. As 
the CBD growing more excessive to northern part of 
entire city the level of service of road network was 
more suffering compare to southern part.   
 
Relationship between activity and road 
performance 
 

This section elaborated correlation between 
activity entire surrounding area and road performance 
in order to identify whether the land use and road 
network influence each other. In this case the 
identification of connectedness is done by the 
relationship between level of service of road network 
variables and land use variables. 
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Fig. 9 Level of service of road network 

 

Table 1 shows the relationship between degree of 
saturation (DS) and land use function and Table 2 
shows the relationship between speed and land use 
function. 

 
Table 1 Relationship between DS and land use function 

No Variable Coeff. of  
correlation Sig. Sig. 

level 
1 DS vs no. of local scale of 

trade and services building 
-0.253 0.334 N/S 

2 DS vs no. of district scale of 
trade and services building 

-0.337 0.202 N/S 

3 DS vs no. of regional scale of 
trade and services building 

0.177 0.512 N/S 

4 DS vs no. of public facilities 
building  

0.349 0.185 N/S 

5 DS vs no. of residential 
building 

0.252 0.346 N/S 

6 DS vs no. of warehouse 
building 

-0.085 0.754 N/S 

7 DS vs wide road -0.172 0.525 N/S 
8 DS vs wide road occupied for 

parking 
-0.535 0.033 S 

9 DS vs no. of lane 0.026 0.925 N/S 
10 DS vs no. of traffic direction  0.606 0.013 S 

 
Table 2 Relationship between speed and land use function 
No Variable Coff. of 

correlation Sig. Sig. 
level 

1 Speed vs no. of local scale of trade 
and services building 

-0.085 0.754 N/S 

2 Speed vs no. of district scale of 
trade and services building 

0.189 0.483 N/S 

3 Speed vs no. of regional scale of 
trade and services building 

-0.143 0.598 N/S 

4 Speed vs no. of public facilities 
bldg. 

-0.24 0.370 N/S 

5 
Speed vs no. of residential building 

0.221 0.411 N/S 

6 Speed vs no. of warehouse 
building 

0.672 0.004 S 

7 Speed vs wide road 0.007 0.980 N/S 
8 Speed vs wide road occupied for 

parking 
-0.083 0.759 N/S 

9 Speed vs no. of lane 0.132 0.626 N/S 
10 Speed vs no. of traffic direction 0.423 0.103 N/S 

 
CONCLUSION 

 
In this research the authors explore and find that 

Kampung Pondok district plays an important role in 
the historical development of Padang city during a 
decade as a center of trade and services. In the current 
condition the region is supported by the number of 
local, district and regional scale trade buildings and 
building services which are denser compare to other 
areas within the city. Growing populations and land 
use activities that continue to grow increase the 
number and intensity of travel in the region. As the 
icon of city, Kampung Pondok district experiencing 
pressure in the form of high vehicle movement while 
the ability of the road network to flow has not 
changed significantly for the last few decades. Most 
roads show the level of service of D and E indicating 
the flow rate is almost reaching capacity level or 
unstable flow. Average travel speed was less than 18 
km/hour far below the standard average travel speed 
in urban areas of 40 km/hour. Interesting to note the 
density pattern that was shown in Fig. 8a and Fig. 8b; 
both figures expressed the density level varies from 
20 to 60 pcu/km, which are classified as normal cases 

except two road sections in northern part as can be 
seen in Fig. 8b. According to field observation a 
combination of the low travel speed and a normal 
counted of density pattern was due to the part of wide 
road occupied for parking since there is no off street 
parking available within surrounding of the district. 
This fact is in-line with the findings expressed in 
Table 1 and Table 2, where the degree of saturation 
and wide road occupied for parking variables, and the 
speed and number of warehouse building variables 
are having strong correlation each other.  
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ABSTRACT 

 
Biogas is a solution to slow the effects of global warming by converting and trapping methane of manure to 

energy. To make biogas cleaner and more environmentally friendly, residue from biogas also should be treated. 
The strategy is recycling biogas sludge to be an adsorbent for biogas purification because it will reduce waste 
generation. It means the utilization of sludge leads to a zero waste biogas system. The study was to investigate 
the use of biochar from biogas sludge and find the optimal condition for biogas purification. Five treatment of 
biochar based biogas sludge were be conducted, every column of adsorption filled with 100% of the volume 
zeolite, 50% of the volume zeolite and biochar, 25% of the volume zeolite and 75% of the volume of biochar, 
and the last 100% of the volume biochar. The results showed that 5 treatment of biochar reduced carbon dioxide 
(impurity gas in biogas) and the largest reduction of carbon dioxide presented by 100% of the volume biochar. 
The decrease in carbon dioxide by 100% volume of zeolite is almost the same as the decrease in carbon dioxide 
by 100% volume of biochar. But the system also decreased the methane content in proportion to the decrease in 
carbon dioxide. The reduction in carbon dioxide also affected the temperature of biogas combustion and calorific 
value. We agree that using 100% of  the volume biochar from sludge can replace zeolite in biogas purification 
but further modification is also needed to increase the value of methane. 
 
Keywords: Biogas, Sludge, Biochar, Zero Waste, Methane 
 
 
INTRODUCTION 

 
Biogas is one of many solutions to slow the 

effects of global warming by converting and 
trapping methane of manure to energy. The 
implementation of biogas technology reduces 
dependency on fossil fuel energies for cooking or 
electricity in rural or urban areas [1]. By utilization 
waste or manure from livestock, biogas becomes 
cheap energy sources. In a rural area, adopting 
biogas technology improves energy access, reduces 
cost for purchasing firewood or fossil fuel, reduces 
the workload of women for looking for firewood, 
and diminishes manure smells [2]-[3]. It’s more 
beneficial if the dissemination of biogas applies the 
bio-cycle system [4]. For example, biogas also 
generates waste, bio-slurry, that it’s usually used as 
organic fertilizer [5]-[6].   

Bio-cycle is the cycle through which energy and 
essential substances transferred among species and 
between the biotic and abiotic parts of the 
environment. Recycling of  biogas sludge as organic 
fertilizer gives benefit not only to reduce biogas 
waste but also to enhance soil productivity [7]. But 
utilization biogas sludge as biochar for biogas 
purification in biogas system is rare.  Whereas with 
the use of sludge generated from biogas production 
for biogas purification leads to a zero waste 

management in biogas implementation. The use of 
biogas sludge as biochar also drives a circular 
economy because biochar is not only can use in 
biogas purification but also in agriculture, energy, 
and waste management sectors. In a circular 
economy system, biogas sludge can be utilized and 
recycled as a valuable product in the biogas system 
[8].  

Biochar is carbon-based material that is from 
agricultural residue, animal waste, or forestry waste, 
that have carbon content [9]. Biochar has been 
utilized for the removal of heavy metal from 
wastewater, soil enrichment, and gas separation. 
Many studies are reported that biochar can use for 
carbon dioxide adsorption in biogas purification 
[10]-[12]. It’s also claimed to be comparable to other 
commercial porous materials like zeolite and 
activated carbon. Pore structures in biochar, like in 
zeolite or activated carbon, play an important role in 
carbon dioxide adsorption [13]. However, most of 
these commercial adsorbents are too expensive 
because some rural areas don’t have access to the 
distribution of commercial adsorbents. According to 
Minh-Viet et al. [11], biochar has advantages of 
relatively low cost, easy regeneration, and stable 
cyclic performance. It can be concluded that biochar 
is a green adsorbent. There is a need to develop 
local-based potential resources of biochar to 
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minimize the cost distribution of adsorbent. 
Moreover, local potential sources that are came from 
biogas production lead to the bio-cycle system in 
biogas and a zero waste biogas management [12]. 
Our previous study has been investigated the 
capability of carbon dioxide adsorption from biogas 
sludge-based biochar for biogas adsorption [8]. In 
Ambar et al. [8] biogas sludge-based biochar was 
combined with zeolite in each mass of 40 grams 
every column. But we evaluated that utilization each 
40 grams mass of biogas sludge-based biochar and 
zeolite is not to be comparable because both of them 
have different specific mass. So in this study we 
evaluated the utilization mass of adsorbents with 
volume ratio.  
 
METHODOLOGY  

 
The carbon dioxide adsorption column was made 

from stainless steel material and completed with two 
flowmeters with measurement specification in a 
range of 25 LPM (liter per minute) at outlet and inlet 
pipes, and the compressor. The inlet and outlet pipes 
of column adsorption were connected with biogas 
holder that holding of raw biogas (biogas from 
biodigester) and purified biogas (biogas from 
column adsorption) respectively. The biochar was 
produced from biogas sludge that collected from 
biogas production of dairy cattle manure in the 
Center of Agro Technology Innovation, Universitas 
Gadjah Mada.   

 
Biogas Sludge-Based Biochar Synthesis  

 
Biogas sludge-based biochar was produced by 

the pyrolysis process. Before the pyrolysis process, 
biogas sludge was dried under sunlight for four days 
to reduce water content. The pyrolysis process was 
going for four hours at the temperature of 255oC. 
The heat from pyrolysis induced the oxidation of 
carbon and then formed stable carbon of biochar. 
Biochar was characterized by a surface area analyzer 
to identified the surface area, volume, and diameter 
of pores. Surface area analysis used a nitrogen 
adsorption method at 77 K. 

 
Biogas Purification: Carbon Dioxide Adsorption  
 

Carbon dioxide adsorption is conducted at room 
temperature. Each of column adsorption contained a 
volume of zeolite and biochar. There were six 
formulations of adsorbents that presented in Table 1. 
The first step of biogas purification is biogas filled 
in adsorption column by the compressor with a 
pressure range of 5-7 bar. Biogas that after through 
adsorption column was held in purified biogas 
holder to analyze the composition. Samples of 
biogas before and after carbon dioxide adsorption 
were analyzed by Gas Chromatography (GC) to be 

identified the composition of methane and carbon 
dioxide. 

 
Table 1 Formulations of the adsorbents in a column 

adsorption 
 

Biogas 
Samples 

% volume of 
zeolite 

% volume of  
biogas sludge-based biochar 

P0 0 0 
P1 0 100 
P2 75 25 

P3 50 50 

P4 25 75 

P5 100 0 
 

 
RESULTS AND DISCUSSION 

 
Before and after biogas purification, biogas 

samples are analyzed its composition, especially 
methane and carbon dioxide because it’s the largest 
composition in biogas. Biogas composition was 
analyzed and calculated by gas chromatography. The 
relation of the capability of carbon dioxide 
adsorption and surface area was investigated in this 
study. 

 
Surface Area Analysis 

 
The feature of carbon-based material is having 

many pores on its surface like biochar and zeolite. 
The porous structure of biochar and zeolite was 
determined from a nitrogen adsorption-desorption 
isotherm method at low temperature (77 K). Pore 
volume, pore size, and specific surface area were 
evaluated and showed in Table 3.    

 
Table 3 Specific surface area, volume and pore size 

of natural zeolite and biogas sludge-based 
biochar 

 
Porous 

Material  
Specific 
surface 

area 

Mean 
pore 
size 

Total 
pore 

vomue 

Micro-
pore 

volume 

Meso-
por 

volume  

(m2/g) (nm) (cc/g) 

Zeolite  47.66 47.41 0.11 0.017 0.093 
Biochar  34.06 39.15 0.067 0.013 0.054 
 
These results showed that zeolite has a higher 

specific surface area, pore volume, dan size 
compared to biochar. Both zeolite and biogas sludge 
biochar-based biochar has a dominant pore size in 
the mesopore zone (pore size range of 2 - 50 nm) 
according to the International Union of Pure and 
Applied Chemistry (IUPAC). These results were 
also strengthened by the bigger mesopore volume of 
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zeolite and biochar compared to micropore volume. 
The relation between pore characteristics and the 
capability to adsorb carbon dioxide was investigated 
in this study. 

 
Carbon Dioxide Composition  

 
Carbon dioxide is the main impurity gas in 

biogas, which range of 20-40% [14]. These results 
of carbon dioxide analysis raw and purified biogas 
are shown in Table 2. The capability of zeolite and 
biochar to adsorb carbon dioxide has been proven. 
The results showed that all formulation of 
adsorbents capable to reduce carbon dioxide 
composition in biogas. The use of 100% volume of 
biochar reduced 26.54% carbon dioxide.  The carbon 
dioxide reduction performed by 100% volume of 
zeolite was 26.65%. These results indicated that 
biogas sludge-based biochar has the same capability 
in carbon dioxide capturing as zeolite. The features 
in pore structure and mineral contents such as K, Na, 
Ca, Mg in biochar facilitate carbon dioxide 
adsorption. The existence of mineral content is able 
to increase alkalinity condition on biochar’s surface 
and has implication to increase adsorbent affinity to 
carbon dioxide that plays as acidic molecules [15]. 
Although this results show the ability of zeolite for 
capturing carbon dioxide is better than biochar, the 
value is not significant. It’s caused by zeolite is not 
activated to expand pore structures. 

 
Table 2 The carbon dioxide reduction (%) after 

biogas purification 
 

Sampling  P1 P2 P3 P4 P5 

1st 36.61 0.07 16.99 1.04 26.39 
2nd 29.48 30.79 20.10 3.25 24.40 
3rd 11.00 20.86 22.66 10.40 29.16 

Average 25.70 17.24 19.92 4.89 26.65 
 
Methane Composition 

 
Methane is the main component in biogas that 

produces energy for cooking or electricity. By 
carbon dioxide adsorption, methane in biogas should 
be increase. But the study showed different results. 
After biogas purification, methane composition in 
biogas went down. The reduction of methane was 
presented in Table 4.  

The decrease in methane composition looked 
directly proportional to the decrease in carbon 
dioxide composition. The highest methane reduction 
performed by 100% volume of zeolite, the same as 
with carbon dioxide reduction. These results can be 
explained. The physical characteristic of adsorbents 
that are represented by specific surface area 
contributes to the capability to carbon dioxide 
adsorption [16]. The greater specific surface area 

resulted not only in the greater the capability in 
carbon dioxide adsorption but also in the methane 
reduction in biogas. It can be explained that 
dominant pores in biochar and zeolite, mesopore 
(see Table 3), played an important role in methane 
adsorption. It’s happened due to methane molecules 
are easier adsorbed in mesopore areas than 
micropore areas [17].  

 
Table 4 The methane reduction (%) after biogas 

purification 
 

Sampling  P1 P2 P3 P4 P5 

1st 25.67 6.53 16.90 14.22 25.65 
2nd 20.10 15.44 17.86 17.58 23.67 
3rd 30.08 2.67 19.14 12.28 29.45 

Average 25.70 8.43 17.97 14.69 26.26 
  
Based on surface area analysis, either zeolite or 

biochar was included in mesopore-based material 
[18]. Mesopore size is capable to adsorb large size 
molecule effectively like methane molecules [17]. 
Mesopore volume of zeolite or biochar can adsorb 
not only carbon dioxide but also carbon dioxide, 
which has a molecule size of 0.32 and 0.4 nm 
respectively. Although there is methane reduction, 
the value are still smaller than carbon dioxide 
reduction because carbon dioxide molecules are 
more reactive to interact with pore structures in 
biochar.  
 
CONCLUSIONS 
 

From these results we concluded that biogas 
sludge-based biochar can be an alternative adsorbent 
of natural zeolite in biogas purification. Further 
research is required to improve the carbon dioxide 
adsorption and methane enrichment capabilities. 
Activation of adsorbent is recommended to enhance 
micropore size in adsorbents so that increasing 
carbon dioxide adsorption in biogas. 
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ABSTRACT: 

 
Climate change is a major environmental impact. With its 5% share, the tourism industry is an important 

contributor to global greenhouse gas (GHG) emissions. To reduce this contribution, the tourism industry has 
started looking into the measures of carbon footprint mitigation. In order to develop such measures, the 
environmental performance of tourism enterprises should first be accurately assessed. Accurate assessments of 
the environmental significance of tourism enterprises, such as tourist accommodation facilities, are however 
rare which is due to data availability and immaturity of appraisal approaches. This paper contributes to 
knowledge with a case study of one of the largest hotels in Thailand, King Paradise (Koh Phayam, Ranong) 
whose environmental impacts have been comprehensively appraised by applying the method of life cycle 
impact assessment (LCIA). The results showed that food waste composting, single-use shower toiletry bottles 
switching and applying electric vehicles to Koh Phayam community can substantially decrease the 
environmental impacts. The adoption of electric vehicles showed the greatest carbon reduction potential 
although food waste composting was cheapest for implementation. By integrating these environmental 
innovations into its operations, King Paradise can minimise its emissions and waste and become a more 
environmentally sustainable company. 
 
Keywords: Tourism, Hotel, Greenhouse gas emissions, Energy efficiency, Waste reduction, Life Cycle 
Assessment (LCA) 
 
INTRODUCTION 

 
 Despite a number of socio-economic benefits, 
tourism generates significant environmental 
externalities, such as carbon footprint [1]. However, 
the carbon footprint of tourism has not been 
sufficiently researched, especially in the context of 
developing and transitional economies, such as 
Thailand, where international and domestic tourism 
is on the rise [2]. More studies are necessary to 
quantify the carbon impacts of tourism and its 
particular sectors, such as hotels, in this country to 
promote a sustainable low-carbon tourism industry 
in Thailand.  
 This study will assess the carbon footprint of 
one of the largest hotels in Thailand, King Paradise 
(Koh Phayam, Ranong), by applying the method of 
Life Cycle Assessment (LCA). The potential of 
LCA to provide accurate, yet holistic, assessments 
of environmental impacts of hotels has long been 
recognised [3], but it has never been applied in the 
context of Thailand. This study will therefore 
partially plug an important knowledge gap in 
sustainable tourism research. 
 
 
 
 

KING PARADISE’S BACKGROUND AND 
ITS ENVIRONMENTAL PERFORMANCE  
  

King Paradise is located in Koh Phayam, 
Ranong, Thailand. Koh Phayam is surrounded by 
natural environment with sandy beaches and clear 
blue sea and is the undiscovered pearl of the 
Andaman Sea. Given that the Koh Phayam island 
is located circa 35 km from Ranong (Fig. 1) [4], 
most visitors arrive by boat or speed boat. They 
subsequently travel to the King Paradise hotel by 
motorcycle or faint, depending on the size of the 
group. The hotel is located 5 km away from the 
boat terminal.  

 
Fig. 1 Koh Phayam map [5] 
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At King Paradise, there are 40 rooms which 
include 2 types of rooms: 1) bungalows 
(maximum with 2 guests) and 2) houses (4 
guests). Most of the guests are from European 
countries (70-80% of total) while the rest are 
normally from Asian countries. In high season 
(November – May), the hotel has approximately 
100 customers per day while there are around 40 
customers per day during low season (June – 
October). As a result, there are approximately 
27,000 guests per year.  

In terms of King Paradise's environmental 
performance, King Paradise has mostly focused 
on waste reduction and they have been taking 
different actions to manage and reduce solid waste, 
a large fraction of which is represented by food 
waste. Examples of actions/campaigns for waste 
reduction are shown as follows: 
 
Food Waste Reduction 

 
The hotel is trying to reduce food waste by not 

buying a lot of food at one time even though the 
food will be a lot of cheaper when bought in 
Ranong instead of buying in Koh Phayam. In this 
way, the hotel will not produce a lot of food waste. 

 
Solid Waste Management 

 
The hotel together with their customers works 

hard to clear the plastic debris and create a waste-
free zone on its premises. In addition, the hotel 
runs a zero waste campaign to alter attitudes, 
values and behaviors of the King Paradise 
community in regards to proper waste disposal 
habits. These can help the hotel to conserve and 
protect the environment. 
 
Recycling Program 

 
There are a lot of recyclable wastes, for 

examples water bottles, cans, beer bottles, etc. and 
to reduce wastes, the hotel collects all of them and 
sells to recycling company. However, in order to 
become more environmentally friendly, there are 
some other areas the hotel can also focus on such 
as energy efficiency, green transportation, etc. 

 
SUGGESTIONS FOR IMPROVEMENT 
  

King Paradise has put an effort in improving in 
their environmental performance; however, during 
an inspection visit to the hotel, there are also some 
rooms for improvement and the suggestions were 
analyzed based on criteria on the follow and the 
description of each criterion can be found in [6]. 
The five suggestions for improvement in this study 
are shown in Table 1. 

 As can be seen from Table 1, the first three 
suggestions are the most reliable, cheap, and easy 
for an implementation and thus these are explained 
in more details in Results and discussion section. 
 
RESEARCH METHOD 
  

In this study, the survey collected data for the 
2020 year of King Paradise’ operations in January – 
March 2020. In addition, the hotel owners were 
further interviewed to rectify any data gaps and 
clarify any data inconsistencies identified in the 
survey as well as represent the ‘business-as-usual’ 
operational performance of the studied hotel in the 
reference year of 2019. As a result, the interview 
refined the survey results and confirmed that the 
collected data were representative of the hotel’ 
business-as-usual operations.  

 
RESULTS AND DISCUSSION 
  

The environmental impacts of each suggestion 
presented in this section will be evaluated using the 
life cycle assessment (LCA) methodology. LCA is 
a methodology that identifies the whole life cycle 
of a product, often called the cradle-to-grave 
approach, in which complex systems are broken 
down into elementary flows. The GaBi software 
system together with CML 2001, a life cycle impact 
assessment (LCIA) methodology, was applied in 
this study. In this study, suggestions are used to 
interpret the outcome as a comparative study which 
helps to identify important unit processes that affect 
the most of the results to further improve their 
processes. 

 
No Food Waste at the Consumption Stage  
Composting  
 

Food waste is continually to be the main issues 
of concern globally. Food waste cause serious 
environmental consequence as public outrage over 
food waste grow. There are 1.3 billion tonnes of a 
third of the world’s food is lost or waste each year 
while hungers account for almost a billion [7]. The 
increasing attention has been paid to food waste 
issues mainly due to its negative environmental, 
social, and economic impacts [8,9]. In Thailand, 
many hotels have begun to launch many campaigns 
to reduce food waste and, in meantime, enlarge its 
benefits. King Paradise which is considered as the 
leading hotel in Koh Phayam, has also put more 
concerns on reductions in GHG emissions.  

However, most of food waste end up in landfill 
and emits GHG emissions once it is broken down or 
in the best case, it can be utilized to produce animal 
feed or recover energy (e.g. anaerobic digestion) 
[13]. Therefore, in this study, composting is one 
way of suggestions required in the transformation 
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of the express to help in reducing overall food 
wastage problems. The functional unit used in this 
study is 1 year of food waste collected from King 
Paradise’s restaurant. The observed results showed 
that there was 2.07×103 kg CO2 eq. of GWP from 
food waste for disposal. As the GHG emissions of 
landfilling food waste are, on average, 2 times 
larger than the GHG emissions of composting [14] 
the GHG emissions of composting were 1.035×103 
kg CO2 eq. The environmental concerns were 
significantly decreased and this helps King Paradise 
to be more environmentally responsible and reduce 
the company’s impact on the environment. 

 
Table 1 Analysis of Suggestion for Improvement 

 
Single-Use Shower Toiletry Bottles Switching 
 

Since packaging usually ends up as waste, the 
packaging of a product is also a very important 
factor to consider when it comes to environmental 
impact. Many hotel companies (e.g. 
InterContinental Hotels Group, Marriott 
International, Holiday Inn, Kimpton, Six Senses, 
Crowne Plaza, Staybridge Suites) have been 

working on reducing mini bottles of shampoo and 
other toiletries to reduce plastic waste [15-17]. 
Instead of using tiny, single-use shower toiletry 
bottles, this study offers King Paradise’s guests a 
recyclable pump-designed dispenser which is one 
of the favorable [18,19].  

These include toiletry bottles of shampoo, 
conditioner and bath gel. By this design and which 
uses an average of 13,500 bathroom miniatures   
every year in which the average person uses a half 
of bottle per night. This study assumed that one 
bottle generates 19 g of plastic waste [20] and this 
produces approximately 256.5 kg of plastic waste 
per year or 777 kg CO2 eq. of GWP per year.  

 

 
Switching single-use shower toiletry bottles to 

pump dispensers does not require time and too 
much cost. It could take only up to a month before 
the pump dispensers are implemented. Therefore, 
this is considered as a long term suggestion for King 
Paradise to improve their environmental 
performance. As this transition is a big step in the 
right direction, the public perception of this 
transition will be medium because there are some 
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who like to take them home and giving a complaint 
at the first step of changing. This could be solved by 
education to the public. For a 0.4L refillable liquid 
dispenser, it produces 0.3 kg per dispenser [21]. 
There are 40 rooms at King Paradise and it is 
estimated that King Paradise will produce 24 kg of 
plastic waste in total. This study assumes that the 
dispenser will last as long as the hotel does [22]. As 
a result, this study assumed that it will last 50 years. 
This shows that King Paradise will produce 0.48 kg 
of plastic waste in total per year or 1.45 kg CO2 eq. 
of GWP per year. This can reduce GWP by 775.55 
kg CO2 eq. per year compared to using bathroom 
miniatures. 

Another suggestion for King Paradise to reduce 
the environmental impact of the single used 
containers is that the hotel could have any unused 
items to homeless shelters so all the containers can 
be used and this helps the hotel to be able to reduce 
their waste and time to dispose them [23].  In 
addition, the hotel may provide the smallest 
practical amount in recyclable containers and 
donate amenities left behind. 

However, the more up-to-date innovative 
concept of SOAPBOTTLE designed by Jonna 
Breitenhuber is the packaging-free products in 
which the product itself is turning to its own 
packaging [24]. The packaging is made from a 
traditional piece of soap that has been hollowed out. 
On the top of the packaging, there is a reusable 
metal to allow users to open the top and pour out the 
soap [25]. This concept can avoid waste as the soap 
is made from natural resources and is biodegradable. 
In addition, the packaging is slowly dissolved as 
hand soap [26]. 
 
Electric Motorcycles 

 
 In Thailand, transportation was ranged as the 

second largest contributor to CO2 emissions [27, 28]. 
Not only does road transportation contribute to the 
high costs of fuel consumption, but it will also lead 
to high GHG emissions and other environmental 
impacts. To cope with this problem, an electric 
vehicle is a part of alternative transportation mode 
which has recently experienced considerable 
growth and the use of electric vehicle has become 
an important approach in ensuring lower emissions 
[29,30]. As electric vehicles services continue to 
rise, this study aims to evaluate the environmental 
impacts of electric motorcycles compared to 
conventional motorcycles use using the Life Cycle 
Assessment (LCA) methodology. 

During visit and from the interview, as most of 
tourists coming to the hotel as a small group, 
motorbicycle is preferably considered as the most 
convenient commuter transport to drive their 
customers way from King Paradise to Coastal rather 
than faint or bicycle. The energy use for the 

motorbicycle is from the combustion of gasoline 
refined from crude oil [31]. In general, the average 
number of passengers per riding is no more than two 
in at any given time. Based on the interviews, the 
study assumed that each consumer will be driving 
the vehicle one time per day for around 20 km 
around the island. In this study, the baseline of the 
comparisons is the car-renting use and the number 
of passenger per riding is assumed to be 2. By these 
assumptions, it is estimated that the driving distance 
from all the consumers will be 270,000 km per year.  
According to The Sustainable City IX: Urban 
Regeneration and Sustainability, the total GHG 
emissions per km of a motorcycle are estimated to 
78.5 g CO2 eq. [32]. Based on The Sustainable City 
IX: Urban Regeneration and Sustainability, this 
shows that motorcycles in this study produce 
21,195 kg CO2 eq. per year [32].  

  However, the GHG impacts from an electric 
vehicle (EV) in use phase were investigated and 
compared with its conventional motorcycle in this 
study. The operating parameters taken from several 
literature reviews are shown in Table 2. 

 
Table 2 Main operating parameters of an electric 
motorcycle 
 

Parameter Value Unit Ref./ 
comment 

- Driving 
behavior - - Cautious 

- Type of road - - City 
- Slope of the 
road  - - Flat 

-Acceleration 0 m/s2  
- Total weight 
(kg)  150.7 kg [33]  

-Rolling 
friction of the 
tires 

0.015  - [34]  

-Temperature 
at time of the 
travel  

35 °C Expert’s 
estimate 

-Density of air 
at 35 °C 1.15 kg.m-3 [35] 

-Aerodynamic 
drag 
coefficient 

0.65  [36] 

-Frontal area 
of the vehicle  

1.057 × 
0.699 m × m [33]  

-Velocity 16.7 m/s Expert’s 
estimate 

 
In this study, the GWP is 16690 kg CO2 eq. in 

gasoline and electric vehicles, respectively. The 
results show that the GHG environmental impact 
can be decreased up to 78.7% in the electric 
motorcycle compared to the conventional 
motorcycle. Though these vehicles are operated by 
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external providers, the hotel can work closely to the 
communities to cope with an environmental issue. 

 
CONCLUSION 
  

Over the years, hotels have been undergoing 
changes to become more environmentally 
friendly. King Paradise has set to create a positive 
impact in the community being socially 
responsible by respecting the environment. They 
strive to reduce their environmental externalities 
by investing into food waste reduction, solid 
waste management, and recycling program, 
which reduces GHG emissions. This generates 
significant cost savings and consequently 
provides high returns on investment. In this study, 
the energy efficiency and environmental 
performance of King Paradise have been 
analyzed. It can be shown that King Paradise has 
put in a lot of effort to enhance their 
environmental performance. 

However, there are some areas of 
improvement and this study has presented five 
suggestions for King Paradise’s further 
improvement while the three of them were 
selected as case studies. This study paid a visit to 
the King Paradise to inspect the applicability of 
our suggestions. The results showed that the 
option that is the most reliable, cheap, and easy 
for an implementation is the food waste 
composting. However, transportation sector is 
one of the main emitters of large quantities of 
pollutions to the atmosphere and an electric 
vehicle is showing highest reduction in GHG 
emissions, it becomes an important option for 
Koh Phayam community to be considered. The 
sensitivity analysis can be obtained as a future 
work to identify important parameters that affect 
the most of the results in each suggestion. 
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ABSTRACT 
 
Coupling with the changing of climate naturally, an occurrence of excessive artificial environment has caused 

many severe impacts widely. To cope with such emerging instability, sustainable city was presented as one of the 
most important actions among sustainable development goals because of a rapid growth of population and 
urbanization. Several attempts have been made to alleviate such issue substantially focusing on construction 
industry since it consumes numerous resources and effects various kinds of environment impact. Based on life 
cycle assessment approach, this study therefore was aimed to assess the comprehensive environmental impacts of 
building by considering “cradle-to-grave” system boundary throughout its service life of 50 years. The results 
demonstrated that majority of impact categories associated with all stages of building life involved global warming, 
natural resource depletion, eutrophication, smog, water intake, human health - criteria air pollutants, and 
ecotoxicity. Hotspot of such impacts was found during the operation phase of building rather than construction 
and demolition phases. Of what findings, appropriate strategies for minimizing the environmental impacts and 
increasing an effective use of the natural resources will consequently be suggested for designing sustainable low 
carbon building in the future pertinently. 
 
Keywords: Environmental impact; Educational building; Life cycle assessment; Global warming; Sustainability 
 
 
NOMENCLATURE 
 
A.Eng - Architectural Engineering 
CP - Construction Phase 
DP - Demolition Phase 
EB - Educational Building 
HVAC - Heating, Ventilation and Air 

Conditioning Engineering 
OP - Operation Phase 
S.Eng - Structural Engineering 
SFPE  Sanitary and Fire Protection Engineering 
TEI - Total Environmental Impacts 
 
INTRODUCTION 

 
Globally, the changing of climate both naturally 

and artificially has caused several impacts severely. 
In 2015, with agreement of all parties in the United 
Nations to protect the planet from these economic, 
social and environmental challenges, a blueprint of 17 
sustainable development goals which intended to be 
achieved by 2030 has been established. Because of 
the rapid urbanization, sustainable city is prioritized 
for making cities inclusive, safe, resilient and 
sustainable [1]. Since construction industry plays 
important role in leading the growth of the country, 
either developed or developing countries have put 
several attempts to ease and to solve such issue 
substantially as it consumes numerous resources and 

effects various kinds of environment impact. 
Evidently, buildings consumed 40% of either 

global energy consumption or raw materials, and 12% 
of global potable water consumption, whilst emitted 
1/3 of global greenhouse gas emissions and generated 
4/10 of waste to landfill [2]. The nature resources 
depletion and environment degradation had brought 
the awareness to finding the methods to reduce its 
consequent effects unceasingly. Kofoworola and 
Gheewala [3] had analyzed the life cycle energy of a 
typical office building and emphasized importance of 
considering embodied energy coupling with 
operating energy for incorporation into the existing 
energy code. Anastaselos [4] had evaluated the 
environmental performance of energy systems used 
in residential buildings and emphasized the higher 
annual impact savings in buildings using a natural gas 
boiler for floor heating and applying poly-Si PV. 
Moschetti [5] had explored the most influential 
aspects for transition from zero-energy to zero-
emission building and concluded that besides 
renewable energy, the materials’ embodied energy 
and emissions should be focused on for a full 
compensation of life cycle emission of building. 
Thaipradit [6] had demonstrated the energy and 
environment performances of educational buildings 
and revealed that autoclaved aerated concrete block, 
cellulose wall insulation and triple glazing were of 
importance in reducing life cycle energy and carbon 
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of building located in tropical country. Yim [7] had 
analyzed buildings’ life cycle greenhouse gas 
emissions in high-density cities and found that 85% 
of the life cycle GHG emission of the building case 
study occurred from the operating energy.  

Nevertheless, most of previous studies focused 
only on one aspect of environmental impacts 
individually; for instance, primary energy 
consumption, global warming potential. To pursue 
sustainable development, all environmental impact 
categories should be integrated into consideration. 
This study, therefore, was aimed to explore solutions 
for sustainable building transition regarding all 
relevant environmental impacts using life cycle 
assessment as a tool. An educational building of 
Chulalongkorn University was selected as a case 
study to demonstrating a good practice as well as 
enhancing capacity building with knowledge transfer 
for communities and interested parties. The findings 
of this study will be useful for building 
owner/developer in designing sustainable low carbon 
building pertinently. 
 
RESEARCH METHODOLOGY  

 
Building Description 
 
Table 1 describes characteristics of educational 
building of Chulalongkorn University. The case study 
building is located in the heart of Bangkok at 13.92 
latitudes and 100.6 longitudes with a range of dry-
bulb temperature of 19.0 – 37.2 °C and humidity ratio 
of 11.2 – 28.7 gw/kgda throughout the year [8]. For 
indoor air temperature, air-conditioners are primarily 
set at 25 °C as recommended by the Ministry of 
energy. 
 
Table 1 Characteristics of case study educational 
building. 
 

Parameters Specifications 
Building floors 12 floors above ground 
Gross floor area 20,000 m2 
Structure Concrete 
Envelope Brick and curtain wall 

combination (aluminium/ 
clear flat glass) 

Window-to-wall ratio 0.169 
Floors Cast-in place concrete 
Roof Flat roof, concrete 
Solar PV installation 25 kW 

 
Life Cycle Assessment (LCA) 
 

Building life cycle could be roughly classified 
into three main phases namely construction, operation, 
and demolition. To estimate environmental 
performances of building throughout its life cycle, 

four steps of life cycle assessment procedure as 
presented in ISO14040-44:2006 [9]-[10] were 
applied in this study using SimaPro V.8.2 program 
with Building for Environmental and Economic 
Sustainability (BEES+) method [11]. 

 
Goal and scope 

 
To moving towards sustainability, comprehensive 

understanding of key points effecting environmental 
challenges is necessary in order to alleviating and/or 
preventing such damage that might be occurred 
pertinently. In this study, goals of using LCA 
approach were to quantify the level of environmental 
performances of educational building demonstrating 
through a study of Chulalongkorn University and to 
identify hotspots causing each category of 
environmental impacts. 

As presented in Fig. 1, a scope of this study 
involved three phases of building life cycle including 
building construction (cradle), building operation 
with a life span of 50 years (gate) and building 
demolition (grave). Due to a complexity of materials 
used throughout building service life, however, 
transportation occurred within and between each 
phase was omitted. 

To simplify an understand about environmental 
performance related to this building case study as a 
whole, either dataset of building inventory or impact 
was referred an educational building with a gross 
floor area of 20,000 m2 and a reference study period 
of 50 years as a functional unit [12]. 
 
Life cycle inventory analysis 
 

Based on data availability, firstly, a secondary 
data recorded both type and quantity of construction 
materials obtained from building owner was accessed 
to build an inventory of building material. Following 
a class of construction work, the inventory of CP was 
classified into four groups including S.Eng, A.Eng, 
HVAC, and SFPE. In total, 20 different types of 
building material represented a majority of mass 
intensity and embodied energy [13] were selected to 
demonstrate a level of environmental impacts during 
building construction phase. 

Secondly, an inventory of OP was built upon a 
primary data of resources consumption and 
waste/wastewater generation on a monthly basis. The 
log sheet obtained from building manager provided 
five dataset including electricity from grid, electricity 
generated from rooftop PV system, tap water, 
wastewater, and solid waste as illustrated in fig. 1.  

Lastly, an inventory of DP was formulated either 
in accordance to an interview with demolition worker 
or literature reviews [14]-[15]. Building demolition 
waste were classified based on methods of waste 
management namely reuse, recycle, and final disposal 
(landfill). 
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Fig 1. System boundary of this case study. 
 
Life cycle impact assessment 
 

The impact assessment was performed through 
SimaPro V.8.2 using BEES+ method with 
stakeholder panel weighting to support 
environmentally preferable purchasing [16]. A single 
score accounting from weighting results of all 
environmental performances throughout building life 
cycle were performed to emphasize the overall impact 
as a whole. Moreover, a contribution of eleven impact 
categories including global warming, acidification, 
human health – cancer, human health – non cancer, 
human health - criteria air pollutants, eutrophication, 
ecotoxicity, smog, nature resource depletion, water 
intake, and ozone depletion in each phase of building 
life was quantify to reveal a major effect related to 
building.  
 
Interpretation 
 

Hotspots of environmental performances was 
discussed in this procedure. Equation (1) is used to 

estimate the total amount of environmental impacts 
for an entire service life of educational building case 
study. Of what findings, appropriate strategies in the 
context of educational building for reducing the 
environmental impact and increasing the natural 
resources consumption were proposed. 
 
𝑻𝑬𝑰𝑬𝑩  = ∑ 𝑻𝑬𝑰𝑪𝑷 + 	𝟓𝟎∑ 𝑨𝑬𝑰𝑶𝑷𝟓

𝒋(𝟏 +𝟒
𝒊(𝟏

∑ 𝑻𝑬𝑰𝑫𝑷𝟑
𝒌(𝟏                                            (1) 

 
Where TEIEB is total environmental impacts of 

educational building throughout its life cycle (Pt), 
while TEICP and TEIDP are total environmental 
impacts of educational building during construction 
and demolition phase (Pt). AEIOP represents 
environmental impacts of educational building during 

operation phase annually (Pt). 50 indicates a number 
of building service life, while i, j and k refer four 
classes of building materials used for building 
construction, five datasets of input and output during 
building operation, and three types of waste 
management for building demolition respectively. 

 
RESULTS AND DISCUSSION 

 
Environmental Impact of Building During 
Construction Phase 
 

 
 
Fig 2. Level of environment impacts during building 
construction phase. 
 

Figure 2 illustrates scores of TEICP classified by 
building construction components with total score of 
15,153 Pt. Undoubtedly, building materials used for a 
purpose of S.Eng was the dominant contribution in 
this activity, followed by a group of materials used 
for A.Eng, SFPE and HVAC respectively.  

Within S.Eng group, more than 90% of TEICP 
contributed to concrete and reinforcing steel. It was 
difficult to decrease the amount of materials used for 
S.Eng due to a concern of safety. Shams [17] 
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suggested to use fly-ash or blast furnace slag for new 
building construction instead of using virgin cement, 
mortar, or concrete to reduce environmental impact 
from structural materials. Autoclaved aerated 
concrete block was recommended by Thaipradit [6] 
to replacing conventional concrete block even an 
embodied carbon of the former was greater than the 
latter, but for a long run throughout building service 
life it helped reduce a huge amount of operational 
energy, resulting in minimizing TEI as a consequence. 

Whilst a majority of TEICP within the A.Eng 
group involved window frame – aluminium, gypsum 
fibreboard,  alkyd paint for primer and top coat, brick, 
and cement mortar. Unlike the S.Eng group, several 
rooms were feasible for minimizing the impacts 
generated by A.Eng materials. For instance, to get 
closer to neutral impact, loft style had been 
encouraged. According to the results of this study, 
about 10% of TEICP from A.Eng would be reduced if 
no painting applied.  
 
Environmental Impact of Building During 
Operation Phase 
 

 
 
Fig 3. Level of environment impacts during building 
operation phase. 
 

Figure 3 illustrates scores of TEIOP classified by 
type of input-output resources with total score of 
50,156 Pt. Unlike CP, either positive or negative 
impacts were found in this phase. Noticeably, a main 
cause affecting TEIOP was consumption of electricity. 
The strongest recommendation for minimizing TEIOP, 
therefore, was relying rather on green energy either 
from on-site or off-site. 

In addition, building energy management measure 
was recommended since it had the largest potential in 
reducing energy consumption and GHG emission 
[18]. Installation of external wall insulations was also 
suggested as it helped reduce a requirement of energy 
consumption compared to the case with no insulation 
installation [13]. 
 
Environmental Impact of Building During 
Demolition Phase 
 

 
 
Fig 4. Level of environment impacts during building 
demolition phase. 
 

Figure 4 illustrates scores of TEIDP classified by 
construction waste management with total score of -
6,372 Pt. The negative value reflected benefits gained 
from using used materials instead of the virgin one for 
a new cycle. The avoided impacts of construction and 
demolition waste management from steel, glass and 
plastic was highlighted by [19]. Whilst 100% 
recycling of ferrous and non-ferrous metals, 
cardboard, plastic and glass were suggested for 
maximizing both environmental and economic 
benefits [20]. In this study, a concept of zero waste to 
landfill was introduced in this phase, however, there 
were still leftovers, yet to find better solutions for 
disposal. Among that some can be used for 
backfilling/land reclamation, reducing the TEIDP 
occurred from direct landfill.  
 
Life Cycle Environmental Impacts of Educational 
Building 
 

To sum up, the results of this study demonstrated 
that the level of TEIEB was 58,937 Pt. The biggest 
contribution to TEIEB occurred during building 
operation phase (85%) followed by building 
construction phase (26%), while the activity of 
building demolition phase helped compensate about 
11% of the total impact. It emphasized that all phase 
of building life cycle was necessary for taking into 
account to understand its life cycle impact 
comprehensively. The positive impacts occurred 
from demolition waste management could be traded 
off for the negative impacts generated from 
construction materials, whereas the negative impacts 
contributed to using non-green energy could be 
minimized by fully operating on green energy. 

As illustrated in fig. 5, considering a contribution 
of environmental performances on each phase of 
building life cycle, global warming was the dominant 
concern in every phases because it currently is a 
biggest challenge mentioned in every stage 
domestically and internationally, followed by water 
intake and natural resources depletion for CP and DP, 
and by natural resources depletion, eutrophication 
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and smog for OP. Water intake was not a major 
concern during building operation phase because 
besides the consumption of tap water, re-using treated 
wastewater was taking into account as presented the 
positive impacts in Fig. 3. 
 

 
Note: construction and operation phases presented a contribution 
of total negative impacts, while a contribution of total positive 
impacts was presented for demolition phase.  
 
Fig 5. Contribution of environmental performances 
throughout building life cycle. 
 

As a whole, the environmental impact categories 
of educational building could be classified into 4 
main groups depending on a degree of damage as 
super severe impacts – TEI ≥ 50% (global warming), 
severe impacts – 20% ≤ TEI < 50% (natural 
resources depletion) , moderate impacts - 5% ≤ TEI 
< 20% (eutrophication, smog, water intake), and mild 
impacts – TEI < 5% (human health - criteria air 
pollutants and ecotoxicity). To reduce the TEIEB, 
global warming and natural resources depletion 
should be prioritized. 

In addition, to reduce the impact of global 
warming, coupling with using low embodied carbon 
materials [6], [13] or recycled materials [17], 
innovation on green construction materials was 
needed exceptionally. Water harvesting was also 
recommended to minimize the impact of water intake 
as well as natural resources depletion as a 
consequence [21]. The impact of natural resources 
depletion was merely possible to relieve since it was 
related to the amount of materials used which could 
not be deducted to preventing building collapse. 
Using recycled materials instead of the virgin one [6], 
[17], building on loft design, and applying building 
energy management [18] were strongly 
recommended for consuming least natural resources 
as possible. In a case that all measures mentioned 
above had been implementing, this case study 
building will become a zero-carbon building, 
referring the definition firstly defined by the UK 
government [22] with TEIEB reduction of 89% 
approximately. A variety of green 
innovation/knowledge, however, is still purposefully 
needed to demonstrate a case of sustainable building 
successfully. 

CONCLUSIONS 
 

To moving towards sustainability, a case study of 
educational building of Chulalongkorn University 
was assessed to quantify the level of environmental 
impacts throughout building life cycle using life cycle 
assessment approach and was analyzed to pinpoint 
pathways for building sustainable building in the 
future. 

The results revealed that throughout building life 
cycle, operation phase had contributed the highest 
negative impacts (causing by a huge consumption of 
non-green energy), followed by construction phase 
(mainly generating from a use of structural 
engineering materials). Whilst the positive impacts 
were occurred during demolition phase from reusing 
and recycling materials for a new cycle, which could 
be a trade-off for construction materials used in 
construction phase. For a full compensation of life 
cycle impacts of building, building management 
strategies was strongly suggested to focus on low 
embodied impacts materials for construction phase 
coupling with using green energy/resources for 
operation phase and applying zero-waste to landfill 
approach for demolition phase. 
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ABSTRACT 
 

Peat soils are extremely soft soils that exhibit high compressibility, low shear strength, and low bearing capacity. 
There are about 2500 hectares of peatland in Sri Lanka, and a larger part is in the western coastal region of the 
island. The soft quality of peat soils was a major challenge for the recently completed expressway constructions 
where many ground improvement techniques were applied. Understanding the physical properties and developing 
correlations among easily identifiable physical properties of the peat will be helpful for future construction works 
in this region. This study describes the properties of Muthurajawela peats on the western coast of Sri Lanka. Peat 
soil samples were collected from the Muthurajawela region, and physical properties were determined. Results 
revealed that the Muthurajawela peats are fibric and hemic peats with high acidity. Also, the applicability of 
existing correlations was assessed and calibrated against the tested properties obtained from the current study. 
Outcomes from this study are helpful in identifying design parameters and suitable correlations that are required 
for evaluating the local peat soils, which will form the foundations for many planned upcoming infrastructure 
developments in this region.   
 
Keywords: Peat, Fiber content, Organic content, Hemic peats, Fibric peats 
 
 
INTRODUCTION 

 
Peat occurs in over 4.5% of the total land coverage 

in the world [1]. In Sri Lanka, peat covers around 
25,000 hectares [2], and Muthurajawela is the most 
significant peat area on the island. The Southern 
Highway is Sri Lanka’s first E Class (expressway) 
highway that links the capital of Sri Lanka, Colombo 
and Matara, a major city in the south of the island. 
Many stretches of the highway went through flood 
plains and wetlands such as the flood plains of 
Welipenna river, Bentota river, and  Gingaga river 
areas, which consist of very soft peats [3]. Similarly, 
the Colombo - Katunayake Expressway (E03) was the 
second E Class highway in Sr Lanka, which was 
opened in October 2013. The proposed alignment was 
laid on marshy lands starting from the brink of Kelani 
River. It traverses the flood plains of the Kelani River 
and the marshy areas of Peliyagoda and 
Muthurajawela before it reaches the Negombo lagoon 
area. Soft peat was found down to 12 m depth in 
certain areas of the alignment, and several ground 
improvements such as traditional preloading 
techniques, prefabricated vertical drains, sand 
compaction piles, driven piles, and stone columns 
were carried out during the construction [3].  

Peat soils form in the wetlands under suitable 
climatic and topographic conditions. Peat contains 
fragmented organic materials and partly decomposed 
plants such as leaves and stems, which have been 
chemically changed and fossilized from vegetation 

[4]. Peat soils are classified according to physical, 
chemical and physico-chemical properties such as 
texture, organic content, ash content, fiber content, 
pH, colour, water content, and degree of 
decomposition. 

Peats are problematic soil due to the low shear 
strength, high compressibility, and high water content. 
It exhibits distinctive mechanical properties 
compared to clay and sandy soils. The water saturated 
environment within the peat deposits generates 
anaerobic conditions and limits the decomposition of 
fresh plant litter. Peatlands are divided into 
fens/topogeneous and bogs/ombrogeneous. Fens are 
areas where groundwater is fed or surface water is fed 
by runoff from marginal sites, whereas bogs are areas 
where water is fed only by rainwater. The formation 
of fen peat happens when plants die and accumulates 
at the bottom of a lake. Generally, fen peat is 
underlain by very soft organic mud. Bog peats are 
typically fibric (fibrous) and acidic [5]. 

The previous practice was to remove the peat by 
excavation or any displacement method when it was 
encountered during construction. Nowadays, this 
trend has been changed, and the knowledge of peat 
soil behaviour has improved among engineers. 
Several techniques such as surface reinforcement, 
preloading and preloading with vertical drains, stone 
columns, dynamic replacement, thermal pre-
compression, deep stabilization, and chemical 
stabilization are widely used for the peat soil 
improvement in the world [1, 6]. 
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However, peat soil should be well studied before 
designing appropriate ground improvement methods. 
There are many ongoing construction activities 
around the Muthurajwela area, in the western 
province of Sri Lanka. However, no major studies 
have focused on the properties of peats in 
Muthurajawela region. Hence, this research aims to 
characterize peats in the Muthurajawela region by 
investigating their physical properties and checking 
whether the existing correlations reported in the 
literature are applicable to predict the properties of 
peats in the Muthurajawela region. The outcomes of 
this study will be useful for engineering designers to 
understand the characteristics of local peats in 
Western Province, Sri Lanka. 
 
EXPERIMENTAL METHODS 
 
Physical Properties 
 

Peat samples were collected from six locations in 
the Muthurajawela area and designated as L1 to L6, 
as shown in Fig. 1. The minimum distance between 
two sampling locations was maintained as 800 m, and 
samples were transported in sealed boxes to the 
laboratory to maintain the in-situ moisture contents.  

Physical properties such as natural moisture 
content, specific gravity, bulk density, organic 
content, and fiber content were investigated at the 
laboratory. Each index property test was conducted 
for five samples in order to ensure reproducibility for 
all the physical properties investigated. 

Field moisture content, organic content and ash 
content of peat soils were determined as per ASTM 
D2974-14 [7]. Oven-dried peat specimens were used 
to find the organic content and ash content.  

Specimens were placed inside a muffle furnace, 
and the temperature was gradually raised to 440°C 
until the samples were completely ignited. Then, 
remaining ash was cooled in a desiccator, and the 

mass of ash content was weighed. Organic matter 
content of peat is represented by loss on ignition (%) 
and derived using the Eqs. (1) and (2). 

 
Ash Content (%) = (Ma x 100)/Md          (1) 
 

Where Ma is the mass of ash, and Md is oven-dried 
mass. 

 
Organic content (%) = 100 – Ash content (%)       (2) 
 

Fiber content of the peat was determined using 
ASTM D1997-91[8]. The test required 500 g of peat 
sample to soak in 5% of Sodium-Hexametaphosphate 
for about 15 hours. The soaked sample was washed 
by applying a gentle flow of water through a 150 µm 
sieve, and the retained mass on the sieve was oven-
dried at a temperature of 105°C until a constant mass 
was achieved. Fiber content was calculated using Eq. 
(3). 

 
Fiber content (%) = Mf/Ms x 100                            (3) 

 
Where Mf is dry mass of fibers and Ms is the initial 

dry mass of soil. 
Specific gravity and bulk density of the samples 

were determined in accordance with ASTM D854-02 
[9] and ASTM D4531-86 [10] respectively. The pH 
values of peat soils were measured in the laboratory 
using a pH meter according to ASTM D2976−71 [11]. 
 
Classification of Peats 
 

Peat was initially classified using the Von Post 
classification and Munsell colour system at the site. 
In the Von Post Classification, peat can be 
categorized from H1 to H10 where H1 is considered 
as fully undecomposed fibric peat, and H10 is for 
completely decomposed amorpous peat (sapric peat). 
In this method, a handful of peat was taken and gently 
squeezed to drain the water out. The condition of the 

 

 
Fig. 1  Peat sample locations. 
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squeezed peat was carefully observed and compared 
with the Munsell colour system for classification. The 
Munsell colour system specifies colours based on 
three colour dimensions: hue, value (lightness), and 
chroma (colour purity). Colour of the peat was 
compared with the colour range given in the standard 
Munsell colour chart. 

The American Society for Testing and Materials 
(ASTM) Standards classifies peat based on fiber 
content, ash content, and acidity of soil, as shown in 
Table 1. 

 
Table 1. Classification of peat based on ASTM 
standard 

Fiber content 
[8]  

Fibric: Peat with greater than 67% 
fibers. 
Hemic: Peat with between 33% and 
67% fibers. 
Sapric: Peat with less than 33% fibers. 

Ash content 
[7] 

Low ash: Peat with less than 5% ash. 
Medium ash: Peat with between 5% 
and 15% ash. 
High ash: Peat with more than 15% 
ash. 

Acidity [11] 

Highly acidic: Peat with a pH less 
than 4.5. 
Moderate acidic: Peat with a pH 
between 4.5 and 5.5. 
Slightly acidic: Peat with a pH greater 
than 5.5 and less than 7. 
Basic: Peat with a pH equal or greater 
than 7. 

 
RESULTS AND DISCUSSION 
 
Physical Properties 

 
Table 2 shows the physical properties of six 

different peat samples collected from locations L1 to 
L6. The moisture content of the specimens varied 
from 200% to 370%. while specific gravity values 
ranged between 1.86 to 2.19. Both field moisture 
content and specific gravity values are within the 
range that was reported for Sri Lankan peat [12]. The 
observed higher specific gravity values imply higher 
decomposition of peats under the prevalent 
environment. Bulk density of peat varied from 1025 
to 1240 kg/m3, which was lower compared to other 
soils due to the inertial gases present either in 
macropores or in the micropores [13]. 

The average organic content of the peats from 
locations L3, L5, and L6 are 48.4%, 50.6%, and 
53.8% respectively, while the other locations show 
values less than 30%. The organic content of the peat 
increases with the presence of perforated and porous 

lightweight fibers, which results in low specific 
gravity values [14]. 

The fiber contents of peat samples varies from 
55% to 82%, and it has been found that there is 
irregular structure of fibers and organic matter in peat 
in Muthurajawela, Sri Lanka [15]. The highest fiber 
content was observed at location L4 while location L5 
showed the least, which results in lower specific 
gravity value compared to other locations. Based on 
the acidity test, it was concluded that the 
Muthurajawela peat is highly acidic. 

 
Classification of Muthurajawela Peat 
 

Peat samples were classified by Von Post scale 
method, which is a primary method of peat 
classification used in the field by observing the 
degree of humification. Dark brown muddy water 
was observed when the peat was squeezed at location 
L1 to L4, and plant structures were not easily 
recognizable.  

Therefore, peats from location L1 to L4 were 
classified as H4. Peat structure was easily identifiable, 
and yellowish water was observed during squeezing 
at location L1 and L2 which belongs to category H2 
in the Von Post classification.  

In addition, the colour of the peat soil samples was 
observed for classification as per the Munsell colour 
system, as shown in Table 3. Colour of the peat of 
locations L1, L2, L4 and L6 were black while 
locations L3 and L5 showed very dark grey and very 
dark brown respectively. 

Fiber content, ash content and pH values were 
used to categorize the peat soil according to the 
ASTM standards, as shown in Table 1. Fiber content 
tests of the peat samples from locations L1 to L4 
indicate 33% to 67% of fibers, while the locations L5 
and L6 showed more than 67% of fibers. Therefore, 
peats from locations L1 to L4 were considered as 
Hemic while peat samples from L5 and L6 were 
Fibric. This clearly means that the decomposition 
process is being continued and conversion into the 
form of Sapric peats is expected with time.   
 Fibric and Hemic peats have higher water holding 
capacity, permeability and compressibility compared 
to Sapric peats. Therefore, the identified peat types in 
Muthurajawela reflect high susceptibility to greater 
settlement under the structural load. Ash content of 
the peats from all six locations were more than 15%, 
and the pH value was less than 4.5. Hence, 
Muthurajawela peat is highly acidic with high ash 
content. 
 
Correlations Between Index Properties of 
Muthurajawela Peat 
 

Correlations are useful to predict complex 
engineering properties from the physical properties 
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which could be easily be determined from laboratory 
tests. The applicability of previously developed 
correlations by Al-Raziqi et al., [16] and  Kazeiman 
et al., [17] were assessed by plotting the experimental 
values against the computed results using the 
empirical Eqs. (4), (5) and (6). The analyses were 
conducted for dry density, specific gravity and 
organic content of Muthurajawela peat and are 
discussed below; 

 
Moisture content [w] vs. dry density [ρd] 

 
Figure 2 illustrates the in-situ dry density (ρd) and 

in-situ moisture content (w) relationship for the 
Muthurajawela peats.  

The experimental dry density values are compared 
with the curve using the empirical Eq. (4) developed 
by Al-Raziqi et al. [17] for Malaysian and New 
Zealand peats. Both experimental and calculated 
results show a reasonable match between the results; 
hence, Eq. (4) can be applicable to estimate the dry 

density of Muthurajawela peat based on in-situ 
moisture content. 

 
ρd  = 0.872 (w + 0.317)-0.982                               (4)   

 
Organic content (OC) vs specific gravity [Gs] 
 

Figure 3 shows the relation between specific 
gravity and organic content (loss on ignition). 
Muthurajawela peats satisfy the equation proposed by 
Kazemian & Huat [17]. The close alignment between 
the results illustrates the applicability of the Eq. (5) 
for the prediction of the specific gravity of 
Muthurajawela peat by OC. 

 
  Gs = 5.26(OC)-0.285

                                                                 (5) 
 

Bulk density [ρb] vs organic content [OC] 
 

Figure 4 shows the relationship between bulk 
density [ρb] and organic content [OC]. The organic 
content versus bulk density of the Muthurajawela peat 
follows the equation proposed by Kazemian & Huat 

Table 2. Physical properties of peat soil in the Western province of Sri Lanka 

Parameter 
Samples location 

L1 L2 L3 L4 L5 L6 

Moisture content (%) 370 320 202 211 244 264 
Specific gravity (Gs) 2.19 2.05 1.99 2.17 1.89 1.86 

Ash content (%) 77.3 72.3 51.6 77 49.4 46.2 

Organic content (%) 22.7 27.7 48.4 23 50.6 53.8 
pH value 3.3 1.6 3.9 3.8 3.1 3.3 
Dry density (kg/m3) 263 275 411 376 312 282 

Bulk density (kg/m3) 1236 1151 1241 1168 1074 1026 

Fiber content (%) 64.8 66.8 64.5 54.8 82.3 73.5 
       

Table 3. Classification of peat soil samples in the Muthurajawela region in the Western 
province of Sri Lanka 

Classification 
Parameter 

Locations 
L1 L2 L3 L4 L5 L6 

Color (Munsell 
chart) Black Black Very 

dark grey Black 
Very 
dark 
brown 

Black 

Von post scale H4 H4 H4 H4 H2 H2 
Fiber content Hemic Hemic Hemic Hemic Fibric Fibric 
Ash content High ash High ash High ash High ash High ash High ash 

Acidity Highly 
acidic 

Highly 
acidic 

Highly 
acidic 

Highly 
acidic 

Highly 
acidic 

Highly 
acidic 
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Fig. 2 Dry density as a function of moisture content. 

 
 [17] for the same relationship for peat in West 
Malaysia, as shown in Eq. (6). Hence, Eq. (6) can be 
used to predict the organic content of peat in 
Muthurajawela region. 

 
OC = 59.836 x ρb-4.64                                        (6)                

 
CONCLUSIONS 

An experimental study was conducted to 
determine the physical properties of Muthurajawela 
peat and to evaluate the applicability of the existing 
correlations reported in the literature to predict the 
properties of Muthurajawela peat. The following 
conclusions were drawn from the findings of this 
study.  
• Muthurajawela peat is categorized in the range of 

H2 to H4 based on the Von Post classification. 
• The moisture content of the Muthurajawela peat 

ranges from 200% to 370% while the bulk 
density ranges from 1026 - 1241 kg/m3. 

• Peats in this region belong to hemic and fibric 
type with high acidity and ash content. 

• The available correlations in the literature were 
reasonable fits for the peats of Muthurajawela 
when predicting the physical properties such that 
dry/bulk density and specific gravity using in-
situ measures of moisture content and organic 
content, respectively.  
This study will improve the knowledge on 

characteristics of peat soil in Muthurajawela region 
which could be used to understand the behavior of 
peat and to propose possible ground improvement 
practices for future construction works. 

 

 

Fig .3  Specific gravity as a function of organic 
content 

 

 
Fig. 4 Organic content as a function of bulk density 
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ABSTRACT 
 
Eel larva or Leptocephalus is the larval stage of the eel, one of the fish species which naturally grow at the 

river freshwater into the brackish area such as bay or estuary, thus making the bay a potential area for the habitat. 
The study located in Ciletuh Bay, south coast of the West Java province. The coastline is directly facing the Indian 
Ocean, and it is one of the famous places for the eel catching spots. Eel is one of the essential and valuable 
commodities in the area, which are being caught and traded by the local communities. The abundant amount of 
the glass eel and the eel larva (Leptocephalus) influenced by the local condition and the characteristics of the bay 
environment, specifically the dynamics of the water transition. The study aims to identify the spatio-temporal 
dynamics of the eel larva potential habitat within the area of Ciletuh Bay. The spatio-temporal distribution of the 
eel larva is being identified with some of the oceanographic parameters, like the seasonal sea surface salinity and 
tides, water depth, and distance from the coastline. The sea surface salinity generated from a previously developed 
algorithm, which is employing Sentinel 2A imagery. The result shows that the habitat of eel larva is at a depth of 
five meters, with a radius of one kilometer to the northwest, extends to two kilometers to the northeast. An estuary 
with a type of sandy beach becomes a suitable area for the spawning the eel so that on the sandy estuary, the 
amount of larva glass eel in this area is very high. Furthermore, the spatial model for the habitat of the eel larva is 
required to optimize the cultivation and conservation of the bay area and to achieve a sustainable rearing for the 
species. 
 
Keywords: Ciletuh Bay, Larva Glass Eel, Remote Sensing, Spatio-temporal. 
 
 
INTRODUCTION 

 
Eel (Anguilla spp.) is an elongated type of fish 

species that live in an estuary region. Particularly in 
Indonesia, the ell mostly spreads within the Indian 
Ocean, specifically from the west coast of the 
Sumatra waters to the southern part of Java sea [1]. It 
is a high-value commodity and profitable for the local 
community. One of the unique characteristics of eel 
is their habitat, from freshwater to saltwater and in the 
brackish water, which is known as estuary. Their 
habitat ideally influenced by the level of sea surface 
salinity, tides, oxygen, seawater current, waves, 
freshwater disorders, and water depth. The unique life 
cycle of eel starts with their mass migration from 
freshwater to the ocean. From there, they produce a 
larva, which will grow and evolve into glass eel and 
migrate back into the estuary [2]. Those life cycles are 
associated with the nature of the coastal ecosystem in 
the tropical region, where the abundance of fish in the 
river delta with low surface salinity [3].  

Eel is known to be a nomadic organism. In order 
to survive, eel moves from a particular place to a more 
suitable place, by adjusting on the environmental 
conditions of the area. Their habitat is heavily 
influenced by oceanographic parameters such as sea 
surface temperature (SST) and sea surface salinity. 
Sea surface salinity can be used to estimate the level 

of sediment and chlorophyll. It is also influencing the 
nature of saltwater, horizontally and vertically, as we 
saw in the tidal phenomenon [4]. 

As mentioned before, the estuary is a transitional 
zone between freshwater and saltwater with 
significant salinity differences. Nevertheless, 
biological productivity in the estuarine region tends 
to be higher. The area is rich in nutrients that are 
beneficial for the fish larvae [5]. 

The process of eel larva migration into the estuary 
area is influenced by the local oceanic-hydrological 
and climatic factors [6]. The dynamics of the water 
transitions are affected by local conditions and the 
environmental characteristics of the bay, which also 
determine the abundance and distribution of eel 
larvae. These species can tolerate the significant 
environmental differences between freshwater and 
saltwater in the estuary region. Other factors that 
affect the abundance of the eel larvae are the seasonal 
sea surface salinity, tide, and water temperature, and 
also water depth [7]. Harrison et al. [8] stated that in 
order to identify eel through their life cycle, the most 
important thing to be concerned about is their spatio-
temporal dynamics on a local scale.  

Ciletuh Bay is the estuary of two rivers, Ciletuh 
and Cimarinjung. They are located on the south coast 
of West Java Province and directly facing the Indian 
Ocean. Ciletuh Bay is a dynamic estuary, where there 
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are much freshwater going into the waters of the bay. 
The estuary of the river is one of the places where the 
species are reproducing. The estuary is an area of 
water with the highest level of productivity in the 
world that supports the natural ecological system 
between seas and rivers. As a transitional area, the 
estuary of the river is well-protected natural zoning 
and is also a habitat for the many species of living 
creatures that have different characteristics. Fish is an 
essential component of the estuaries that utilize the 
estuary as a habitat for its life cycle [9]. 
 
METHODS 

 
The The study is located at Ciletuh Bay. This 

study selects two specific sites located in Ciemas and 
Ciracap sub-districts, Sukabumi, in southern West 
Java (Figure 1). The absolute location is in the 7° 11’ 
0” South and 106° 27’ 0” East, and it is about 30 
kilometers from the Pelabuhanratu Bay [10].  
 

 
Fig. 1 Location of the study area. 
  
Data Collection and Data Processing 

  
The study includes data from 2018, 2019, and 

2020 to perform the temporal analysis. The samples 
were taken in-situ in two zones, intertidal and subtidal. 
The samples were randomly distributed in three 
different clusters. The clusters were placed in a 
measured distance (1, 2, and 5 kilometers) from the 
shore. Samples from the river were also taken, 
specifically in the river body 500 meters from the 
intertidal zone. The seasonal condition is also 
considered here; thus, data from the dry and wet 
months were collected in this study. These conditions 
are influencing the spawning process of the fish. The 
egg is transported to the shallow water, and it will 
hatch into the larvae [11]. 
  

 
Sea surface salinity 

In this study, the sea surface salinity extracted 
from Sentinel 2A imageries. In order to map the 
distribution of sea surface salinity, this study used a 
previously developed algorithm employing spectral 
value from satellite imageries. The estimation of the 
sea surface salinity refers to the following equation 
[12]: 

  
𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺 (𝒑𝒑𝒑𝒑𝑺𝑺) = 𝟐𝟐𝟐𝟐.𝟐𝟐𝟗𝟗𝟗𝟗+ (𝟏𝟏𝟏𝟏𝟏𝟏.𝟎𝟎𝟎𝟎𝟎𝟎 ∗ 𝑩𝑩𝑺𝑺𝑩𝑩𝑩𝑩)− 

(𝟐𝟐𝟏𝟏.𝟐𝟐𝟎𝟎𝟎𝟎 ∗ 𝑮𝑮𝑮𝑮𝑩𝑩𝑩𝑩𝑺𝑺) + (𝟐𝟐.𝟏𝟏𝟎𝟎𝟐𝟐 ∗ 𝑹𝑹𝑩𝑩𝑹𝑹)  (1) 
  

where Blue, Green, and Red are the spectral bands 
of the Sentinel 2A. Furtherly, the sea surface salinity 
is being employed to delineate the boundary of the 
estuary zone. 

 
Water depth 

Information on water depth was extracted from 
national bathymetry data. The national bathymetry 
data or BATNAS were generated from the data 
inversion of the gravity anomaly resulted from the 
combination of altimetry and echo-sounding data. 
The information were readily collected from 
www.batnas.big.go.id. 

  
Meteorological, oceanographic, and primary data 

The climate data were obtained from the 
Meteorological Climatological and Geophysical 
Agency (BMKG). The data contains the annual 
rainfall information (2018-2020). As the supporting 
data, the information of daily highest and lowest tidal 
were obtained from the local authority in the Ciletuh 
area. Lastly, primary data regarding the eel larva 
catching spot, including fishing period and the 
amount of production, were gathered from the field 
via a questionnaire-based interview with the 
fishermen around Ciletuh Bay. 
 
RESULT AND DISCUSSION 

 
Ciletuh Bay has a unique geological condition. 

The beach-side is controlled by the activity of the 
Eurasian and the Indian-Australian plate. This 
geological activity makes Ciletuh Bay have some 
varieties of rocks with different characteristics. 
Besides that, it is also in the estuary zone of Ciletuh 
and Cimarinjung rivers, which are affecting the 
physical and chemical condition of Ciletuh Bay. 

Ciletuh Bay is one of the coastal waters in the 
southern part of West Java, which has the potential 
for the eel habitat (including their migration). The eel 



GEOMATE – Melbourne, Australia, 11-13 November 2020 

594 
 

and eel larva fishing sites are in the estuary, which 
points to the downstream portion of the river that 
connects directly to the sea [13]. 

The eel fish and eel larva collectors are the local 
community residing at a radius of three to four 
kilometers from the edge of the Ciletuh and 
Cimarinjung river. The usual fishing time of the 
larvae was at night to dawn (Figure 2). The eel larvae 
that have been collected are mostly sold to collectors 
who will then be marketed to Japan and South Korea. 
Some the collectors are doing the fish farming by 
cultivating the eel and marketed them at the Ciletuh 
Geopark, in the form of fresh food. Some of the 
fishermen can sell the eel larvae for one million 
rupiahs for 6,000 tails [14]. 

 
Fig. 2 The process of eel larva fishing in the study 

area. (a) the night fishing and (b) the glass 
eel larva captured around Ciletuh Bay. 

 
  

 

(a)  
Fig. 2 The process of eel larva fishing in the study 

area. (a) the night fishing and (b) the glass 
eel larva captured around Ciletuh Bay. 

 

 
   
 

 
 Fig. 3 The sea surface salinity for the dry months. 

(a) 27 September 2018 (b) 22 October 2019. 
 

Based on the previously developed algorithm or 
the Cimandiri algorithm [12], this study has been able 
to map the sea surface salinity (Figure 3 and 4). As 
mentioned before, the estimation of the sea surface 
salinity is differentiated based on the dry and wet 
months. The classifications are shown in Table 1. The 
value can be used to determine the boundary of the 
estuary. 
  
Table 1 The image acquisition date for the dry and 

wet months 
  

Classification Image acquisition date 
Dry months 27 September 2018 

22 October 2019 
Wet months 19 February 2018 

5 January 2019 
19 April 2020 

  
Remote sensing-based studies and observations 

on sea surface salinity in the tropical region have been 
done previously [15]–[17]. Based on those studies, it 
is known that the values of salinity are dynamically 
formed against time and influenced by monsoons, 
ocean currents, freshwater coming from rivers, and 
sea waves. 

Based on the results (Figure 3 and 4), the sea 
surface salinity in the dry and wet months are ranging 
from 5 to 16 ppt. It will further group as the mexo-
mesohaline zone [18]. In the estuary of the Ciletuh 
river, the salinity ranges from 5 to16 ppt, whereas in 
the estuary of Cimarinjung river salinity ranges from 
6 to 16 ppt. It is assumed that the bigger size of the 
Ciletuh river will bring more sediments to the estuary 
and decreasing the salinity of the water. 
 

(a) 

(b) 

(a) 

(b) 
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Fig. 4 The sea surface salinity for the wet months. 

(a) 19 February 2018, (b) 5 January 2019, 
and (c) 19 April 2020. 

  
As this study observed the annual rainfall data, it 

is known that during the last three years, the dry 
month has an average rainfall of 19 mm, wherein the 
wet months the average rainfall is 419.65 mm (Figure 
5). Rainfall will affects the discharge to the river. 
High rainfall is enlarging the probability of the 
streamflow so that the mixture of freshwater (from 
rainwater) will further neutralize the salinity of the 
seawater. The intensity of high rainfall will bring 

more freshwater to the river estuary, mixing the water 
in the estuary and finally dominated water in the 
estuary. 
  

  
  
Fig. 5 Annual rainfall (mm) in 2018-2020 around 

Ciletuh Bay 
  

Freshwater flows play an important role in the 
hydrodynamic process [19]. It can be seen that in wet 
months the salinity value will be less because of the 
high rainfall when the rainfall decreases, the salinity 
increases. 

The tidal factors also influence the mixture of 
freshwater and salty water in the estuary. Not only 
that, but the tide of the seawater will also influence 
the eel larvae migration to the estuary. Then, it will 
settle in the area and occupy it as the proper habitat. 
The tidal wave phenomenon is one of the factors of 
coastal hydraulics, which is affecting the character of 
the flow in the estuary [17]. The tidal data is 
associating with the image acquisition date in dry and 
wet months. The high tides will result in the greater 
water mass that enters the river estuary so that the 
mixing of salinity highly increases, causing a higher 
sea surface salinity in the river estuary. In contrast, at 
times of low tides, waves are followed by the low 
salinity value in the estuary. 

Fig. 6 Hourly tidal dynamics in 1 day (meter) at 
around Ciletuh Bay. 

  
Based on Figure 6, it is known that the highest 

tides occurred on 5 January 2019 (0.653 m), while the 
lowest tides occurred on 19 February 2018 (-0.575 m). 
The highest tide occurred at 13:00 (1:00 pm), and the 
lowest ebb occurred at night (19.00 or 7:00 pm). On 
22 October 2019, tidal patterns differ by an average 
of 0.3-0.4 meters and at a wave height of 0 meters. 
However, there are no significant differences in the 

(a) 

(b) 

(c) 
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daily ups and downs of the tides during 2018-2020. 
The eel larva migrates from the sea to the river at 

night, which it utilizes the currents brought by the sea 
breeze. The sea waves generated by the wind are 
bringing the seawater to the bay. At night the sea 
breeze evokes waves until early morning. Based on 
the tidal wave above (Figure 6), at night (21:00 or 
9:00 pm) towards the morning (04:00 or 4:00 pm), the 
formed waves start to move up, so that fishers or 
collectors of eel larva will fishing in that the early 
morning. 

The presence of chlorophyll strongly influences 
the life cycle of eel. Around the area of Pelabuhanratu 
Bay, which is a large bay around Ciletuh Bay, the 
chlorophyll-a, surface salinity, and suspended solids 
are tend to increase towards the west direction and 
decrease towards the southwest or moving away from 
Ciletuh Bay, especially in the rainy season. Apart 
from that, the sea surface temperature has the highest 
value along the coastline, including Ciletuh Bay, but 
this variable does not affect the chlorophyll content 
[20]. 

Based on the interview with fishers, the fishing 
spots are usually located on Cimandiri estuary, which 
10 kilometers from Ciletuh Bay. The fishing activities 
starts at night (in between 7:00 pm to 5:00 am) 
because it is easier to spot the glass eel and eel larva 
with minimum lighting. The average amount of catch 
is about 0.7 ounces per day. In the dry months, the 
average amount ranges from 1 to 1.2 ounces per day, 
while in the wet months, the average daily amount is 
0.5 ounces [21]. 

The underwater topography around Ciletuh Bay is 
being observed using bathymetry data. The seafloor 
around the coastal area dominated by flat and slightly 
steep terrains that extend from the estuary towards the 
west direction to the ocean. Figure 7 displays 
variations of water depth around Ciletuh Bay. The 
depth is ranging from five to 30 meters below the 
water. 

 

  
  
Fig. 7 Bathymetry of the Ciletuh Bay. 
  
 

Seawater with less salinity was found at 5 meters 
depth. The salinity level of the bay is mostly found 
from zero up to five ppt. Nevertheless, a higher range 
of salinity was found at the end of the river (from 5 
up to 16 ppt). As the water gets deeper, the salinity 
increase. The study found salinity at six up to 16 ppt 
in the depth of 10 to 15 meters. Lastly, the highest 
salinity was found at a depth greater than 15 meters 
(more than 16 ppt). 

It is found that Ciletuh estuary has high sea 
surface salinity because it is mostly located in the 
deeper water. Regarding the seasonal aspect, the 
salinity of the wet months were less than 30 ppt, and 
it was found at 5-20 meters depth. The excess of 
freshwater from the precipitation is dropping the 
salinity, as can be seen from the wet month of 19 
April 2020, where the lowest salinity (0-5 ppt) were 
found in the depth of five meters. In the other rainy 
months, it is found that the water with 0-16 ppt of 
salinity was extended towards the ocean until the 
depth of 20 meters. Salinity value in the dry month 
increases with the value higher than 16 ppt, and it was 
extended towards the bay and mouth of the river.  For 
example, on 27 September 2018, most of the water 
was saline with a value of 17-30 ppt.  

Figure 8 is showing a cross-section of the seafloor, 
and temporal salinity value at 0-meter depth. From 
the figure, it is known that even in the same depth, 
salinity might be different each month. From the 
figure, it also suggested that distance from the 
shoreline is also varying the salinity value. 

On 19 February 2018, most of the catchment area 
at Cimarinjung river have high salinity (12 ppt). As 
the distance is getting far from the end of the river, 
the number of fishing spots decrease, while salinity 
increase to 25-30 ppt. On 18 September 2018, the 
fishing area got smaller because of the zone 
dominated by very saline water (29-30 ppt). On 5 
January 2019, the fishing ground extended as the 
salinity dropped to 11 ppt.  

Similar patterns were found in the dry months. On 
22 October 2019, the fishing ground has medium 
saline water (15 ppt), but as it is getting far from the 
estuary, the salinity increase to 30-32 ppt. On 19 April 
2020, salinity in the estuary found at five ppt. As it is 
getting far from the estuary, the salinity increases to 
16-46 ppt (Figure 8). 

 
  

  
Fig. 8 Cross-section and temporal sea surface 
salinity of Ciletuh Bay. (a)  

(a) 

(b) 
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Fig. 8 Cross-section of the seafloor and (b) 

temporal sea surface salinity in 0-meter 
depth. 

  
Based on the analysis, it can be said that the 

habitat of the eel and eel larva is at five-meter depth 
and in the radius of one kilometer to the northwest 
and two kilometers to the northeast. An estuary with 
sandy-type each becomes a suitable breeding area for 
the eel so that there is an abundance amount of eel in 
this area. A gravely substrate with 81.4-100% sandy 
fraction is mostly found in the sediments around 
Ciletuh Bay [22].  

 The abundance of eel can be seen from the area 
flooded at the highest tide [23]. The presence of eel 
and glass eel influenced by topographical factors, and 
the river's technology, as well as the physical and 
chemical properties of river waters. It is also 
influenced by waste disposal from activities 
surrounding the river, including agriculture, 
plantation, and settlements. 

Lastly, the Ciletuh estuaries are potential as eel 
habitat. Therefore it is vital to maintain 
environmental sustainability and the culture process 
as a livelihood for the people around, for the supply 
of cultivation activities, and also as a tourist attraction. 
A reasonable management effort with the monitoring 
of rivers will improve Ciletuh Bay as the preservation 
of the eel habitat. 

 
CONCLUSIONS 
 

Based on the results of the analysis, the eel larva 
habitat in Ciletuh Bay is influenced by natural 
conditions (dry and wet months). Different amounts 
of rainfall between those months are affecting sea 
surface temperature and salinity, as it is also proven 
by results from remote sensing data. The study also 
found a similar characteristic of tides between those 
months. The potential habitat of the eel and eel larva 
has been found between 5 to 20-meter depth. The 
abundance of the eel and eel larva was found at 
nighttime with the production peak at the wet months 
(December-May), where less saline water is available. 
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ABSTRACT 

In this paper, we have presented a numerical model of a fully three-dimensional flow and topography change 

to predict local scour around cylindrical structures induced by a tsunami run-up. In the numerical model, the 

three-dimensional Reynolds-averaged Navier–Stokes equations with the renormalization group theory k-ε 

turbulence model using the Cartesian coordinate system was adopted. Moreover, the fractional area/volume 

obstacle representation method was introduced into the governing equations such that the model could be applied 

to complex topography. Furthermore, non-equilibrium bed-load and suspended-load transport were considered 

for the topography change calculation. To validate this model, it was applied to a large-scale laboratory 

experiment with a cylinder. Comparison between the calculated and experimental results showed that the model 

accurately replicated the time variations of water levels and scour depths in the offshore side of the cylinder and 

next to it. However, the model could not replicate the local scour on the land side of the cylinder. It was 

suggested that introducing the effect of curling up of bed load and seepage of tsunami run-up flow into the model 

is necessary to predict the local scour more accurately.  

Keywords: Tsunami run-up, Cylindrical structure, Local scour, Numerical simulation, Three-dimensional model 

INTRODUCTION 

When a tsunami strikes a shore area, local scour 

is induced around cylindrical structures, such as an 

oil tank and a wind power plant constructed in the 

area, owing to a tsunami run-up. The local scour not 

only decreases the stability of the structures, but also 

collapses the structures in a worst-case scenario. 

Therefore, it is extremely important to quantitatively 

evaluate the topography change including the local 

scour around cylindrical structures due to the 

tsunami run-up, in advance.  

Several studies on local scour around a cylinder 

have been carried out experimentally [1], [2] and 

numerically [3]-[6]. In particular, local scour in a 

steady flow has been investigated over the past few 

decades, mainly in the field of river engineering. It 

can be predicted extremely accurately using a 

numerical model consisting of fully three-

dimensional (3D) flow and non-equilibrium bed-

load transport [3]. Moreover, several numerical 

models predicting local scour due to tsunamis [4], 

[5] and waves [6] have also been proposed in recent 

years, and these models have been validated by 

comparing the results with those of the experimental 

models.  

Although several numerical models concerning 

the local scour around a cylinder have been 

proposed, there are extremely few models 

concerning the local scour due to the run-up and 

downflow of tsunamis. This is because the local 

scour due to the run-up and downflow of tsunamis is 

an extremely complex phenomenon as there is a 

significant change in flow and sediment transport in 

time and space. Furthermore, the prediction becomes 

more difficult owing to an upward flow development, 

resulting in a strong non equilibrium sediment 

transport behind a cylinder [1], [4]. However, the 

development of a numerical model that can predict 

this phenomenon with high accuracy is urgently 

needed to prepare for tsunami disasters in the future.  

In this paper, the authors present a numerical 

model that can estimate a fully 3D flow and 

topography change to predict the local scour around 

a cylinder caused by the tsunami run-up flow. In this 

model, the renormalization group theory (RNG) k-ε 

turbulence model is adopted, and both non-

equilibrium bed-load and suspended-load transport 

are considered for the calculation of change in 

topography. The model was validated with the 

experimental data obtained from the local scour 

around a cylinder using a large-scale tank [1].  

NUMERICAL MODEL 

Governing Equations for Tsunami Flow 

In the tsunami flow model, the 3D Reynolds-

averaged Navier–Stokes (RANS) equations using 

the Cartesian coordinate system was adopted. 

Further, the fractional area/volume obstacle 

representation (FAVOR) method [7], which has the 

ability to smoothly impose boundary conditions at 

complex boundaries, was introduced into the 
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governing equations. Moreover, the RNG k-ε 

turbulence model [8] was adopted to accurately 

estimate the separation flows behind a cylinder as 

follows:  

Fig. 1 Definition directions of each fractional area 

rate (Ax, Ay, Az) for 3D flow. Δx, Δy, and Δz are the 

grid sizes in the x, y, and z directions, respectively.  

 ( )
0

j j

j

A u
x


=



 (1) 

( )
3

1 1j iji
i

j i

A u uu P
g

t V x x




   
+ = − − 

    

 

( ) ( )
1 ji

tj

j j i

uu
A

V x x x
 

    
+ + +        

 (2) 

( )

( )

1 1jj t

j

j j k j

A u kk k
A

t V x V x x






         
+ = +    

          

 

ji i
t

j j i

uu u

x x x
 

  
+ + −     

 (3) 

( )

( )

1 1jj t

j

j j j

A u
A

t V x V x x

  




         
+ = +    

          

 

2

1 2

ji i
t

j j i

uu u
C C

k x x x k
 

 


  
+ + −     

 (4a) 

0
1 1 3

(1 )

1
C C 

  



 −
= −

+
; ji i i

j j i j

uu u uk

x x x x




  
= +

   

 (4b) 

2

t

k
C


= (5) 

where t is time; i = 1, 2, 3; j = 1, 2, 3; (x1, x2, x3) = (x, 

y, z) in the Cartesian coordinates (x, y, and z denote 

the horizontal, cross, and vertical coordinates, 

respectively); uj is the velocity in the xj direction [(u1, 

u2, u3) = (u, v, w)]; V is the fractional volume rate; 

A(j) is the fractional area rate in the xj direction 

shown in Fig. 1 [(A(1), A(2), A(3)) = (Ax, Ay, Az)]; g is 

the gravitational acceleration; δ is the Kronecker’s 

delta; ρ is the fluid density; P = p + 2/3k; p is the 

pressure; ν is the kinematic viscosity of fluid; k is 

the turbulent kinetic energy; ε is the turbulent 

dissipation rate; and νt is the eddy viscosity 

coefficient.  

The following standard values were used for 

each constant in the RNG k-ε turbulence model [8]:  
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Governing Equations for Topography Change 

In the topography change model, both the bed-

load and suspended-load transport were considered. 

The bed-load transport rate was estimated from the 

following non-equilibrium bed-load transport model 

proposed by Uchida and Fukuoka [9]:  
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where qBi is the bed-load transport rate in the xi 

direction (qB
2 = qBiqBi); S is the movable bed area 

rate on two-dimensional horizontal (2DH) bed-

plane; L(j) is the fractional line rate in the xj direction 

shown in Fig. 2; uBj is the sediment particle velocity 

of bed load in the xj direction (uB
2 = uBjuBj); qBe is the 

equilibrium bed-load transport rate; ζ is the spatial 

lag distance; ζe and uBei are the ζ and uBi for 

equilibrium condition, respectively; m* = μk s g cos 

θb/(s +1 + CM); μk is the dynamic friction coefficient 

of sediment; s is the specific gravity of sediment in 

water (= σ/ρ – 1, σ is the density of sediment); θb is 

the maximum bed angle; CM is the coefficient of 

added mass (= 0.5); hB = qBuB; γi = qBi/qB; γei = 

qBei/qBe; qB* = qB/(sgd3)0.5; qBe* = qBe/(sgd3)0.5; and d 

is the sediment diameter.  

Fig. 2 Definition directions of each fractional line 

rate (Lx, Ly) on 2DH bed-plane.  
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The equilibrium bed-load transport rate qBe in Eq. 

(7a) was calculated using the following formula 

given by Ashida and Michiue [10]:  
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where τ* and τ*c are the non-dimensional bed tractive 

and critical bed tractive forces [11], respectively; 

and Kc is the correction factor attributed to the 

influence of bed inclination on sediment motion [12]. 

The suspended-load transport rate per unit area 

qsu was defined using the following formula 

proposed by Itakura and Kishi [13]:  
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where wf is the settling velocity of the sediment 

given by Rubey [14]; α' = B*/τ* – 2; α* = 0.14; K = 

0.008; and B* = 0.143.  

The advection and diffusion processes of the 

suspended load were calculated using the following 

suspended-sediment transport equation, into which 

the FAVOR method was introduced:  
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where c is the concentration of the suspended load; 

Dt is the eddy diffusion coefficient (= νt/σt); and σt is 

the turbulent Schmidt number (= 0.8).  

The topography change was calculated using the 

following continuity equation of sediment transport 

into which the FAVOR method was introduced:  
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where zB is the bed elevation; λ is the porosity of the 

bed material; and cb is the near-bed concentration of 

the suspended load.  

Numerical Method 

The governing equations were discretized using 

the finite-volume method on a collocated grid 

system. To satisfy local continuity and solve 

pressures, the highly simplified mark-and-cell 

(HSMAC) method was adopted in this model. The 

convective terms and diffusion terms in Eq. (2) were 

discretized employing the fifth-order weighted 

essentially non-oscillatory (WENO) scheme [15] 

and central differencing scheme, respectively. The 

Adams-Bashforth method was used for time 

integration. Moreover, the hybrid scheme [16] was 

adopted to discretize Eqs. (3), (4), and (10) to avoid 

numerical oscillations.  

As the boundary conditions, the time variation of 

the wave profile set in the experiment was provided 

at the offshore boundary. According to the 

logarithmic velocity distribution and assumption of 

local equilibrium of turbulence, the wall function 

was imposed at the solid wall. The free-slip 

condition was applied to the amount of velocities 

and turbulence at the water surface. Moreover, 

regarding the suspended load, the vertical flux was 

zero at the water surface, and it was equal to the 

suspended-load transport rate per unit area of the 

bed.  

MODEL APPLICATION AND DISCUSSION 

 

Model Application 

A numerical simulation was performed using 

experimental data of change in topography with the 

local scour around a cylinder induced by the tsunami 

run-up [1]. The elevated view and top view of the 

experiment are shown in Fig. 3 and 4, respectively.  

Fig. 3 Elevated view of the experiment. 

Fig. 4 Top view of the experiment: stations A, B, 

and C indicate the locations of the wave gages. 

Stations B, C, and D indicate the locations of the 

scour depth recorders.  

A large-scale sediment tank 135 m long, 2 m 

wide, and 5 m deep was used in the experiment [1]. 

A beach with a 1:20 slope was constructed using 

well-graded sand (mean grain size 0.35 mm) and a 

cylinder having 0.5 m diameter was vertically 
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installed at the center of the beach. A solitary wave 

was generated at the offshore end of the tank. The 

experiments were carried out by systematically 

changing the water depth within a range of 2.25–

2.65 m and wave height within a range of 0.10–0.30 

m. In this study, we tried to achieve the experimental

condition values of 2.45 m water depth and 0.22 m 

wave height as shown in Fig. 5.  

Fig. 5 Wave profile at the offshore boundary 

The horizontal grid sizes (Δx and Δy) and 

vertical grid size (Δz) were set to 0.05 and 0.0125 m 

as the calculation conditions, respectively. The 

calculation time step Δt was set to 0.002 s, and 

Manning’s roughness coefficient n was set to 0.02 

s/m1/3.  

Comparison of Water Level and Scour Depth 

Figure 6 shows a comparison of calculated and 

measured water levels at Station (St.) A, B, and C 

indicated in Fig. 4. Here, t = 0 s indicates the time 

when the wave front arrived at St. B. The water level 

increases sharply when the wave front arrives, and it 

decreases gradually once the wave front passes. The 

calculated results are in good agreement with the 

measured values.  

Figure 7 shows a comparison of the calculated 

and measured scour depths at St. B, C, and D, the 

locations of which are indicated in Fig. 4. The 

presented numerical model was found to accurately 

reproduce the time variations of scour depths in the 

offshore side of the cylinder (St. B) and next to it (St. 

D). However, the model could not reproduce the 

scour depth on the land side (St. C). Although 
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erosion occurred on the land side of the cylinder in 

the experiment, sediment deposition occurred in the 

calculation.  

The calculated bed variation contour with near-

bed flow velocity vectors and measured bed 

variation contour at the final stage are shown in 

Figure 8(a) and 8(b), respectively. As shown in Fig. 

8(a), at the time of the tsunami run-up (t = 1–6 s), 

reverse flows occur on the offshore side of the 

cylinder due to the development of horseshoe 

vortexes, and the scour hole is formed concentrically. 

Moreover, a sediment deposition area is formed 

simultaneously on the land side. At the time of the 

tsunami backflow (t = 15–20 s), the sediment 

deposition flows into the scour hole. This is because 

the scour depth at St. C could not be reproduced, as 

shown in Fig. 7. The calculated bed variation 

contours at t = 15–20 s are relatively similar to the 

measured one shown in Fig. 8(b). However, the 

calculated bed variation contour at the final stage 

differs from the measured contour as explained 

above. The authors tried to calculate the bed 

variation using various suspended-load transport rate 

formulas to reproduce this local scour, nevertheless 

failed to reproduce it.  

Three-Dimensional Flow around Cylinder 

Figure 9 illustrates the time variations from a 

bird’s-eye view of the calculated topography and 

water surface. It can be seen that the model can 

adequately calculate the flooding and drying bed in 

the subcritical and supercritical flow fields caused 

by the tsunami run-up and downflow.  

The calculated 3D flow velocity vectors in the 

longitudinal and transverse sections at the time of 

the tsunami run-up and downflow were shown in Fig. 

10(a) and (b), respectively. The suspended-load 

concentration contours were also indicated in these 

figures. Here, the land side of the cylinder is focused 

on, where the local scour could not be reproduced by 

the presented model. As shown in the longitudinal 

section of Fig. 10(a), an upward flow that induces 

curling up of the bed-load is reproduced at the time 
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of the tsunami run-up. This flow situation can also 

be seen in the transverse section of Fig. 10(a). 

Moreover, a horseshoe vortex that expedites the 

formation of the local scour is reproduced at the time 

of the tsunami downflow shown in the longitudinal 

section of Fig. 10(b). In other words, the presented 

model can reproduce the flows, which have already 

been confirmed [1], on the land side of the cylinder, 

and there is a possibility that the model can 

reproduce the phenomenon more accurately by 

considering the mechanism of the curling up of the 

bed-load. Furthermore, the seepage of the tsunami 

run-up flow into the beach was not considered in this 

model. Therefore, a calculation considering seepage 

flows is also needed to improve the prediction 

accuracy.  

CONCLUSIONS 

In this study, we have proposed a fully 3D flow 

and topography change model considering the non-

equilibrium bed-load and suspended-load transports 

with the final goal of a highly accurate prediction of 

local scour around cylindrical structures induced by 

tsunami run-up. The model was applied to a large-

scale laboratory experiment using a cylinder that is 

installed on a uniform slope beach. Moreover, 

comparisons between the calculated and 

experimental data were carried out. Consequently, 

the proposed numerical model was found to 

accurately reproduce the time variations of water 

levels and scour depths on the offshore side of the 

cylinder and next to it. However, the model could 

not reproduce the local scour on the land side of the 

cylinder. In our next work, we intend to perform the 

calculations by incorporating the curling up of bed 

load and the seepage of tsunami run-up flow into the 

topography change model.  
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ABSTRACT 

The relationship in this paper is an important element that shows not only the scale of a city, but also the image 

it is trying to project. The structure acts as a gateway to the culture, history and industry of a town. In recent years, 

by installing monuments in a public square, it has increased people's opportunity to be exposed to art in everyday 

life. Whereby, growing people's interest in art. Furthermore, a monument can be a symbol of a station. However, 

it can conversely be a factor that disrupts the view of the station square.  Therefore, planners need to think about 

aspects such as location, position, size etc., of the monument.  Previous studies have arranged the characteristics 

and constitution of the surroundings of monuments. The purpose of this study is to clear the characteristics of the 

monuments in front of the stations. We have not had methods to determine placement of monument. We 
conducted psychological evaluation surveys and we found the relationship between monuments and buildings 

show psychological elements of impression. These results are very promising and show that monuments can be an 

important factor of station squares without disturbing views. 

Keywords: monument, psychological evaluation, symbol, landscape 

 INTRODUCTION 

The square in front of the station is the entrance to 

the city and the symbol of the town. The monuments 

there are one of the symbols, but they also have 

aneffect on the cityscape. The space in front of the 

station forms the daily lives of local residents and 

gives the tourist an image of the city. It is 

indispensable to focus attention on people’s 

consciousness to find a characteristic station square 

with a monument. 

 PURPOSE AND METHOD 

The purpose of this study is to clarify the 

characteristics of the monuments in front of the 

stations. Up to now, we have not had a standard 

method for the various decisions that need to be made 

when placing a monument at a station.  The results of 

the research will show the possibility of standardizing 

the design of station buildings and public squares in 

front of them. 

The method of research here is collect the squares in 

front of the stations where the following monuments 

are located and group them. Next, an impression 

evaluation experiment is conducted for the station 

squares with similar characteristics. From the results, 

we can grasp how the station space is influenced by 

the monuments. 

SELECT THE STATION SQUARES 

Fig1. Classification of monuments

GroupA

GroupB

GroupC

GroupD
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In this research, we target two lines in the suburbs of 

Osaka (JR Kobe / Kyoto line, Hankyu Kobe / Kyoto 

main line) . Then, we conducted principal component 

analysis using the indicators of the monument and the 

surrounding environment. Next, we classified the 

monuments by cluster analysis based on the three 

axes up to the extracted eigenvalue of 1.19 and 

cumulative contribution rate of 53.3%.  

The 10 stations（Table2:A~J） were the subject of 

psychological evaluation, centering on the 

monuments that are strongly connected with the 

surrounding environment. 

Table2. Select Stations 

PSYCHOLOGIXAL EVALUATIONS 

Fig2.Photos used in the experiment (the upper :with

monument, the lower: without monument) 

Next, from these initial evaluations, I made 

questionnaires with the Semantic Differential method 

for the pictures of the station squares. I carried out a 

5-step evaluation questionnaire for 14 pairs of

adjectives. The adjective pairs used are as shown in

Table4. The collected questionnaire data was

analyzed with factor analysis to survey the

impression of the images.

Fig3. Factor score for each station(comfort-neatness)

Fig4. Factor score for each station (curiosity-healing)

A St.Koshienguchi B St.Nnishinomiya 

C St.Rokkomichi D St.Mukomachi 

E St.Nagaokakyo F St.Minase 

G St.Katura H St.Ibarakishi 

I St.Nada J St.Kobe 

A
A

B

B

C

C

D

D
E

E

F
F

G
G

H

H

I

I

J

J

17

18

19

20

21

22

23

24

25

26

27

28

29

8 9 10 11 12 13 14 15

neatness

comfort

● with monument

● without monument 

A

A

BB

C
C

D

D
E

E

F

F

G G

H

H

I

I
J

J

7

8

9

10

11

12

8 9 10 11 12 13 14 15

healing

curiosity

● with monument

● without monument

Table3. Difference of factors with and without the

monument 

No 1 2 3 4 

A -1.19 -2.20 0.05 -1.08

B 2.05 2.57 0.82 1.88 

C -1.35 -2.72 -0.93 -0.90

D -1.13 -1.71 -0.17 -0.44

E -0.33 -0.59 -0.71 -0.04

F 0.12 -0.31 0.30 0.00 

G -0.53 -0.97 0.75 -0.33

H 1.44 1.62 0.55 -0.27

I -1.09 -1.68 -0.70 -0.99

J 1.48 2.73 2.55 2.37 
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Table4. Adjective pairs used in the experiment

Difference of factors with and without the monument 

CONCLUSIONS 

In this study, we grasped the current situation by 

positioning monuments, and surveying and 

organizing target stations. In addition, we extracted 

the elements composing the target monuments 

andthe installation environment, and performed 
classification using principal component analysis. 
Therefore, the monuments that affect the installation 
environment were extracted, and the landscape 
evaluation of those monuments and the station space 
was extracted from the psychological impression by 
the questionnaire. The results indicate that this study 
should be classified into four groups from the two 
indicators of symbolism and harmony. As a future 
task, it is necessary to understand the physical 
elements related to these groups in the station space. 

frustrating refreshing 

overwhelm exciting 

ordinary special 

hate favorite 

dirty clear 

closed open 

cool warm 

simple complicated 

noisy quiet 

heavy light 

hard soft 

cramped free 

dangerous safe 

scattered tidy 

Group1 

Group2 

Group3 

Fig5. Monument group example 

 Based on the results of the questionnaire, a factor 
analysis was performed using the main factor 
method, and factors up to a cumulative contribution 
ratio of 49.4% and an eigenvalue of 1.35 were 
adopted. Each factor was evaluated in order of 
neatness, comfort, curiosity, and healing; and the 
factor score of each station was calculated. The 
category score of each station is shown in Fig 3,4. 

RESULT AND DISCUSSION 

First off, we focus on the difference between the 

presence and absence of monuments in the target 

station square. There was a big difference in the 

impressions depending on the presence or absence of 

monuments in the target station square. Furthermore, 

we pay attention to how impressions differ 

depending on the presence or absence of

monuments. Then, there is a difference in 

impression depending on  ones that give a positive 

impression 

to the entire station square (which are regarded as 
highly symbolic monuments), and ones that give a 
negative impression (regarded as discordant 
monuments). On the other hand, those with no effect 
on impression can be regarded as inconspicuous 
monuments. We named the groups 1, 2, 3 in the 
order of monuments with high symbolism, the 
discordant monuments, and the inconspicuous 
monuments.
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ABSYRACT 

 
Since ancient times, there is a word “quaint” which represents a sense of beauty in Japan. Although there are 

studies on the architectural history, on the aging of facade and on the quality of calmness of houses, there is no 
study on the sense of “quaint” regarding spaces. We clarify what kind of impression “quaint” gives by using 
statistical analysis methods. It would be useful to clarify the concept of “quaint”. The research method consisted 
of a SD method and Image experiment. The adjectives are 5 steps each in the SD method, and the Image experiment 
was a picture questionnaire with 6 figures. The figures are brightness-edited parts of a standard picture. The method 
is based on the statistical data obtained from experiments. The analysis consisted of the Distribution Probability, 
Co-occurrence Network, and Factor Analysis. As a result, it appears there is difference from the Distribution 
Probability between the forms of the spaces. From the Co-occurrence Network Analysis, it was clear that the dark 
parts (or direction) and the bright parts (or direction) in spaces have an influence of feeling quaint. The two factors 
of “fresh feeling” and “stylish atmosphere” by the Factor Analysis have a possibility to explain the feeling of 
“quaint”. 
 
Keywords: Aji, Quaint, Distribution probability, Co-occurrence network, Factor analysis 
 
INTRODUCTION 
  
 The evaluation on authorizing it as engineering 
works inheritance establishes weight in beauty and 
friendly feeling particularly a technical aspect and the 
rarity and evaluates it[1]. I bring about the new 
viewpoint and sense of values for maintenance, the 
protection of the engineering works structure or a plan 
and the design by adopting the evaluation from an 
angle unlike these and think that how to catch may 
change. 

 
BASIC RESEARCH 
 
 Using a dictionary and the Internet, we extracted 
expression of the Aji (quaint) to define the meaning of 
quaint in this study and performed a questionnaire 
survey for this with 73 subjects. As a result, Aji means 
a thing that brings back pleasant feelings or memories. 
We investigated this using the KJ method on 13 people 
to grasp what kind of object people felt quaint with. 

The quaintness things could be grouped into 5 groups 
like figure.1 from KJ method. The targets were mostly 
in a room, that’s why we choose space in a room. 
 
NONFIGURATIVE QUAINT RESEARCH 
  
 We carried out the questionnaire survey by SD 
method on an imagined space for about 76 people who 
gave their impression on a space imagined freely by a 
subject. For statistical data, we performed analysis 
with probability distribution, factor analysis and co-
occurrence network analysis. From the probability 
distribution, right and left came out symmetric which 
validated the data for all adjective. Showing an 
example table 1. A difference appeared in the space 
that felt quaint when we did probability distribution for 
each form of the room. Showing an example table 2.  
 

 

clean bright 

 
Figure 1 KJ method 

Table 1 probability distribution  
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An object and the relation of the form of the room were 
analyzed with co-occurrence network analysis. The 
relations with the object are the thinnest, and the 
Japanese-style room is considered to have an 
impression of being tidied up. This had the most 
number of the groups, and there were few strong ties. 
The Western-style room had least number of groups,  
and the ties in each group were stronger. 
 

 
For the factor analysis, we got 4 factors to show in 
table 2. We interpret it as factor 1 and factor 2 are 
considered to be relatively easy to explain. Factor 1 
interpreted as "refreshing" and "new construction", 
and factor 2 as "united feeling", "atmosphere that 
looked good". From the result of these analyses, we 
supposed imagined space. In this study we ignored the 
point less than 0.500.  
  
 
 

 
 

 
VISUALLY QUAINT RESEARCH 
 
 We evaluated the visually “quaint” feeling with 
nonfigurative research. We carried out two kinds of 
questionnaire surveys. One was evaluation by the pair 
comparison using four pictures (Table 4 pictures 1) 
where brightness and warmth were altered for 98 
people. It turned out the picture that was made darker 
and warmer was considered the most quaint. The other 
evaluation was the six pictures method which altered 
the upper, lower, upper-side, lower-side etc., parts of a 
picture to warmer and/or darker (T able 5 pictures 2) 
[2]. As a result, a picture with many points that were 
edited were considered more quaint. Next, we 
examined the rank of the results, and it was revealed 
that the spot which ranked the highest was the upper-
side part.  
 
Table 4 pictures 1 

 

mordrn bland new 

Factor Adjective point 

Factor 1 
Modern 0.610 

Brand new 0.651 

Bright 0.536 

Factor 2 
Clean 0.838 

Coherence 0.640 

Messy 0.677 

Factor 3 
Interesting 0.735 

Showy 0.412 
Unique 0.676 

Factor 4 
Comfortable 0.751 

Quietly 0.569 
Messy 0.406 

light-warm dark-warm 

light-cold dark-cold 

Figure 2 co-occurrence network 

Table 3 Factor Analysis Table 2 Differences of probability distribution 
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Table 5 pictures 2 

 
SUMMARY 
 
 From basic research, Aji means a thing that brings 
back pleasant feelings or memories. But in KJ method, 
no one mention feelings or memories. Everyone 
mentions a thing. We guess that they mention a thing 
with a itself background like a worn-out wallet. 
 From nonfigurative quaint research, In all adjectives 
that we used, we got the accuracy of data. In co-
occurrence network, By the type of the rooms, a 
difference was greatly reflected on the relations with 
the thing. In the factor analysis, we got a factor of the 
abstract quaint. 
 From visually quaint research in that pictures, 
warmly-darkly is the best to feel quaint. Making a 
radar chart with the ranking and score. And make a 
line between ‘upper-lower’ and ‘side’ on figure 3. Left 
side of the line is easy to feel quaint. Right side is not 
important to feel quaint. 
 
FUTURE ISSUE 
 
 In this study, we analyzed many aspects about 
“quaintness” and grasped the big picture regarding the 
what makes an image quaint. The object of the 
questionnaire is about 20 generations, and a result may 
change by the generation. Some disagreement 
occurred between visually quaint and nonfigurative 
quaint from the questionnaire. for example, figure 4 is 
showing probability distribution of “bright” and 
“warm”. In this data, when people feel quaint, the 
space should be brightly and warmly. But compare 
with a result of visually quaint research, there is a 
disagreement about “bright”. An imaged quaint space 
is bright. but darkly space is better than brightly space  

 
Figure 3 Rader chart 
 
to feel quaint. We believe this is because we didn’t 
quantify it. In addition, it is necessary to spread to 
municipal facilities, community spaces, and to 
investigate objects based on these results. 
 

 
Figure 4 probability distribution 
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ABSTRACT 

In this study, we investigated the spatial characteristics of the factors influencing the occurrence and scale of 

multiple slope failures in areas with smaller grid sized than the unit size for the current emergency alert system for 

sediment disasters in Japan. We used high-resolution data for the spatial distribution of topography and rainfall. 

The study areas were located in southern Hiroshima Prefecture and southeastern Ehime Prefecture of Japan, where 

multiple slope failures occurred due to heavy rainfall in July 2018. With an increase in slope gradient, the 

frequency of smaller-scale slope failures increased significantly in southeastern Ehime Prefecture, whereas this 

tendency was not as noticeable in southern Hiroshima Prefecture. Larger-scale slope failures occurred at the same 

frequency on the area of mild (< 30 degree) and steep (≥ 30 degree) slope gradients. The reason for this is that the 

wide ranges of these slope failures expand to mild slopes closer to the mountain ridges. Total precipitation (i.e., 

long-term rainfall index) influenced the frequency of the occurrence of slope failure in southern Hiroshima 

Prefecture. Whereas, Maximum hourly precipitation (i.e., short-term rainfall index) related to the occurrence of 

slope failure in both study areas. Furthermore, we were able to estimate with a high possibility the occurrence of 

slope failure using a smaller grid size than the unit size for the current system, by combining the topographic 

indices (e.g., slope gradient) and rainfall indices (e.g., short- and long-term rainfall indices). 

Keywords: Multiple slope failures, Slope gradient, Hourly precipitation, Total precipitation, GIS data 

INTRODUCTION 

Recently, the multiple sediment disasters, such as 

the disaster caused by the heavy rainfall due to the 

seasonal rain front and Typhoon Prapiroon in July 

2018, have increased in Japan. Since the heavy 

rainfall occurred intensely and widely, and led to total 

precipitation of over 400 mm, it caused the serious 

sediment disasters in most part of Hiroshima and 

Ehime Prefectures [1], [2]. The unit size of the current 

emergency alert system for sediment disasters in 

Japan is too large (mainly a grid of 5 km) so that local 

inhabitants have difficulties in perceiving an 

increased possibility of nearby slope failure and 

sediment runoff by the emergency alert. Moreover, 

this unit size is not precise enough to consider local 

conditions of surface topography and precipitation, 

which may influence the occurrence of slope failures. 

Considering the above-mentioned facts, it is 

necessary to establish an emergency alert system for 

sediment disasters on a smaller scale than that of the 

current system. Before a new system is implemented, 

it is necessary to investigate the spatial characteristics 

of local land factors (e.g., surface topography, 

geological features, land use conditions) and 

meteorological triggers (e.g., short- and long-term 

rainfall indices, wind direction), which can influence 

the occurrence and scale of slope failures on a smaller 

grid scale. 

Iwahashi et al. [3] investigated the spatial 

characteristics of long-term rainfall indices (e.g., total 

precipitation, daily precipitation) and local land 

factors in the areas with multiple slope failures in 

Japan using GIS data and aerial photographs. Their 

results indicated that the occurrence of slope failure 

and a slope gradients had a positive correlation. In 

addition, the occurrence of slope failure and long-

term rainfall indices were also positively correlated. 

However, factors influencing the scale of slope 

failure have hardly been investigated in the previous 

studies. 

It is widely accepted that high intensity and high 

duration rainfall events are the common important 

meteorological trigger for slope failures worldwide 

[4]. As such, in recent decades, several researchers 

have attempted to establish a rainfall-based alert 

system for sediment disasters [5]. In Japan, a rainfall-

based alert system for sediment disasters in Japan 

uses a short-term rainfall index (e.g., hourly 

precipitation) and a long-term rainfall index (e.g., 

antecedent rainfall, precipitation for several days, soil 

water index) to determine the threshold for the 

occurrence of slope failure, the so-called critical line 

(CL) [6]. However, since these systems use the 

rainfall data obtained at the sparse observation points 

spatially, the space resolution of the rainfall data is 

low. Therefore, it is difficult to investigate the local 

relationships between the rainfall indices and the 

factors influencing an occurrence of a slope failure 

for small watersheds and districts. In addition, the 
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local land factors are not considered to determine the 

critical line (CL) for the occurrence of slope failure in 

these systems. 

Herein, we investigate the spatial characteristics 

of the factors influencing the occurrence and scale of 

multiple slope failures caused by the heavy rainfall in 

July 2018. We scrutinize the characteristics on a 

smaller grid range than the one for the topographic 

and rainfall data used in the previous studies and the 

current alert system. For the study, the 10-m grid 

Digital Elevation Model (DEM) data provided by the 

Geospatial Information Authority of Japan and the 

250-m grid rainfall data from the extended radar 

information network (XRAIN) in Japan were utilized. 

These data were converted to the 15-m grid DEM data 

and the 350-m grid rainfall data by averaging 

spatially these data. 

STUDY AREAS AND METHODS 

Study area locations 

Southern Hiroshima Prefecture and southeastern 

Ehime Prefecture were selected as study areas. These 

areas are characterized by multiple slope failures that 

occurred by the heavy rainfall in July 2018 and led to 

the serious sediment disasters with many human 

damages. Fig. 1 shows the spatial distribution of slope 

failures obtained by the location data of them from 

the Geospatial Information Authority of Japan and 

slope gradients calculated by the 15-m grid DEM data 

in both study areas. The slope failures were classified 

using the methodology described below. 

Classification of slope failures 

We classified the slope failures surveyed by 

Sasahara et al. [2] (a total of 73 failures) into three 

scale types: large-scale failure (Type 1), small-scale 

failure (Type 2), and erosion of a mountain stream 

bed (Type 3). Table 1 shows a comparison of the field 

survey results with the estimated results obtained 

using the aerial photographs by the Geospatial 

Information Authority of Japan for each scale type of 

slope failure. The slope failures classification was 

based on the estimated failure volume, that is, a 

failure with over 1,000 m3 of the volume was 

classified as Type 1, a failure with under 1,000 m3 of 

the volume was classified as Type 2, and a sediment 

runoff with a negligible failure area at its upstream 

end was classified as Type 3. By investigating the 

scale and area of slope failure using the aerial 

photographs, it was estimated that they were 

positively correlated. On basis of the investigating 

results, the areas of slope failures of Types 1, 2 and 3 

were defined as over 1,000 m2, 100–1,000 m2 and 

under 100 m2, respectively. Therefore, we classified 

the other slope failures into three scale types with no 

field survey on basis of their failure areas estimated  

(a) Southern Hiroshima Prefecture 

(b) Southeastern Ehime Prefecture 

Fig. 1 Spatial distribution of various slope failures 

caused by the heavy rainfall in July 2018 in 

two study areas. 

Fig. 2 Number and percentage of slope failures per 

each slope failure scale type. 

by the aerial photographs in both study areas. 

Fig. 1 shows the spatial distribution of all slope 

failure scale types in both study areas based on the 

classification method described above. Fig. 2 shows 

the number and percentage of slope failures for each 

scale type and study area. The failures of Type 3 were 

almost absent in southeastern Ehime Prefecture, 

whereas they were founded in abundance in southern 

Hiroshima Prefecture. The percentage of Type 1 

failures to all other types of failures was higher in 

southeastern Ehime Prefecture than in southern  
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Hiroshima Prefecture. These results indicate that 

various scale types of slope failures are predominant 

in some regions and are almost absent in other regions, 

despite being triggered by the same heavy rainfall. 

One possible reason for this is that their local land 

factors are different. As such, we investigated the 

spatial characteristics of topographic and rainfall 

indices, which influence the occurrence of these slope 

failures, and compared them between the study areas. 

Herein, the topographic indices were the slope 

gradient and slope-facing direction. The rainfall 

indices were the total precipitation and maximum 

hourly precipitation. Geological features, land use 

conditions and wind directions were not considered in 

this study because it was difficult to compare their 

influence on the occurrence of slope failures between 

two study areas by great difference between the 

characteristics of these factors in two study areas. 

In order to investigate the effect of these indices 

on slope failure, considering the frequency of the 

index appearance in the study areas, we define the 

spatial frequency of slope failures for factor (F) using 

the following equation: 

fF A A=       (1) 

where, Af is the total area of the target grids 

including slope failures; A is the total area of the 

target grids in the target range, including all of the 

municipalities where the slope failures occurred in 

July 2018. Fgr, Fdi, Ftp and Fhp are the spatial 

frequencies of slope failure for the slope gradient, 

slope-facing direction, total precipitation and 

maximum hourly precipitation, respectively. 

RESULTS AND DISCUSSION 

Occurrence and scale of slope failures vs. 

topographic indices 

Fig. 3 shows the spatial frequency of slope failure 

for slope gradient Fgr for all slope failure scale types 

based on the 15-m grid-sized area. As slope gradient 

increases, the frequency of the Type 2 and 3 slope 

failure increases significantly in southeastern Ehime 

Prefecture, whereas this tendency is not as evident in 

southern Hiroshima Prefecture. We concluded that 

other indices, such as the geological feature (strongly 

weathered granite) and large total precipitation, 

influence the occurrence of slope failure in southern 

Hiroshima Prefecture. Larger-scale slope failures 

occurred at the same frequency on the area of mild (< 

30 degree) and steep (≥ 30 degree) slope gradients. 

The reason for this is that the wide ranges of these 

slope failures expand to mild slopes closer to the 

mountain ridges. Accordingly, it is not necessarily to 

positively correlate a slope gradient to the occurrence 

of slope failure because this relationship is likely 

influenced by other factors (e.g., geological features, 

total precipitation). Therefore, we conducted an 

investigation on the spatial characteristics of the  

Table 1  An example of a comparison of the field survey results with the aerial photograph results for each slope 

failure scale type in southeastern Ehime Prefecture, Japan. 

Scale type of 

slope failure 
Field survey results by Sasahara et al. [2] 

Estimated results by the aerial photographs  

after the disaster 

Type 1 

Large scale 

failure 

∙Failure depth;

About 7.8 m 

∙Failure width;

About 45 m 

∙Length of failure surface;

About 75.5 m 

∙Failure volume;

About 26500 m3 

∙Failure head area;

About 2200 m2 

Type 2 

Small scale 

failure 

∙Failure depth;

About 1.5 m 

∙Failure width;

About 5 m 

∙Length of failure surface;

About 40 m 

∙Failure volume;

About 300 m3 

∙Failure head area;

About 100 m2 

Type 3 

Erosion of 

mountain 

stream bed 

∙Erosion depth;

About 2.5 m 

∙Failure head area;

About 80 m2 

30 m 

Estimated range 

of failure head 

About 2 m 

30 m 

Estimated range 

of failure head 
 

About 2 m 

About 2 m 

Estimated range 

of stream head 

30 m 
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Fig. 3 Spatial frequency of slope failures for slope 

gradient (Fgr) for each slope failure scale 

type based on the 15-m grid-sized area. 

Fig. 4 Spatial frequency of slope failures for slope-

facing direction (Fdi) for each slope failure 

scale type based on the 15-m grid-sized area. 

combined indices of local land factors and 

meteorological triggers, which influence the 

occurrence and scale of slope failures. 

Fig. 4 shows the spatial frequency of slope failure 

for slope-facing direction Fdi for each slope failure 

scale types based on the 15-m grid-sized area. Fdi for 

all slope failure scale types are almost equal and the 

remarkable difference of Fdi for each scale type is not 

Fig. 5 Spatial frequency of slope failures for total 

precipitation (Ftp) for each slope failure scale 

type based on the 350-m grid-sized area. 

Fig. 6 Spatial distribution of slope failures for each 

slope failure scale type and total 

precipitation in southern Hiroshima 

Prefecture. 

seen in each study area. This indicates that the 

occurrence of slope failure is unrelated to a slope-

facing direction. 

Occurrence and scale of slope failures vs. rainfall 

indices 

Fig. 5 shows the spatial frequency of slope 

failures for total precipitation Ftp for all slope failure 

scale types based on the 350-m grid-sized area. In 

southern Hiroshima Prefecture, as total precipitation 

increases, the frequency of slope failure increases 

significantly. However, the frequency of slope failure 

for total precipitation range of 200–250 mm is 

relatively high due to the occurrence of slope failure 

in the limited small area of 200–250 mm of total 

precipitation. The special local land factor in this area 

may influence their occurrence and should be 
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investigated in future works. The frequency of slope 

failure is high (> 10%) when total precipitation 

exceeds 450 mm, except the range of 200–250 mm. 

This is confirmed by overlapping of the high-density 

area of slope failure with the high total precipitation 

area in southern Hiroshima Prefecture (Fig. 6). 

However, in southeastern Ehime Prefecture, total 

precipitation and the frequency of slope failure are 

not correlated relatively. 

Fig. 7 shows the spatial frequency of slope failure 

for maximum hourly precipitation Fhp for each slope 

failure scale type based on the 350-m grid-sized area. 

As maximum hourly precipitation increases, the 

frequency of slope failures increases in both study 

areas. Especially in southeastern Ehime Prefecture, 

the frequency of slope failures is high (> 20%) when 

maximum hourly precipitation exceeds 80 mm/hr. 

This is confirmed by overlapping of the high-density 

area of slope failure with the high maximum hourly 

precipitation area in southeastern Ehime Prefecture 

(Fig. 8).  

These results indicate that the occurrence and 

scale of typical slope failures depend on the rainfall 

indices with a different manner in each study area. 

Total precipitation (i.e., long-term rainfall index) is 

predominantly responsible for slope failure in 

southern Hiroshima Prefecture, whereas maximum 

hourly precipitation (i.e., short-term rainfall index) 

affects slope failure in both study areas. The study 

results also show that the 350-m grid-sized XRAIN 

data for the rainfall index lead to a high possibility of 

estimating the occurrence of slope failure in the grid-

sized area. 

Occurrence of slope failures and combined indices 

of local land factors and meteorological triggers 

Table 2 shows the spatial frequency matrix of 

slope failures for all slope failure scale types and the 

combined indices of local land factors and 

meteorological triggers based on the 15-m grid-sized 

area. Using all 15-m grid DEM data without 

narrowing by any rainfall indices, the spatial 

frequencies of slope failures for various slope 

gradients (Fgr) in both study areas equal only 0.046% 

and 0.017% at most, respectively. However, as the 

maximum hourly precipitation and the total 

precipitation increase, Fgr for all slope gradients 

increases more in both study areas. As mentioned 

above, the rainfall indices that influence Fgr 

remarkably are different in each study area. In 

southern Hiroshima Prefecture, when a slope gradient 

ranges between 30° and 40° and total precipitation is 

over 450 mm, Fgr equals 0.249%, which is 

approximately 6.5 times higher than that without 

narrowing by any rainfall indices. In southeastern 

area Ehime Prefecture, when the slope gradient 

ranges between 30° and 40° and maximum hourly 

precipitation is over 90 mm/hr, Fgr equals 0.306%, 

Fig. 7 Spatial frequency of slope failures for 

maximum hourly precipitation (Fhp) for each 

slope failure scale type based on the 350-m 

grid-sized area. 

Fig. 8 Spatial distribution of slope failures for each 

slope failure scale type and maximum hourly 

precipitation in southeastern Ehime 

Prefecture. 

which is approximately 18 times higher than that 

without narrowing by any rainfall indices. As a result, 

by combining the topographic and rainfall indices, we 

may be able to estimate with a high possibility the 

occurrence of slope failure using a smaller grid size 

than the unit size for the current system. 

CONCLUSIONS 

In this study, we used high-resolution data 

obtained from two areas in Japan to reveal the spatial 

characteristics of the topographic and rainfall indices 

influencing the occurrence and scale of multiple slope 

failures caused by the heavy rainfall in July 2018 in 

areas with smaller grid sized than the unit size for the 

current emergency alert system for sediment disasters 

in Japan. 
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The occurrence and scale of typical slope 

failures depend on a slope gradient and total 

precipitation (i.e., long-term rainfall index) with a 

different manner in each study area and can be 

influenced by other factors, such as geological 

features. Whereas maximum hourly precipitation (i.e., 

short-term rainfall index) affects slope failure in both 

study areas. 

We investigated the spatial frequency of slope 

failure for all slope failure scale types by combining 

the topographic and rainfall indices, which influence 

the occurrence and scale of slope failure. The results 

indicate that there is a high possibility to estimate the 

occurrence of slope failure by combining these 

indices using a smaller grid size than the unit size for 

the current system. 

Geological features and land use conditions were 

not considered herein. Therefore, it is necessary to 

evaluate the spatial frequency of slope failure based 

on these indices in both study areas in a future project. 

It is also essential to estimate temporal changes in the 

short-term and long-term rainfall indices for each 

topographic index in areas with the smaller grid than 

the unit size for the current system, in order to 

estimate the occurrence and scale of slope failure 

spatially and time-variably. Furthermore, the 

proposed methodology has to be verified by applying 

it in areas with other multiple slope failures. 
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ABSTRACT 

Intercity integration in a metropolitan area forms a unified city that is interconnected l ike a mutualism 

symbiosis. Metropolitan areas provide opportunities for people between regions or between cities to connect with 

each other by doing non-permanent mobility. The purpose of this study is to identify how much potentially 

women are trapped spatially than men in some metropolitan areas in Indonesia. Spatial Entrapment is a condition 

that is more common in women who trip in shorter distance and times during commuting between place of 

residence and place of work. This study uses micro data from the 2018 National Labor Force Survey 

(SAKERNAS), which the survey was conducted by Indonesian Central Beurau of Statistics (BPS). The research 

approach is quantitative by using descriptive analysis to see the relationship between the independent variable 

and the dependent variable through bivariate cross tabulation analysis and graphics. Then, inferential analysis is 

used to determine the effect of independent variables on dependent variables inferentially. The inferential 

analysis model used in this study is multinomial logistics regression. 

Keywords: Spatial entrapment, work trip, job mobility, gender gap, women workers 

INTRODUCTION 

 In many developing countries, migration from 

rural areas to urban areas because of the necessity to 

improve better life. Urban areas offer classier 

education, better social services, also better jobs. 

Gradually, urban areas are transformed into 

metropolitan areas. Within metropolitan areas, 

human mobility in terms of work happens quickly and 

easily which is supported by infrastructure progress. 

It increases of women labor market and advances dual 

career household. Naturally, this condition changes 

the social theory in the traditional society about men-

breadwinner and women-homemaker [1].  

This paper analyzes spatial entrapment of 

women’s work trip in a household. Spatial 

entrapment is a condition where women’s work trip 

shorter than men in distance and time [2]. Women 

tend to experience unwell-being in job mobility, 

because they prefer to get low wages than having 

travel further [3]. Spatial entrapment can prevent 

workers from getting jobs better, or limit them at 

lower paying jobs [4].  

Another approaches argues that women’s shorter 

work trip because of their role as a mother [2], [5]. 

The presence of children in the household also 

contributes to the reduction in income from trips 

attended by women [6], and also reduce a women’s 

work trip but not a man’s [7].  Some researchers find 

that occupational or industrial segmentation is a 

reason why women’s work trip shorter. In 

metropolitan cities, labor market competition is 

fierce, for entering labor market women’s skill are 

needed [8]. It means, high educated women are more 

wanted. Then, work trip cost becomes an increasing 

expenditure for them [9].  

Based on that urban phenomenon, we research in 

three metropolitan areas in Sumatera Island, 

Indonesia. They are Mebidangro (Medan, Binjai, 

Deliserdang, Karo); Palapa (Padang, Lubuk Alung, 

Pariaman);, and Patung Raya Agung (Palembang, 

Banyuasin, Ogan Ilir, Ogan Komering Ilir). This 

paper highlights the problem of spatial entrapment on 

dual career households with dependent variables are 

distance and time work trip. While, independent 

variables are income, age, education, working status, 

and transportation. To examine spatial entrapment, 

we use multinomial logit regression by SPSS 26. Data 

for the study is derived from raw data of National 

Labor Force Survey (SAKERNAS) 2018, Central 

Bureau of Statistics. The advantage of this study is 

knowing the factors that influence the movement of 

women workers. So, in the future, stake holder will 

be able to plan urban development in terms of 

transportation, wages and labor policies that provide 

more comfortable, safe and fair space for women 

workers. The limitations of this study are limited in 

the metropolitan area of the Sumatra Island, and the 

variables used are also still limited.  

LITERATURE REVIEW 

Research on gender relations and spatial space has 

provided important information about the mobility of 

women workers. Research continues to develop in 

highlighting it so that a "spatial entrapment" thesis 

emerges. The thesis shows the limitations of the labor 

market and women's journey to work. Since the 

1970s, researchers have found various case related to 

the relationship between travel behavior and gender. 
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Women have shorter distance and time of travel [10]. 

The differences of gender show that work trip 

depends on where women work and live [3]. This 

difference is due to the activities carried out by 

women, their dual roles as mothers and money-

earners. They are segmented in local labor markets 

[11]. Women have no choice to get better job away 

from home, or women’s experiences are limited in a 

work career compared to his male counterparts in the 

industries. 

On the other hand, because the labor market is 

indeed limited. when women try to enter the labor 

market and fix things that give disadvantages for 

women economically. First, it is about wages that 

discriminate against women. The discriminatory 

wage structure is triggered by the demand for labor in 

the company is smaller, but the more offer by women 

workers in certain sectors [12]. Although, workers are 

homogeneous theoretically, many industries 

hypothesize that women and men workers are totally 

different. Some industries provide low-wage, 

predominately female-dominated jobs. They hire 

women workers around the residents with a 

preference for women in mobility and limited skills 

have shown the entrapment of working by 

segmentation of local labor market. 

Women workers reduce the time of wok trip 

because of their household responsibilities and the 

concentration of jobs in suburban areas [7]. Wheatley 

[5] describes about school-age children reflect the 

time or schedule of school will be entrapping women 

spatially, even highly skilled. The presence of 

children was significant for entrapping women 

worker. McQuaid and Chen [6] explain that women 

with two or three children will have work trip shorter. 

The age of the youngest child influences it, where the 

older the child, the less of traveling 30 min or more. 

Rapino [2] shows gender roles are significant in 

women's spatial entrapment. For married women, 

decreased of work trip time about 3% if having 

children under the age of five, decreased of work trip 

time about 11.5% if having children having children 

more than the age of five, and decreased of work trip 

about 5% if having no children in comparison with 

married men. Madden [3] explains that work trip 

lengths would be longer if women had the same job 

tenure, same wages, and same work hours.  

Men have higher mobility in each marital status, 

single or married. Interestingly, married men will 

have higher mobility compared to unmarried women 

[13]. In the United Kingdom, Spain, and Australia, 

the proportion of total work time in mobility is twice 

more than women. While women do not experience 

spatial entrapment in Finland [14]. Other studies 

show there are no systematic differences between 

men and women moving towards larger companies 

when looking at potential experience, years of work, 

education, and working status, and only a few minor 

differences for some sectors, company age and part-

time status [15]. Another study indicates that gender 

equality in work hours and in wage will make as long 

as work trip between women and men, or women’s 

will be longer [3]. Gender work trip gap based on the 

differences in jobs status and wage, where bigger 

household responsibility does not indicate women's 

length of the work trip become shorter [16]. It 

supports another study that female workers have a 

relatively long work trip and that the presence of 

adults or other children in the household does not 

reduce women's work trip [17].  

Gender also influence to work trip time and 

accessibility of workers. According to the study, 

women tend to spend more time on their commuting 

and have a more limited spatial range in urban areas 

compared to men. Mostly, women depend on public 

transportation as the main mode of transportation 

[18], [19]. Transportation has the largest direct effect 

on the time of workers' trip so that people with private 

transportation (drive own cars) has significantly 

shorter work trip times than those who use public 

transportation. There is reducing the gender 

difference in work trip time because men and women 

equally use public transportation. On the other hand, 

in the suburbs where transit hub design that connects 

people to the place practically does not exist.  It 

causes workers to have to drive for work, and women 

do not have access to it [20]. 

METHODS 

This research uses a quantitative approach to 

identify spatial entrapment of women worker 

mobility in a household. We present descriptive 

analyses by cross tabulation method, and inferential 

analysis by multinomial logistic regression method. 

This study uses the micro data from National Labor 

Force Survey (SAKERNAS) 2018, Central Bureau of 

Statistics. We research in three metropolitan areas in 

Sumatera Island, Indonesia. They are Mebidangro 

(Medan, Binjai, Deliserdang, Karo); Palapa (Padang, 

Lubuk Alung, Pariaman);, and Patung Raya Agung 

(Palembang, Banyuasin, Ogan Ilir, Ogan Komering 

Ilir). The number of samples represented was 3.637 

households. Dependent variables and independent 

variables category are below. 
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Table 1 The Category of Dependent Variables and 

Independent Variables 

Dependent 

Variables 

Category 

Distance 
(dist) 

1. Men > Women 
2. Men < Women 

3. Men = Women

Time 
(time) 

1. Men > Women 
2. Men < Women 

3. Men = Women

Independent  
Variables 

Category 

Income 

(inc) 

1. Men > Women 

2. Men < Women 
3. Men = Women

Education 

(educ) 

1. Men > Women 

2. Men < Women 
3. Men = Women 

Age 
(age)  

1. Men > Women 
2. Men < Women 

3. Men = Women 

Women work status 
(workstat) 

1. 1.    Formal 
2. 2.    Informal 

Women Mode of 
transportation 

(trasnp) 

1. Public transportation
3. Private transportation 

4. Others 

Research Model 

Multinomial logistic regression analysis method 

is an analysis method that represents the relationship 

between qualitative or categorical response variables 

(more than 2 categories) with one or several 

independent variables. Research using this analytical 

method because the independent variables and the 

categorical independent variables are very suitable to 

be used to see the independent variables on the 

accepted variables. The model used in this study is as 

follows. Logit function from the differences of 

distance and time work trip between men and women 

consists of: 

i. Logit function for Y = 1 relative to logit function

for Y = 3 

ln [
𝑃 (𝑌=1|𝑥)

𝑃 (𝑌=3|𝑥)
] = β10 + β11 inc1+ β12 inc2+ β13 age1 + 

β14 age2 + β15 educ1 + β16 educ2 + β17 workstat1 + β18 

transp1 + β19 transp2 + 𝜀          (1) 

ii. Logit function for Y = 2 relative to logit function

for Y = 3 

ln [
𝑃 (𝑌=2|𝑥)

𝑃 (𝑌=3|𝑥)
] = β20 + β21 inc1+ β22 inc2+ β23 age1 + 

β24 age2 + β25 educ1 + β26 educ2 + β27 workstat1 + β28 

transp1 + β29 transp2 + 𝜀          (2) 

Category Y=3 is the comparison. The value of 

probability is obtained from the logistic function of 

the logit model of the dichotomy above. Thus the 

probability values for each category are: 

p1= pr (Y=1 | x) = [ 
𝑒𝑧𝑖

1+ 𝑒𝑧𝑖+ 𝑒𝑧2
] ; probability of 

man’s distance and time are more than women 

p2= pr (Y=2 | x) = [ 
𝑒𝑧2

1+ 𝑒𝑧𝑖+ 𝑒𝑧2] ; probability of 

man’s distance and time are less than women 

p3= pr (Y=3 | x)  = [ 
1

1+ 𝑒𝑧𝑖+ 𝑒𝑧2    ] ; probability 

of men’s and women’s are equal 

RESULTS 

In the model significance test, the value of the 

final intercept is 0.00, meaning that at least one 

independent variable influences the dependent 

variable significantly. Partial test results show that 

income, women work status, and mode of 

transportation significantly influence the distance and 

time of work of women. In the R2 coefficient, 

Nagelkerke's value is 0.638 for distance and 0.625 for 

time, meaning that the variability of the independent 

variable explains 63.8% of the distance variable, and 

62,5% of the time variable. 

Table 2 in below shows the descriptive analysis 

results of relationship between independent variable 

and dependent variable (distances). We can see that 

men’s wage more than women’s trigger men’s work 

trip distance longer 66,1%. While, when women’s 

wage more than men’s wage only 34,9% cause 

women’s work trip distance longer. Then, when there 

is an equality wages between women and men 

conclude an equality distance about 76,4%.  

Table 2 Descriptive Analysis Results between 

Independent Variables and Dependent Variable 

(Distances) 

Independent 
Variable 

Men > 
Women 

Men < 
Women 

Men = 
Women 

Income Men > 

Women 

66,1% 4,6% 29,3% 

Men < 

Women 

23,8% 34,9% 41,3% 

Men = 

Women 

19,6% 4,0% 76,4% 

Education Men > 

Women 

49,2% 6,3% 44,5% 

Men < 
Women 

41,1% 12,6% 46,3% 

Men = 

Women 

46,9% 7,4% 45,8% 

Age Men > 

Women 

46,2% 8,0% 45,8% 

Men < 
Women 

44,9% 10,8% 44,4% 

Men = 

Women 

47,5% 7,6% 44,9% 

Women’s 

work status 

Formal 22,6% 29,7% 47,7% 

Informal 50,9% 4,0% 45,2% 

Women’s 

mode 

transportation  

Public 6,7% 80,5% 12,9% 

Private 2,0% 21,3% 2,7% 

Others 2,4% 42,8% 12,1% 
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In education we can see that the higher women’s 

education will make the higher distance (12,6%) or 

same distance (46,3%) of women’s work trip. On the 

other hand, there is not significantly different about 

age for women’s work trip distance. Informal work 

status for women make a gender gap for distance, it is 

about 50,9%. Then, formal work status gives the 

longer distance for women about 29,7%. The last is 

about mode of transportation. Mostly, women 

workers use public transportation for going through 

longer distance.  

Table 3 Descriptive Analysis Results between 

Independent Variables and Dependent Variable 

(Times) 

Independent 

Variable 

Men > 

Wome

n 

Men < 

Wome

n 

Men = 

Wome

n 

Income 

Men > 
Women 

65,3% 4,6% 30,0% 

Men < 

Women 

23,6% 33,0% 43,4% 

Men = 

Women 

19,4% 4,4% 76,2% 

Education 

Men > 

Women 

48,3% 6,6% 45,1% 

Men < 
Women 

40,8% 12,4% 46,8% 

Men = 

Women 

46,4% 7,1% 46,5% 

Age 

Men > 

Women 

45,7% 7,8% 46,5% 

Men < 
Women 

44,1% 10,5% 45,4% 

Men = 

Women 

47,9% 8,0% 44,1% 

Women’s 
work status 

Formal 22,1% 27,9% 50,0% 

Informa
l 

50,4% 4,2% 45,5% 

Women’s 

mode 

transportatio
n  

Public 6,6% 80,3% 13,1% 

Private 1,7% 20,0% 3,1% 

Others 2,6% 43,5% 11,8% 

Based on table 3 we can see how independent 

variables influence dependent variables (times). 

Income, work status, and mode of transportation 

present significantly value. Women’s work trip times 

will be longer than men are caused by getting more 

income (33%), formal work status (27,9%), and 

public transportation (80,3%). Although the higher 

education women have able to increase the times of 

working (12,4%), but men’s time still longer (40,8%). 

Likewise, the age shows less effect for women times. 

Table 4 in below shows the results of 

multinomial logistic regression analysis for the 

distances. The tendency of women with higher 

incomes to travel farther is 6,280 times greater. That 

is, when men's income is higher in the household, 

women are 3.473 times more likely to be spatially 

trapped in distance. Then, formal work is also able to 

provide encouragement to women to make further 

work trips by 13,345 times. While other variables 

with significant influence do not show too high a gap. 

Table 4 Multinomial Logistic Regression Analysis 

(Distances) 

Parameter Estimates 

Distance Men > Women Men < Women 

B 
Std. 

Error 
Exp(B) B 

Std. 

Error 
Exp(B) 

Income 

Men > 

Women 
1,922 0,118 6,836*** 0,808 0,219 2,244*** 

men < 

women 
1,245 0,179 3,472*** 1,837 0,225 6,280*** 

Education 

Men > 

Women 
0,074 0,116 1,077 -0,271 0,202 0,762 

men < 

women 
-0,109 0,119 0,897 0,07 0,183 1,073 

Age 

Men > 

Women 
0,06 0,181 1,062 0,048 0,307 1,049 

men < 

women 
-0,066 0,223 0,936 -0,038 0,372 0,962 

Women’s work status 

Formal -2,194 0,135 0,111*** 2,591 0,244 13,345*** 

Women’s mode of transportation 

Public 0,639 0,241 1,895** 0,634 0,614 1,885 

Private 0,438 0,126 1,550*** 0,097 0,424 1,102 

**) significant at 5% ***) significant at 1% 

Table 5 Multinomial Logistic Regression Analysis 

(Times) 

Parameter Estimates 

Times Men > Women Men < Women 

B 
Std. 

Error 
Exp(B) B 

Std. 

Error 
Exp(B) 

Income 

men > 

women 

1,851 0,116 6,368*** 0,716 0,214 2,047*** 

men < 

women 

1,202 0,178 3,326*** 1,694 0,221 5,443*** 

Education 

men > 

women 

0,040 0,115 1,041 -

0,119 

0,195 0,887 

men < 

women 

-0,092 0,118 0,912 0,154 0,181 1,167 

Age 

men > 

women 

-0,009 0,181 0,991 -

0,073 

0,295 0,929 

men < 

women 

-0,151 0,222 0,860 -

0,124 

0,361 0,884 

Women’s worker status 

Formal 
-2,220 0,135 0,109*** 2,310 0,229 10,070*** 

Women’s mode of transportation 

Public  
0,511 0,238 1,666** 0,201 0,619 1,223 

Private 
0,351 0,126 1,421** -

0,199 

0,402 0,819 

**) significant at 5% ***) significant at 1% 

 Table 5 in above shows the results of multinomial 

logistic regression analysis for the time. The result 

shows the similarity to the previous one. Income or 

wage influence women’s work trip in time. The 

higher income, the longer time of women's work trip. 
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Even so, women with higher incomes will still be 

trapped in travel time. Because, when a man's income 

rises, he has 6,368 times the opportunity to increase 

his travel time, and women is 5,443 times. Likewise, 

with formal employment status can increase women's 

travel time 10,070 times longer. While other variables 

do not provide a significant difference in numbers. 

DISCUSSION 

 The city center becomes a magnet for people in 

the surrounding area to come to cities with the aim of 

improving the economy, because in the city center 

there are various industries, offices, businesses and 

trade. The location theory pioneered by Von Thunen 

states that the main factor that determines location 

selection (land use) is the land rent / purchase price. 

This urban transformation will form a pattern of the 

existence of a core city as a center of urban activity in 

the economic, administrative, political, and the 

existence of satellite cities as a buffer in providing 

space for abundance of activities in the core city, such 

as more affordable housing [21]. 

 Movement of people from villages to cities or 

between cities is common today. Progress in the 

construction of facilities and infrastructure that 

support the need for transportation causes the pattern 

of human movement to be faster and integrated. 

Mobility or human movement that occurs 

continuously is a modern phenomenon that occurs in 

urban areas, especially in metropolitan cities, 

industrial sites, offices, and businesses are 

concentrated there. The large number of industries 

and businesses makes the demand in the labor market 

increase, thus attracting individuals to do work by 

commuting, not only from villages to cities but also 

to travel long distances between cities [22]. 

 Various theories regarding the development of 

urban structures which state that the city center or 

central business district (CBD) will experience 

development until it reaches the periphery that 

converts agricultural land into residential land for 

workers. The CBD area offers broader employment 

opportunities with higher incomes, and the sub-urban 

area offers the availability of settlements at affordable 

prices. The existence of cohesiveness between urban 

areas will certainly affect the pattern of movement of 

travel (mobility) of the community, because there will 

be workers from suburban areas who come to do job 

mobility. Demographic, social and economic 

characteristics have an influence on a person's 

mobility patterns. The demographic characteristics of 

the sexes show that compared to men, women tend to 

experience inequality in mobility, because they prefer 

to get wages below the average, rather than choosing 

to travel further [6]. 

 According to the results in this study, independent 

variables such as income or wages, women’s work 

status, and mode of transportation influence the 

pattern of women’s mobility significantly. The higher 

wages, formal work status, and using public 

transportation increase women’s work trip in distance 

and time. However, women workers are not used to 

using private transportation because of limitation of 

ability in having own cars and drive it. In Indonesia, 

car have a similarity price with house. This research 

support previous research that state women more 

trapped spatially than men in distance and also time 

of working trip. Others independent variables, age 

and education does not influence significantly for 

women’s worker mobility.  

 It shows that metropolitan areas in Sumatera 

Island describe a gender gap, inequality for 

participate in labor market. Gap of wages between 

men and women has a domino effect on the economy 

indirectly. women with low wages are unable to 

compete with male workers. even though they are 

able to increase company productivity. dependence 

on public transportation makes women trapped in 

work that only has access to the transit hub. they 

cannot work for long distances and long periods of 

time if there is no access to public transportation. 

therefore, transportation facilities in metropolitan 

cities need to be improved, such as the use of LRT. 

However, Palembang Cities has LRT transportation 

in in the city, but the transportation network has not 

been connected to the suburbs. Mostly, workers use 

traditional transportation such as tugboat to down the 

river, or buses to get to where they work. 

CONCLUSIONS 

Research findings show spatial entrapment in 

women workers are caused by income, women work 

status, and mode of transportation. Men’s wage more 

than women’s trigger men’s work trip distance longer 

66,1%. While, when women’s wage more than men’s 

wage only 34,9% cause women’s work trip distance 

longer. Then, when there is an equality wages 

between women and men conclude an equality 

distance about 76,4%. Women’s informal work status 

causes 50,9% men’s distance work trip be longer. 

And 80,5% using for public transportation cause 

women’s work trip in distance longer. Same as the 

length of work trip, wages, work status, and mode 

transportation influence how far women’s go to work. 
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To overcome spatial entrapment in 

metropolitan areas in Sumatera Island, it needs 

cooperation from various sectors, such as 

governments, companies, and other stakeholders in 

determining wage eligibility for women workers, 

increasing transit hubs for public transportation 

networks, and a labor market that is wide open and 

fair for women. 
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ABSTRACT 
 
Disasters due to the collapse of bridge structures that cannot be predicted in advance require enormous 

rehabilitation costs. This is caused by a decrease in ability or damage that cannot be identified earlier. The difficulty 
of directly predicting the conditions of the bridge structure is caused by the limitations of the test equipment testing 
conditions. Therefore, the study aims to analyse the damage location and severity identification which are critical 
structural components on the steel girder arch bridge. This research used parametric of steel girder arch bridge for 
training and testing data in Artificial Neural Networks. Simply supported girder is selected as the numerical model.  
The 146 data required for the ANNs, as the stiffness of element 10th is assumed to drop 10%, 20%, 30%,and 40%  
of whole the elements. The ANNs parameters used are epoch 500 value. Learning rate value 0.01-0.09, architecture 
3 neuron input layer, 5 hidden layer neurons and 1 output. Simulation of the amount of training data and test data 
used are 90:10, 80:20, 70:30; and 50:50. ANNs are capable of producing outputs in terms of damage severity using 
the stiffness reduction cases with damage index methods. Therefore, the results show that ANNs trained to have a 
reliable potential 98% for structural damage identification. The results confirm the feasibility of the method and 
its application in preventing structural failure. 

 
 
Keywords: Artificial Neural Network, Damage Assessment, Damage Index, Reduction Stiffness 
 
 
INTRODUCTION 

 
Deterioration of the bridge structure during 

service will cause damage and even collapse. This can 
be caused by vehicle load overloading, fatigue on 
these structural elements, earthquake occurrences 
outside of planned predictions, and large wind loads. 
In Riau province, several bridges have deteriorated. 
Based on the assessment carried out by the Bridge 
Management System (BMS) method on several 
bridges that have critical values, the Merangin Bridge, 
S. Jangkang Bridge, Parak Suak Buaya Bridge, and 
the Darauf Parit Bridge are most critical in the upper 
structure. Meanwhile, the Siak II Bridge condition is 
severely damaged, consisting of severely damaged 
building, heavily damaged floor, slightly damaged 
lower part of the building, and the watershed is 
slightly damaged. Of the 114 bridges that exist, this 
bridge requires handling in the form of rehabilitation 
and repair [1]. 

To prevent deterioration, a method of 
monitoring a bridge is needed that can predict the 
condition of a bridge at any time so that maintenance 
can be done early and prevent sudden collapse. There 
are several methods developed for bridge condition 
assessments such as BMS and Fracture Critical 
Member (FCM)[2]. However, the method has not 
shown satisfactory results because the real conditions 
of bridge structure behavior cannot be monitored in 

detail. In recent times, Artificial Neural Network 
(ANN) method is one way that has been ascertained 
to be able to monitor bridge behavior directly.  

ANN is an excellent tool for recognizing 
patterns in data[3]. This method can predict and 
evaluate the condition of the bridge structure due to 
various factors. Damage can be expressed by 
several parameters and by several aspects such as 
tenacity, lost hysteretic energy, stiffness [4]. 

Research shows good results where neural 
networks with one hidden layer can help predict 
stability and health conditions at certain 
times[4],[5]and[6]. Research on the application of 
ANN on the box girder concrete bridge has been 
carried out[7]. The level of success of the research 
conducted on the various bridge models above, it is 
necessary to develop the use of this ANN method on 
other bridges such as the type of curved steel frame in 
this study. So that the proposed health monitoring of 
curved steel structure bridges in a disaster early 
warning system attempt to be able to reduce 
casualties. 

This paper develops a damage index procedure 
for predicting the location and the severity of the steel 
beam by making a scenario that is a failure made for 
several points along the block.  
So that the maximum degradation scenario can be 
reflected at all. In this study, stiffness reduction, 
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displacement and location is considered as the 
parameter that is influenced the most. 

  
LITERATURE REVIEW 
Damage Index 
 

There are various DI methods proposed by 
many researchers. There have been many Damage 
Index methods used by researchers. Based on the 
available literature, it was found that the global 
damage index method uses multiple response 
parameters that are suitable for overall evaluation[8]. 
The type of damage depends on various factors, 
including tension strength, reduction of stiffness 
reduction. However, damage assessment with 
multiples factor, associates in estimation of reliable 
damage. The type of damage depends on different 
factors such as displacement, tensile stress. In this 
study, the expression of damage has been proposed 
by considering the top parameters in the bridge 
structure, namely displacement. 

Structural damage reduces stiffness and alters 
the structure's modal strain energy[9]. The damage 
index βji for the ‘j’th element and ‘i’th mode of the 
beam is provided in Eq. (1): 
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Or can be written as eq (2): 
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where ϕ″ is the mode shape curvature, superscript * 
refers to the damaged state and L is the beam length. 
 
Artificial Neural Network 
 

Artificial neural networks (ANN) are derivatives 
of the biological nervous system. This method is one 
that has reliability if used to complement Structural 
Health Monitoring System (SHMS)[10]. With ANN, 
predictions of structural health conditions can be done 
quickly, because in the process ANN the workings of 
the human brain. The image below shows a typical 
network of 3 perceptron layers: 

 
Input 
Layer

Hidden 
Layer

Output 
Layer

Stiffness Reduction Location Displacement

F(x) F(x) F(x) F(x) F(x)

Structural damage Identification

 
 

Fig 1. Architectural Layer of Artificial Neural 
Network 

Architectural neural network layer that uses 
many layers with backpropagation type. Information 
processing consists of interconnected elements 
(neurons) that work simultaneously (fig 1). These 
neurons consist of input layers, hidden layers, output 
layers. The pattern of neo-neurons in the network, 
connecting weights such as training algorithms and 
activation functions is a determinant of the reliability 
of an ANN[11]. 

The training process is used to improve 
memorization and generalization capabilities, namely 
the ability of an ANN architecture design to absorb 
the amount of input data and take the patterns that 
have been learned. While the ability to generalize is 
the ability of ANN to make similar patterns that have 
been learned. 

A good model of artificial neural networks will 
be shown by the results of a small error rate. To find 
out the accuracy of damage predictions, it uses the 
Mean Suare Error (MSE), which shows a value close 
to zero is an accurate prediction. MSE can be 
calculated refer to Eq. (3)  [12]: 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =  �∑(𝑋𝑋−𝑌𝑌)2

𝑛𝑛
          (3) 

 
 
With: 
N = Amount of data 
X = Observation Value 
Y = Prediction Value 
 
Correlation Coefficient (R) is a comparison of 

actual values with predictive values. The value of R 
can be calculated refer to “Eq. (4)  [12]: 

 
𝑅𝑅 =  ∑𝑥𝑥𝑥𝑥

�∑𝑥𝑥2∑𝑥𝑥2
          (4) 

 
By: 
X = X-X ' 
Y = Y-Y ' 
X = Value of observation 
Y = Prediction Value 
X ’= Average X value 
Y ’= Average Y value 
Methods  

 
 

METHODOLOGY 
 

This research consists of the stages of diagnosis, 
analysis, and verification. The diagnosis and analysis 
phase is done by entering input data (modeling of 
structure) into the finite element program to then be 
used as input data on artificial neural networks with 
the help of a computer program called Matlab and 
Lusas. The model used is Siak III bridge in Pekanbaru, 
Indonesia wich a steel arch bridge with a length of 
168 m. Bridge structure elements consist of arch rib 
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frame (1200x800tw24mm), hanger (100 mm, fy = 
490MPa), tie beam (600x600 mm, tw = 24mm), floor 
beam (400x400 mm, concrete). 

 
Fig 2. Longitudinal Cross Section of the Bridge 
 
The design has been carried out utilizing the 

analytical method (NLTHA) has been carried out in 
SAP2000. Then the data is propagated forward 
towards the training target through an artificial neural 
network architecture that was previously designed. 
The earthquake load used is a record of the Pekanbaru 
data Modified with Kobe earthquake respons from  
Seismosoft Earthquake Engineering Software[13]. 
Design use mechanical properties of the steel girder 
arch bridge (Table 1). 

 
Table 1. Mechanical properties of the Steel Girder 
Arch Bridge 
 

Type of structural JIS G 3106 SM YB 
Stress yield (fy) 295 MPa 
Ultimate strength (fu) 490 MPa 
Modulus of elasticity 
(existing condition) 

200,000 MPa 

Specific gravity 78.5 kN/m3 
 
Experimental testing is needed to determine the 
behavior of the bridge girder if the Girder load is 
modeled into a simple supported I beam miniscaled 
with a ratio of 1: 5. Span length of 1100 mm, depth of 
150 mm. The yield load of the steel beam was 
recorded at 60 kN in the experimental testing form. 
The experimental model is used to estimate lateral 
force displacement relationships (stiffness) at 
different loads using the LVDT tool. Girder is 
subjected to pushover loads based on FEMA 356. 
Tests of experimental work at the Structure 
Laboratory in Riau. The load is applied through the 
loading plate as pressure on the beam as shown in 
Figure. 3 

 
Fig 3 . Schematic diagram of the laboratory girder of 

arch bridge model. 
 

Girder behavior analyzed through LUSAS is based 
on the theory of similitude laws. This finite element 
model simulation is useful for determining load tests. 
the type of element used is C3D8R (8-node linear 
brick, reduced integration). This is done to obtain the 
value of stiffness reduction which is the limit in the 
analysis of the collapse with ANN. 
 
Damage assessment  

 
The procedure for detecting the level of damage in 
steel beams is by considering stiffness reduction 
every 10% of stiffness deficiency to yielding limits. 
The damage scenario by simulating a proportional 
stiffness reduction of up to 40% in results and as 
shown in Table 3. The ANNs parameters used are 
epoch 500 values. Learning rate value 0.01-0.09, 
architecture 3 neuron input layer, 5 hidden layer 
neurons and 1 output. Simulation of the amount of 
training data and test data used are 90:10, 80:20, 
70:30; and 50:50. Greater damage (or greater stiffness 
reduction) will provide greater structural deformation. 

Validated FE models from simple beams were 
used and 21 partitions were simulated in the beams at 
a distance of 4.73 m apart, not including support, 
damage locations were 4.72 m, 9.45 m, 14.18 m, 
18.91 m, 23 , 64 m, 28.37 m, 33.1 m, 37.83 m, 42.56 
and 47.29 m which coincide with the center of the 11 
mm partition. Because the beams are symmetrical, 
four different severities of damage (10%, 20%, 30% 
and 40%) are introduced in the 21 left partitions to 
produce a single damage scenario. For some damage 
scenarios, only the smallest damage severity (10%) 
and greatest damage severity (40%) were introduced 
at 2 different locations. 

All possible combinations were considered and 
105 samples were produced for analysis using ANN. 
The input matrix consists of 21 rows (indicating the 
location of damage) and 102 columns (showing β at 
each location for the 105 samples produced) while the 
output matrix consists of 21 rows (showing damage 
locations) and 102 columns (showing the severity of 
damage at each location for 102 sample). The 
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Levenberg-Marquardt backpropagation method 
available from the NN tool in MATLAB R2015b is 
used to train the network. Sixty four of the 105 
samples were randomly selected as training data sets 
while the samples were used in the testing phase and 
the remaining 41 samples were used in the validation 
phase. Training samples are used in the network for 
training purposes and the network is adjusted 
according to their mistakes; Validation samples are 
used to measure network generalizations and to stop 
training when generalizations do not show 
improvement anymore; Test samples are used to test 
network performance during and after training. 
 
RESULT AND DISCUSSIONS  
Displacements and Experimentally Measured 
Deflection. 
 

Load variations compared to the displacement 
results with finite element analysis and experimental 
are shown in table 1. During the middle span testing 
ie point 11 damaged at 39 kN load and the 
experimental results stated a greater value compared 
to FEM as shown in table 2. 

 
Table 2 Comparison of FE Displacements and  
experimentally measured deflection. 
 

Load 
(kN) 

Displacement 
0,25 L(mm) 
(LVDT 1) 

Displacement 
0,25 L(mm) 
(LVDT 2) Differ

ence  Lusas 
(FEM) 

mm  

Meas
ured 
mm 

 Lusas 
(FEM) 

mm  

Measur
ed mm 

10             
1,015  

        
1,780  

        
1,528  

               
2,260  -0,377 

20                  
2,031  

         
3,320  

         
3,056  

                
4,300  -0,339 

30                  
3,046  

         
4,820  

         
4,585  

                
6,460  -0,329 

40                  
4,061  

         
6,480  

         
6,113  

                
8,880  -0,342 

50                  
5,076  

         
8,480  

         
7,642  

              
11,920  -0,380 

60                  
6,493  

       
11,56 

         
9,913  

              
16,660  

- 
0,400  

 
During the test, the beam was damaged in the 

middle span when the load was 11.92 kN and the 
resulting experimental test value was higher than the 
FEM results as shown in the table above. Loads range 
from 10 to 60 kN. The average percentage difference 
between experimental and FEM is 0.365%. When the 
load value is 40 kN, the percentage difference 
changes to + 0,400%. This shows that at 40 kN, the 
beam has already been yielded. 

When the beam is loaded in the range of 10 kN to 
60 kN, the average percentage difference between the 
experimental measured deflection and the deflection 
produced by FEM is 0.365%. Observation of 
reduction of stiffness is based on testing where the 

first time it yields, when it is lowered by 40%. The 
other damage scenarios are simulated with 
proportional stiffness reductions with respect to the 
40% stiffness reduction at yield and are as shown in 
Table 3. 

 
Table 3 Damage scenarios of steel Hollow Beam 
 

Damage Case Stiffness 
reduction, SR 
(%) 

Young 
Modulus 
(MPa) 

1 10 180000 
2 20 160000 
3 30 140000 
4 40 120000 

 
Damage expression in the form of dislplacement, 

velocity, and acceleration is obtained at each planned 
damage point. Using the Park _ Ang equation, the 
Damage index value of the simulated damage point is 
shown in Figure 4. 

 

 
 

Fig 4. Plot of β vs distance along beam 
 

The level of damage index (β) along the block is 
shown in fig. 4 for the 21 locations of the gusset 
bridge grder points. The highest level (β) indicates the 
location that experienced the greatest failure that is 
found at the location of point 20 for all severity 
reduction (SR). 

After the location of the damage is first 
determined from the plot β versus the distance along 
the beam (fig 4). If several damage scenarios are 
observed from the β plot, the β values calculated 
along the beam can be input to trained ANNs to obtain 
the severity of the damage in terms of reducing 
stiffness at different damage locations along the beam. 

In this research, the input layer-output layer and 
the curve were obtained from MATLAB R2015 with 
the ANN training method. The input layer consist of 
β at 21 locations (excluding supports) a total of 105 
samples were fed into the input layer. Target layer 
consist of stiffness reduction. During the training of 
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ANN, each input vector would generate an output 
vector. The difference between the target vector and 
the output vector is an error and will propagate 
through the network in a backward manner. In this 
way, the mean square error (MSE) can be reduced so 
that the output vector can be as close as possible to 
the target vector. Simulation of the amount of training 
data and test data used are 90:10, 80:20, 70:30; and 
50:50 

 

 
 

Fig 5. Error value: Best Validation 
Performance vs Mean Square Error (MSE) 
 
From the figure 5, it is known that the results of 

training and testing data using ANN have produced 
the best error value (Mean Squared Error, MSE) of 
2.1043×10-6. ANN will be of good value if the MSE 
value is close to 1. 

 

 
 

Fig 6. Training Process in Matlab 
 

From figure 6, The number of neurons used in 
the hidden layer Aff MSE and the R value where the 

R value measures the correlation between output and 
target, this R value varies from 0, which means 
random relationship to 1, which means close 
relationship. Neurons were used in the hidden layer 
for this study because they gave high R values as 
shown in Figure 6. Trained ANNs predict the severity 
of damage in terms of stiffness reduction with very 
low errors of 2.10e-6 for training sets, 9.05e-6 for 
validation sets and 3.85e-5 for testing sets. 

 
CONCLUSIONS 

 
This paper has presented techniques for 

predicting damage to steel beams. This technique 
uses damage capital based on the damage index β and 
Artificial Neural Network (ANN) Variable β is used 
to measure the severity of the damage. The procedure 
for using ANN is practical because only the mode 
shape of the first bending mode is required and this 
can be easily obtained from measurements. The finite 
element model can then be easily validated to create 
databases for different damage scenarios. Therefore, 
the results show that ANNs are trained to have a 
reliable potential of 98% for structural damage 
identification. The results confirm the feasibility of 
the method and its application in preventing structural 
failure. 

 
ACKNOWLEDGEMENTS  
 
Gratitude to the Ministry of Research, Technology 
and Higher Education of Indonesia Grant for Higher 
Education Cooperation Year 2019–2020, Ministry of 
Public Works and Public Housing Indonesia and Civil 
Engineering Study Program at Lancang Kuning 
University. 
 
REFERENCES 
 
[1] W. Apriani et al., “Penilaian Kondisi 

Jembatan Rangka Baja di Riau,” vol. 4, no. 2, 
pp. 103–110, 2018. 

[2] W. Apriani and S. W. Megasari, “The 
Comparison of Condition Evaluation of Siak 
II Steel Frame Bridge between the FCM 
Method and the Bridge Management System,” 
IOP Conf. Ser. Earth Environ. Sci., vol. 469, 
no. 1, 2020, doi: 10.1088/1755-
1315/469/1/012049. 

[3] Mardiyono, R. Suryanita, and A. Adnan, 
“Intelligent monitoring system on prediction 
of building damage index using neural-
network,” TELKOMNIKA 
(Telecommunication Comput. Electron. 
Control., vol. 10, no. 1, pp. 155–164, 2012. 

[4] P. Hait, A. Sil, and S. Choudhury, “Seismic 
damage assessment and prediction using 
artificial neural network of RC building 
considering irregularities,” J. Struct. Integr. 



GEOMATE – Melbourne, Australia, 11-13 November 2020 

629 
 

Maint., vol. 5, no. 1, pp. 51–69, 2020, doi: 
10.1080/24705314.2019.1692167. 

[5] K. J. T. Elevado, J. G. Galupino, and R. S. 
Gallardo, “Artificial Neural Network (ANN) 
modelling of concrete mixed with waste 
ceramic tiles and fly ash,” Int. J. GEOMATE, 
vol. 15, no. 51, pp. 154–159, 2018, doi: 
10.21660/2018.51.58567. 

[6] T. You, P. Gardoni, and S. Hurlebaus, 
“Iterative damage index method for structural 
health monitoring,” Struct. Monit. Maint., vol. 
1, no. 1, pp. 89–110, 2014, doi: 
10.12989/smm.2014.1.1.089. 

[7] R. Suryanita and A. Adnan, “Application of 
Neural Networks in Bridge Health Prediction 
based on Acceleration and Displacement 
Data Domain Application of Neural 
Networks in Bridge Health Prediction based 
on Acceleration and Displacement Data 
Domain,” vol. I, no. February 2016, pp. 4–9, 
2013, doi: 10.13140/RG.2.1.2384.0802. 

[8] Z. X. Tan, D. P. Thambiratnam, T. H. T. Chan, 
and H. Abdul Razak, “Detecting damage in 
steel beams using modal strain energy based 
damage index and Artificial Neural Network,” 
Eng. Fail. Anal., vol. 79, no. January, pp. 
253–262, 2017, doi: 
10.1016/j.engfailanal.2017.04.035. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

[9] S. Park, N. Stubbs, R. Bolton, S. Choi, and C. 
Sikorsky, “Field verification of the damage 
index method in a concrete box-girder bridge 
via visual inspection,” Comput. Civ. 
Infrastruct. Eng., vol. 16, no. 1, pp. 58–70, 
2001, doi: 10.1111/0885-9507.00213. 

[10] S. Asmarani, J. I. Rastandi, B. O. Bangkit 
Sentosa, and M. Orientilize, “Damage 
assessment of moment resisting frame 
structures using corelation between damage 
index and natural frequency,” IOP Conf. Ser. 
Earth Environ. Sci., vol. 426, no. 1, 2020, doi: 
10.1088/1755-1315/426/1/012033. 

[11] A. C. Neves, I. González, J. Leander, and R. 
Karoumi, “Structural health monitoring of 
bridges: a model-free ANN-based approach 
to damage detection,” J. Civ. Struct. Heal. 
Monit., vol. 7, no. 5, pp. 689–702, Nov. 2017, 
doi: 10.1007/s13349-017-0252-5. 

[12] M. Zulfakar, R. Suryanita, and E. Yuniarto, 
“Prediksi tingkat kerusakan struktur 
bangunan beton bertulang berdasarkan 
riwayat waktu gempa dengan metode 
jaringan saraf tiruan,” Jom FTEKNIK, vol. 3, 
no. 2, pp. 1–15, 2016. 

[13] Seismosoft, “SeismoSignal – A computer 
program for signal processing of strong-
motion data.” 2014. 

 
 



630

10th Int. Conf.  on Geotechnique, Construction Materials and Environment,  

Melbourne, Australia, 11-13 November 2020, ISBN: 978-4-909106049 C3051 

OPTIMUM LOCATION OF LAST-MINED STOPE IN SILL PILLAR 

RECOVERY WITH INFLUENCE OF BACKFILLING: A CASE STUDY 

Huawei Xu, Derek B. Apel

Faculty of Engineering, University of Alberta, Canada 

ABSTRACT 

In order to extract steeply dipping orebodies, many mines in Canada have adopted sublevel a stoping method 

or one of its variations, such as blasthole stoping (BHS) and sublevel longhole retreat (SLR). In such methods, sill 

pillars are initially kept in place to support the great weight of the overburden in underground mining. After the 

mining is complete, the stope voids will be backfilled with cemented rockfill (CRF). The strength of the CRF 

affects the stability of the adjacent stopes in the sill pillar recovery excavation scheme. As the basic excavation 

element, stope plays a significant role not only in sill pillar recovery but also in the entire mining process. Sill 

pillar recovery may result in prolonged failure, fatality, and equipment loss. Choosing a rational location of the 

last mined stope in sill pillar recovery can effectively eliminate the instability of the recovery process. This paper 

uses the Finite Element Method (FEM), to present a comparison of sidewall swellings, floor heaves and the roof 

subsidence of the crossing cuts in each stope of different last mined stope location scenarios. It also presents the 

optimum location of the last mined stope in the sill pillar recovery process.  

Keywords: Sill pillar recovery, Crossing cuts, Cemented rockfill(CRF), Stope location 

INTRODUCTION 

Pillar recovery is the practice of forming a series 

of pillars and then partially or totally extracting some 

or all of the pillars [1]. Pillar recovery is considered 

the most hazardous form of underground mining and 

is thought to be an art as much as a science [2]. Sill 

pillars are initially left in place to support the great 

weight of the overburden in underground mining. 

Pillar recovery is an important step in mining 

operations, specifically in the area of maximizing 

resource recovery. During the process of pillar 

recovery, it is possible to induce risks, such as 

overlaying rock subsidence, stope failure and pillar 

failure. Researchers initiated and proposed empirical, 

analytical theories and numerical technical methods 

to assess the stability and guarantee the safety of 

miners and mining equipment. Hudyma [3][4] studied 

microseismics, conventional ground control 

instruments, numerical modelling and visual 

observations to understand the mechanisms of pillar 

failures. Mark [1] and Iannacchione [5] analyzed the 

strengths and weaknesses of MHRA techniques, and 

assessed the major hazard risks to evaluate sill pillar 

recovery in two room-and-pillar mines. Zhukova [6] 

used monitored underground seismic registrations 

and mathematical models to improve the safety 

operations in pillar recovery. Langston [7] designed 

the stope layout, extraction procedure and ground 

support, which were applied to successively recover 

a pillar. Ghasemi [8][9] assessed the risk of pillar 

recovery operations and classified that risk into four 

categories by using indicators. Beruar [10] developed 

proper stope sequencing to avoid the highly stressed 

area during pillar recovery. Valley [11] optimized the 

mining sequence, and suggested new directions for 

the different methods and the potential shortcomings. 

Townend [12] proposed five mitigation strategies to 

mitigate the high stress concentration while mining 

sill pillars. 

Sill pillar recovery in the blasthole stoping (BHS) 

mining method, has not been widely discussed. BHS 

mining includes two sublevels. The one at the top of 

the stope is for drilling (overcut), and the other at the 

bottom is for production (undercut). For most hard 

rock mines in Canada, orebody blocks are usually 

steeply inclined and the BHS method is widely used. 

BACKGROUND 

The strength of the backfilled cemented rockfill 

(CRF) affects the displacement/subsidence of the 

open pit benches which determines the stability of the 

whole mine site, especially for the underground 

mines transferred from open pit to underground 

mining. For the recovery of sill pillars, most current 

research focuses on the room-and-pillar mining 

method. In these studies, the stress movement was 

mainly triggered by the layers above the mining level. 

Most of the studies did not take the backfilling into 

account. The relationship between the influence of 

the backfilled CRF and the stress redistribution and 

ground displacement in the process of sill pillar 

recovery has not been widely discussed. Sill pillars 

play a key role in maintaining the safety of the mining 

area above their location and below it. They can 

prevent mining-induced stresses from moving from 

one block to another. Recovering the sill pillar safely 



GEOMATE – Melbourne, Australia, 11-13 November 2020 

631 

can make the most use of the minerals. However, it 

can also trigger catastrophic problems. Then the stope 

sequences in the sill pillar recovery become 

significant. When the backfilled CRF is involved, the 

rational location of the last mined stope in the 

recovery process also becomes more significant.  

Establishing the Numerical Modelling 

The mine in this study was initially operated as an 

open-pit mine. Once the open-pit mining was 

complete, the operation shifted to underground 

mining. Under the open pit are two mineral zones: 

MZ#1 and MZ#2. First, we created a 3D numerical 

model. Next, the mining-induced redistributed stress 

field of the researched sill pillar was extracted and 

applied to the 2D sill pillar model. As shown in Fig. 

1, there are seven levels. The sill pillar is located in 

the middle of the mining pipe in MZ#2. The sill pillar 

is 25m high and contains 21 stopes. The heights of the 

stope in each level and sill pillar are the same, 25 m, 

and the width is 7 m. As for the overcuts and 

undercuts in the stope in the sill pillar, the height is 

5m and the width is same as that of the stope. The sill 

pillar is located between level N1504 and level 

N1505.  

N1507

N1506

N1505

Sill

N1504

N1503

N1502

N1501

Sill

N1507

N1506

N1505

Sill

N1504

N1503

N1502

N1501

Fig. 1 Modelled pipe and sill pillar 

Mechanical Properties of Modelled Rock and 

Backfilling CRF 

Table-1 shows the rock mechanical properties 

applied in the model. Here, E is the elastic Young's 

modulus, ν is the Poisson's ratio, γ is the unit weight, 

ϕ is the angle of friction, C is the cohesive strength, 

σc is the maximum uniaxial compressive strength and 

σt is the tensile strength. 

Table-1 Material properties 

Rock Mass 
E 

(GPa) 
ν 

γ 

(MN/m3) 

ϕ 

(°) 

C 

(MPa) 

σc

(MPa) 

σt 

(MPa) 

MZ#1 18.7 0.26 0.024 26.4 4.2 66 3.4 

MZ#2 19.6 0.24 0.024 28.1 4.7 79 3.7 

Granite 24 0.3 0.026 45 9.3 130 0 

CRF 2 0.3 0.022 35 1.2 1.5 0 

Fig. 2 shows three examples of stope locations in 

the sill pillar. SCN#1 means that the last mined stope 

in the sill pillar is at the very left side of the sill pillar. 

SCN#21 means the last mined stope is at the very 

right side of the sill pillar. During the simulation 

process, the location of the last mined stope in the sill 

pillar changes from SCN#1 to SCN#21. The void 

areas in the figure are the overcuts and undercuts, the 

dark green is the sill pillar and the white is the 

backfilled CRF. 

SCN #1 SCN #11 SCN #21

Fig. 2 Example stope location layout of sill pillar 

RESULTS AND DISCUSSION 

In order to compare the displacements of different 

locations in different stope location scenarios, eight 

locations are numbered in the undercuts and overcuts, 

as shown in Fig.3. Node 1 and Node 3 are the two top 

corners, while Node 2 and Node 6 lie in the middle of 

the roof and floor respectively.  Node 4 and Node 8 

are in the middle of sidewalls, and Node 5 and Node 

7 are the two floor corners. The stability of these 

locations is an external indicator of the overcuts and 

undercuts.  

1 2 3

4

567

8

1 2 3

4

567

8

Fig. 3 Numbered location for comparison 
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Fig. 4 Displacement at Node-1, Node-3 in both undercut and overcut 

As shown in Fig. 4, compared with the 

displacement of the roof corners in the overcut, the 

displacement in the undercut is much smaller. For the 

undercut, except for the locations far from the sill 

pillar center, there is almost no difference between 

different stope location scenarios. For most of the 

displacements, at the same location number, the 

overcut is about two times that of the undercut. At 

each location scenario, the two roof corners have 

almost the same displacement. There is a significant 

possibility that the roof corners in the overcut will fail 

at the two edges of the sill pillar if the last stope is 

located at the two edges of the sill pillar. 

Fig. 5 Displacement at Node-2, Node-6 in both undercut and overcut 

Figure 5 shows the roof displacement and floor 

heave in both the undercut and overcut. Unlike the 

roof corners displacement in Fig. 4, the roof 

displacement in both the undercut and overcut is 

larger than the floor heave. Similar to the roof corners, 

the roof displacement and floor heave in the overcut 

are much larger than those in the undercut. In the 

undercut, there is almost no floor heave, and the roof 

displacement is negligible. The roof displacement in 

the overcut shows a slight difference except for the 

two edge location scenarios, while for the floor heave 

in the overcut, the edge location scenarios are almost 

the same at various locations. For the sake of safety, 

more supports should be installed in the roof and floor 

in the overcut. 
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Fig. 6 Displacement at Node-4, Node-8 in both undercut and overcut 
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Figure 6 shows the configuration of the sidewall 

swellings. Similar to the roof corners displacement, 

the swellings show a gradual changing trend from the 

edge of the sill pillar to the center of the sill pillar. In 

the undercut, the sidewall swellings are almost the 

same at same stope location scenarios, and the 

swellings are considerably lower, while the sidewall 

swellings in the overcut are almost twice the size of 

those in the undercut at the same stope location 

scenarios. More attention should be paid on the safety 

of sidewalls in the overcut. 

Fig. 7 Displacement at Node-5, Node-7 in both undercut and overcut 

Floor heave is an important indicator of roadway 

safety in mining engineering. Figure 7 shows the 

heave of the two floor corners. The heave of the two 

floor corners at the same stope location in the sill 

pillar is almost the same. Most of the heaves are less 

than 10 cm for the undercut. For the overcut, the floor 

corners are in the granite; and for the undercut, the 

floor corners are in the backfilled CRF. The floor 

corner heave in the overcut is much larger than that in 

the undercut, which means the sill pillar takes most of 

the redistributed stresses and plays a key role in 

maintaining the safety in the mining process both 

above and underneath the blocks. 

CONCLUSIONS 

The following conclusions can be reached 

regarding the comparison of roof displacements, floor 

heaves and sidewall swellings of different locations 

in the undercuts and overcuts in various stope 

location scenarios. 

From the roof displacements, floor heaves and 

sidewall swellings in both undercuts and overcuts, the 

sill pillar in this hard rock mine plays a key role in 

maintaining the safety of the mine throughout the 

mining and backfilling processes. 

In the same stope location scenario, compared 

with overcut, the displacement of the roof corners in 

undercut is smaller, and most of the roof corner 

displacements in undercuts are less than 10 cm, while 

in the overcuts, all the displacements in roof corners 

are over 10 cm, which means the roof in the undercut 

is more stable than that in the overcut, and more 

protective measures should be taken in the roof of the 

overcut.  

The floor heave in the undercut is tiny, and the 

values of the floor heave in the overcuts are more than 

7 times of that in the undercuts, which means the floor 

in the undercut is more stable than the floor in the 

overcut. Also the roof displacements in the overcuts 

are more than 2 times of that in the undercuts. The 

sidewall swellings in the undercuts are about half of 

that in the overcuts at the same location scenario. 

Roofs in the overcuts and floors in the undercuts 

are the backfilled CRF. The strength of the CRF is 

lower than the sill pillar hard rock, then the roof 

displacement in overcuts is much larger than that in 

undercuts. In both undercuts and overcuts, more 

attention should be paid to the supports on the roof 

than on the floor. 

Based on the above conclusions, for the optimum 

location of the last mined stope in sill pillar recovery, 

the last mined stope can be any location between No.5 

to No.17 in the sill pillar.  
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ABSTRACT 

The elderly population is a major part of the total population all over the world. The public transport access for 

the elderly is not easy. A connected and accessible public transport system is a key requirement for a better quality 

of everyday life. Meanwhile, walking is a sustainable mode for short distances to reach desired destinations. Many 

researchers have focused on elderly transport accessibility. Accessibility index is one of the popular methods to 

measure the transport accessibility. This paper identifies public transport as well as walking accessibility indices 

for elderly considering the travel from the centre of one specific Statistical Area level one (SA1) to various 

destinations. According to the Victorian Integrated Survey of Travel and Activity (VISTA) data, the greater 

Melbourne region is classified into three home sub-regions including Melbourne Central Business District (CBD), 

inner Melbourne and outer Melbourne. The previous studies have mainly considered the distance as a measure of 

transport accessibility. However, total travel time and population have not been considered in accessibility analysis. 

This paper also analyses the elderly public transport and walking access in Melbourne metropolitan area using 

time-based accessibility indices to identify the elderly access level. The paper also compares the elderly public 

transport and walking access among the three different home sub-regions. The results from this research can be 

used by the planners to identify inaccessible areas for the elderly in an urban region. 

Keywords: Public transport; Walking; Elderly; Accessibility 

INTRODUCTION 

The elderly population is increasing all over the 

world. The growth of the older population varies upon 

the country’s characteristics such as size and growth. 

According to the [1], the projection shows by 2050 

one in six people in the world will be aged 65 years 

or over. Reduced birth rate and increased expectation 

for a better lifestyle is another reason for the rapid 

growth of the elderly population.  

A proper urban region should have easy public 

transport and walking access to all major necessity. 

Specifically, the group of the increased elderly 

population needs special attention when comes to 

mobility. Mobility is a major part of everyday life. It 

is a bridge between social welfare, mental health, 

physical health and daily needs. For the elderly group 

of the population need more time for planning to 

reach destinations, more walk time and more physical 

support. Public transport (PT) and walking are 

considered a sustainable mode of transport. But for 

the elderly, it is always not accessible. The most 

popular destinations may not be within PT and 

walking accessibility range. If reaching to the 

destination place need transport mode change, the PT 

system can be more complicated for the elderly. Also, 

for a walking trip, most of the elderly take longer time 

to reach a destination.  

Many researchers focused on public transport and 

walking accessibility. However, a few types of 

research conducted elderly time-based measures. The 

main contribution of this study uses time-based 

accessibility indices to calculate the elderly (65 and 

over) accessibility for three home sub-region of 

greater Melbourne (inner, middle and outer). This 

paper identifies and compare the elderly public 

transport and walking accessibility level for these 

three homes sub-region.  

The next heading of the paper discusses the 

previous research related to elderly transport 

accessibility. This is followed by the data collection, 

index calculation procedures and the methodology. 

Then the results and discussion are highlighted. The 

key recommendation and conclusion remarks in the 

last section. 

BACKGROUND 

Mobility difficulties increase with age. According 

to [2], mobility difficulties increases to 17% for those 

aged 60–69 and to 39% for those aged 70 and over. 

Many elderlies prefer to stay in the same place/home 

after retirement. The living style is known as “Aging 

in place”. To support “Ageing in place” easy access 

to the destinations are necessary. Several research 

studies are related to elderly health, social and 

accessibility issues.  Analyse the walking, private and 

public transport access is very important to 

understand elderly travel difficulties. Accessibility 

measures indicate elderly travel quality. 
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Public Transport (PT) Accessibility Study 

Public transport trip can be included as a walk to 

the PT stop, boarding on the bus/tram/train, finding a 

seat, coping with interchanges as necessary and 

completing the journey to the destination. The 

traveller needs to be self-assured to make this journey. 

For the elderly maintaining, this information can be 

complicated sometimes. Using PT is more hassle if 

they have not habituated in it a regular basis. Table 1 

represents the summary of previous time-based 

studies related to public transport accessibility. From 

Table 1 summary it is identified that travel time is one 

of the main elements for calculating public transport 

accessibility. 

Table 1 Public Transport Accessibility Index Study 

(Time-Based) 

Index & References Definition 

Time-Based Transit 

Service Area Tool 

(TTSAT) 

[3] 

This measure considers 

transit service area based 

on users’ travel time. 

Person-based 

measures 

[4] 

Person-based measures 

each person within a 

given time frame. 

Local index of 

transit availability 

(LITA) 

[5] 

A study of LITA used 

three main time variables 

for calculation. 

Gravity-based 

measures 

[6], [7], [8] 

The gravity model is 

followed by Newton's 

theory of gravity. This 

model considers that the 

trips produced at an origin 

and attracted to a 

destination are directly 

proportional to the total 

trip productions at the 

origin and the total 

attractions at the 

destination. 

The elderly 

population and 

time-based index 

[9], [10] 

A recent study introduced 

the elderly time-based 

accessibility. 

Walking Accessibility Index Study 

Walking is encouraged by many health 

professional and researchers [11], [12], [13]. Physical 

activity decreases the chance of getting a chronic 

disease [14]. Walking is one of the most 

recommended physical activity. Walkability study 

measures walking access from the individual’s place 

of origin to destinations. The proportion of the elderly 

physical activity is contrariwise with the increase of 

the elderly population growth [15]. However, similar 

to PT accessibility index very limited research 

considers the elderly walk time. Table 2 represents an 

overview of previous studies related to walking 

accessibility. From table 2 summary, it is observed 

that spatial distribution and closest walking 

time/distance are mostly used to calculate walking 

accessibility index. 

Table 2 Walking Accessibility Study 

Index & References Definition 

Gravity-based 

accessibility 

[13] 

This measure based on the 

spatial distribution of 

residence & travels 

time/cost between zones. 

Topological or 

Infrastructure 

based 

[13] 

It considers an analysis of 

network connectivity 

and/or the characteristics 

of the walking 

infrastructures. 

Walkability/walk 

score-type 

measures 

[13] 

This measure considers 

build-in-environment and 

accessibility from an origin 

to a destination 

Walk Score 

[16] 

Walk Score considers the 

distance to the closest 

destination in each land 

use category. It is based on 

the gravity-based model 

Walkability Index 

(WI) 

 [17], [18] 

The WI is calculated from 

the sum of the z-scores of 

the four mentioned urban 

form measures. 

STUDY AREA AND DATASETS 

The Greater Melbourne geographical area is 

considered as a case study to analyse access for the 

elderly.  

Study area 

According to the Victorian Integrated Survey of 

Travel and Activity (VISTA), the greater Melbourne 

region is divided into three home-region as inner, 

middle and outer Melbourne [19]. Figure 1 illustrates 

the three home sub-region for Greater Melbourne. 

The home-regions are also divided into statistical area 

level one (SA1). SA1 is known as the second smallest 

geographic area after mesh block. In Melbourne, 

there are around 10,290 SA1s. Most of the census 

datasets are collected based on SA1s. In this study, 

both public transport index and the walkability index 
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is calculated based on the SA1s. Table 3 summarized 

the number of SA1s, PT coverage and elderly 

population for each home sub-region. The datasets 

are analysed and extracted using VISTA data and 

ArcMap. From table 3 greater Melbourne outer 

region contains around 50% of the total SA1s. Public 

transport coverage is higher in inner and middle 

Melbourne than outer Melbourne region. 

Furthermore, the outer region elderly population is 

greater compare to the middle and inner region. 

Figure 1: Greater Melbourne Home Sub-region. 

Table 3 Home Sub-Region SA1 Summary 

Home Sub 

Region 

% of total 

SA1s 

% of PT 

Coverage 

% of 

Elderly 

Population 

Melbourne 

Inner 
21.10 41.19 36.66 

Melbourne 

Middle 
30.74 32.50 39.78 

Melbourne 

Outer 
48.16 26.31 23.56 

Datasets 

The datasets are collected from various available 

sources. All the datasets are analysed using a 

statistical analysis software package SPSS. The 

datasets analysed for this study are presented as 

follows. 

VISTA Data 

VISTA data is a detailed household data (2016) 

related to single-day travel [19]. This travel data 

collected throughout across greater Melbourne for a 

year. This dataset helps to identify the travel pattern 

and travel behaviour. Around 46,563 travel responses 

for weekdays and weekend are documented. Among 

these responses, 6,975 responses are from the elderly 

population[9], [10]. Most of the elderly details for 

travel mode are not documented. 

Point of Interest 

A detailed point of interest (POI) datasets for 

greater Melbourne is extracted from the Australian 

Urban Research Infrastructure Network (AURIN) 

[20]. These points of interests are considered as the 

destination. According to the VISTA data, four major 

elderly popular destinations are considered to develop 

elderly PT and walkability indices [9]. 

Population 

The population density is a major indicator of PT 

and walking accessibility measure [21]. Most of the 

elderly accessibility index did not consider 

population.  

Travel Time 

Melbourne public transport system is a 

combination of bus, train and train. Greater 

Melbourne timetable for these three modes is 

collected from different open datasets such as Public 

Transport Victoria (PTV) and Yarra tram.  

Road Network 

The road network datasets are analysed using 

ArcMap Network Analyst Extension. Arc Map 

network analysis tools provide spatial analysis using 

road network data, travel directions data, closest 

destination/PT stop analysis data and service area 

analysis data. 

Street connectivity 

The street network is used to calculate the number 

of intersections act as a proxy to show the potential 

mobility of pedestrians within the neighbourhood. 

Street connectivity datasets are analysed by using 

AURIN walkability tools. 

Safety 
Pedestrians are at greater risk of traffic-related 

injury than motor vehicle users. The elderly 

experience higher severity of pedestrian injuries than 

younger adults [22]. Accident rates datasets are 

extracted and analysed from VicRoads’ crash 

database. 

METHODOLOGY 

The study contains two main parts. The first part 

is the public transport accessibility index calculation. 

The last part is related to walking accessibility index 

calculation. Both indices are measured based on SA1s 
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centroid towards specific destinations. 

Methodology Calculation Procedure 

The closest facility from each SA1 centroid is 

identified. For both indices’ calculation, ArcMap 

network analyst tools are used to identify the closest 

facility and the closest public transport stop/station. 

The Public transport accessibility index and walking 

index classified into five different categories starting 

from very poor, poor, moderate, good and excellent. 

The Natural Breaks (Jenks) classification method is 

used to categorize the indices [23].  

The methods for public transport and walking 

accessibility measure can be explained as follows: 

• Calculate and identify the number of SA1 for each

home-region for greater Melbourne. 

• Calculate the public transport stop coverage (bus,

tram and train) for all the SA1s and separate them as 

per home sub-region. 

• Calculate and analyse the POIs coverage (four most

travelled POI used by elderly) for each home sub-

region area. 

• Calculate and analyse the index classification from

very poor to excellent for all SA1s. 

• Calculate and analyse the accessibility percentage of

PT and walking accessibility for all three home sub-

region. 

Elderly Public Transport Accessibility Index 

(EPTAI) Calculation 

The time-based elderly PT accessibility index is 

presented in equation 1. The total travel time for 

public transport considered as the summation of walk 

time, average waiting time and in-vehicle time for a 

mode of transport. 

𝐄𝐏𝐓𝐀𝐈𝐒𝐀𝟏 = ∑ (𝐏𝐫𝐚𝐭𝐢𝐨 ∗ 𝟏𝟎 ∗ 𝐓𝐓𝐓𝐫𝐚𝐭𝐢𝐨𝐏𝐎𝐈)
𝟒
𝐣=𝟏   (1) 

Where, Pratio = Population ratio,  TTTratioPOI is the

total travel time ratio for a specific POI. 

TTT=Walk time (WT) to nearest PT stop/station+ In-

vehicle time (In VT) + Average waiting time 

(AvWT)+WT to nearest stop/station of POI+WT to 

POI, 
TTT=WT to nearest PT stop/station+ In VT+ 

AvWT+ WT to POI (if WT to nearest stop/station of 

POI=0) 

Elderly Walking accessibility Index (EWAI) 

Calculation 

The elderly walking accessibility index considers 

the walk time to the destination, population, street 

connectivity, pedestrian safety/accident rates and 

land mix use. Each component for both indices is 

calculated using the statistical Z-score method. The Z 

score calculated separately for all SA1s.  The elderly 

walking accessibility index is presented in equation 2. 

𝑬𝑾𝑨𝑰𝑺𝑨𝟏 = (𝒁𝑺𝒄𝒐𝒓𝒆𝑾𝒂𝒍𝒌𝑻𝒊𝒎𝒆) + (𝒁𝒔𝒄𝒐𝒓𝒆𝑳𝑼𝑴𝑰𝑿) +

(𝒁𝑺𝒄𝒐𝒓𝒆 𝑺𝒕𝒓𝒆𝒆𝒕 𝑪𝒐𝒏𝒏𝒆𝒄𝒕𝒊𝒗𝒊𝒕𝒚) + (𝒁𝑺𝒄𝒐𝒓𝒆 𝑷𝒓𝒂𝒕𝒊𝒐𝒏
) +

(𝒁𝑺𝒄𝒐𝒓𝒆 𝑺𝒂𝒇𝒆𝒕𝒚)  (2) 

𝑳𝑼𝑴𝑰𝑿 = −𝟏 ∑ (𝑷𝒊 ∗ 𝐥𝐧(𝑷𝒊)/𝐥𝐧 (𝒏)
𝒏

𝒋=𝟏
   (3) 

Where, LUMIX = land use mix score, Pi = the 

proportion of the area covered by land use j, n = the 

total number of land-use types. 

RESULTS AND DISCUSSION 

This study compares the public transport and 

walking accessibility for the elderly among the 

Melbourne inner, middle and outer home sub-region. 

Elderly Public Transport Accessibility 

Comparison 

The PT accessibility is measured for shopping 

centres, health care centres, medical centres and 

recreation centres. Table 4 represents the summary of 

PT accessibility comparison. The POIs coverage is 

analysed using ArcMap. 

From table 4 it can be observed, more than 70% 

of SA1s are categorized as a good and excellent 

category considering shopping centre PT access in 

Melbourne inner region. Only around 11% SA1s are 

observed as the very poor and poor category for the 

elderly shopping centre access in Melbourne inner 

region. On the other side, the Melbourne outer region 

shows complete opposite results. Around 65% of 

Melbourne outer SA1s are identified as a very poor 

and poor category for the elderly shopping centre PT 

access. But only around 17% SA1s are observed as 

good to the excellent category for the elderly PT 

access. The reason can be overall shopping centres 

are established a bit far away from the centroid of 

SA1s. Major shopping centres generally covers 

several SA1s. From some SA1s’ shopping centres can 

be reached easily using one mode of transport. But 

from other SA1s’ reaching to a shopping centre, 

requires mode change. Also, some shopping centres 

situated close to public transport stops. Furthermore, 

some shopping centres are not within the elderly 

walking limit which takes a longer time to reach using 

the PT mode. A typical shopping centre travel 

includes walk time to a nearby public transport stop, 

wait time, in-vehicle travel time and again walk time 

after reaching the destination (shopping centre nearby 

stop). 

Likewise, effects can be observed for health care 

centres, education centres and recreation centres. The 

outer region is covered with less public transport 

accessibility for the elderly than the inner and middle 

region.  
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Table 4 Summary of Elderly PT Accessibility 

Comparison 

Around 40% of health care centres are covered by the 

Melbourne outer region while the inner region covers 

around 30% and the middle region 29%.  But the 

elderly PT accessibility is poor and very poor onto 

most of the outer region. Sometime to reach the 

closest facilities elderly required to change bus 

services twice. However, for education centres and 

recreation centres, the access level is slightly better in 

Melbourne outer region. The reason is the number of 

these two POIs coverage higher than the shopping 

centres and health care centres. 

Elderly Walking Accessibility 

Walking accessibility for the elderly is calculated 

using equation 2 for all three home-sub regions. For 

the elderly, education centres and recreation are 

within the walkable distance for some SA1s. But most 

of the shopping centres and health care centres are not 

accessible through walking for elderly. Table 5 

summarised the elderly walking accessibility 

comparison. From table 5 it can be observed walking 

accessibility is higher in Melbourne inner region than 

Melbourne middle and outer region. Inner Melbourne 

region has more walking access to the destination 

compared to the other two home sub-regions. More 

than 76% of SA1s are categorized as a good and  

excellent level of elderly walking access. Although 

the outer region identifies the opposite results. 

Around 45% of outer region SA1s assessed as very 

poor and poor level walking access for the elderly. 

Table 5 Summary of Walking Accessibility 

Comparison 

Melbourne Elderly Walking Accessibility (%) 

Access Level Inner Middle Outer 

Very Poor 3.29 4.56 23.27 

Poor 8.64 5.71 21.57 

Moderate 11.74 9.87 15.86 

Good 31.93 29.34 16.77 

Excellent 44.40 50.52 22.53 

CONCLUSIONS AND FUTURE RESEARCH 

DIRECTIONS 

This study compares the level of the elderly public 

transport and walking accessibility within the greater 

Melbourne home sub-regions. The study conducted a 

network analysis using a time-based accessibility 

indices calculation. This study provides elderly 

accessibility level measure overview for three greater 

Melbourne home sub-region considering four 

specific destinations. Moreover, the study specifies 

Melbourne Elderly PT Access (%) 

Very Low Low Moderate Good Excellent 

Shopping Centre (Shopping centre coverage: Inner 26.58%, Middle 34.17%, Outer 39.25%) 

Melbourne Inner 5.60 5.70 16.00 46.00 26.70 

Melbourne Middle 9.80 10.56 23.00 33.00 23.64 

Melbourne Outer 41.16 23.33 18.75 11.70 5.06 

Health Care Centre (Health care centre coverage: Inner 30.07%, Middle 28.91%, Outer 41.02%) 

Melbourne Inner 4.33 6.65 13.66 37.88 37.48 

Melbourne Middle 8.66 9.78 5.77 44.04 31.75 

Melbourne Outer 31.93 28.55 17.00 11.67 10.85 

Education Centre (Education centre coverage: Inner 21.25%, Middle 32.22%, Outer 46.53%) 

Melbourne Inner 4.46 5.66 15.66 35.77 38.45 

Melbourne Middle 3.45 3.85 19.56 31.56 41.58 

Melbourne Outer 24.56 17.73 16.78 21.65 19.28 

Recreation Centre (Recreation centre coverage: Inner 26.74%, Middle 28.83%, Outer 44.43%) 

Melbourne Inner 4.36 8.64 16.74 25.83 44.43 

Melbourne Middle 13.36 8.71 10.87 29.34 47.72 

Melbourne Outer 28.19 24.95 18.86 16.77 11.23 
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that public transport and walking accessibility level is 

more frequent in the greater Melbourne inner sub-

region than the outer and middle region.  

The technical approach of this index can be 

applied to other cities or larger geographic regions. 

The analysis results can be used to identify the most 

inaccessible region for the elderly group of people. 

The EPTAI and EWAI can be calculated for other 

POIs or destinations. Future research can consider 

this for elderly travel. These results can be used to 

implement further development of elderly sustainable 

transport access. The time-based accessibility 

measures can lead future planners to identify/modify 

various accessibility aspects. For instance, the PT 

route /stop and POIs distribution considering elderly 

travel specifically newly built outer regions in future. 
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ABSTRACT 

There exist many slopes in Japan, most of which were created during the period of high economic growth. It 

has been 50 years since they were constructed, and they are now aging. To judge the degree of deterioration, it is 

necessary to understand their deformation. The examination is currently performed by close-up visual inspection. 

However, the problem is that the results may vary depending on the inspector, and thus, uniform conclusions 

cannot be obtained. Therefore, in order to detect the slope deformation quantitatively, we proposed a survey 

method using a mobile measurement vehicle (mobile mapping system or MMS) and a differential analysis (method 

applying iterative closest point) approach considered to be capable of detecting the slope deformation using a point 

cloud. Point cloud is a set of points data that have position information of three-dimensional coordinates, namely 

X, Y, Z(H), and color information. We carried out three separate verification steps corresponding to MMS point 

cloud acquisition accuracy, deformation discriminability, and deformation extraction accuracy, and verified the 

detection of bulging, which is a sign of a landslide, on slopes that were assumed to cause visual landslide. It was 

confirmed that the target slope, which was assumed not to be deformed at the total station, was determined as not 

deformed even by our proposed detection method. 

Keywords: Road slope, MMS, ICP, Difference analysis 

BACKGROUND AND PURPOSE 

Japan occupied about 70% of its land area in 

mountains and hills [1]. Slopes were constructed 

during the period of high economic growth, which 

was attained about 50 years ago. These mountains 

were cut, and slope protection was incorporated to 

develop the road transportation network. However, as 

years past, the slope protection was weathered by rain 

and wind, and due to aging effects, deformation of the 

slope, such as peeling of mortar and breakage of the 

legal frame, has occurred. Therefore, it is necessary 

to understand the deformations to prevent the slope 

from collapsing and causing damage to the 

surrounding area. However, the slope inspection 

method uses nondestructive examination approaches, 

including palpation and tapping, mainly for close-up 

visual inspection, and the results largely depend on 

the experience and skill of the engineer. Therefore, as 

the inspection outcome varies depending on the 

individual inspector, obtaining uniform results is 

impossible.  

In recent years, surveying using a laser scanner, 

which can obtain point cloud data capable of 

quantitatively evaluating the shape of a structure, has 

received extensive attention. Point cloud data (Fig. 1) 

is a set of points that have position information of 

three-dimensional coordinates, namely X, Y, Z(H), 

and color information (RGB) obtained from camera 

image data. By rotating the point cloud of the object 

and segmenting out only the region of interest by 

enlarging/reducing, the height and width of the object 

and the point cloud obtained by the laser scanner can 

be used to evaluate the degree of reflection. Since 

these points are all three-dimensional coordinates, 

RGB values, and quantitative data, it is possible to 

express the deformation quantitatively. A surveying 

method known as mobile mapping system (MMS) 

uses a mobile measurement vehicle equipped with a 

laser scanner that can acquire such point cloud and a 

sensor that acquires self-position information.  

In this study, the slope is measured by an MMS 

survey, and the detection accuracy of deformation 

appearing on the slope using the evaluation of the 

measured data is verified. In addition, to detect the 

deformation, we introduced a difference analysis 

method by superimposing two separate point clouds. 

We performed three different verifications 

corresponding to the point cloud acquisition accuracy 

of the MMS survey, the deformation discriminability 

of the acquired point cloud, and the extraction 

accuracy of the deformation obtained by the 

difference analysis method. Based on these results, 

we forecast that a landslide would occur. The ability 

of the present method to detect the protrusion of 

deformation, which is a sign of landslide against the 

known slope, is also confirmed. Moreover, we 

investigated whether the point cloud obtained by 

MMS can extract the deformation through the 

difference analysis method. 
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Fig. 1 Point cloud data on slope 

(left: target in grating crib, right: side of slope) 

VERIFICATION METHOD 

In this chapter, we describe the verification 

approach to be used, MMS survey and difference 

analysis method, the slope to be verified, and the 

outline of the target installed on the slope. 

MMS surveying is a method that can efficiently 

and two-dimensionally acquire three-dimensional 

position information about the terrain and features 

around the road during normal driving of a vehicle 

equipped with the necessary equipment in Fig. 2. 

When the road slope is measured three-dimensionally, 

the point cloud is usually obstructed by the influence 

of two-way traffic and pedestrians. On the other hand, 

the point cloud can be lost because the MMS 

performs its mobile acquisition while moving. 

However, it is possible to measure few places without 

such data loss. The vehicle used in this study is 

equipped with a laser scanner that scans 1 million 

points per second, a global navigation satellite system 

(GNSS) receiver, an inertial measurement device, an 

odometer, a camera, and other sensors that acquire 

self-position and orientation. MMS surveys are 

actively used in the management assistance of roads 

[2] and rivers [3] in effective. 

The ICP associates the closest points in the two 

different point clouds and optimizes the position 

(rotational and parallel movements) for the entire 

point cloud. The matching and optimization are 

repeated, and the algorithm is terminated once these 

point clouds are the closest in the terms of distance. 

In the difference analysis method, as shown in Fig. 3, 

the situation of the point cloud at the end of iterative 

closest point (ICP) is applied, and the detection of 

deformation amount of the points is considered to be 

by a vector through comparing the coordinate values 

of the points associated with the two point clouds. 

The target slope to be measured had 

approximately a length of 70 m and a height of 10 m 

along the National Highway 9 and was suspected to 

have caused a landslide by visual inspection in Fig. 4. 

This slope was cut in 1987 during road widening, and 

its cross section was sloped by the ground anchor 

method with a frame. Then, on May 1, 2016, the 

anchor head protection concrete fell and an accident 

occurred where the concrete pieces had fallen on the 

roadway. Subsequently, various investigations and  

Fig. 2 MMS surveying on the slope 

(Devices are marked by the red rectangle) 
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Fig. 3 Difference analysis algorithm 

observations were carried out, and the slopes around 

the anchor rupture site were assumed to have a 

variation mode, causing them to be displaced toward 

the starting point side, although no visually 

significant deformation was observed. Therefore, in 

this study, the required deformation is defined as 

bulging, and this has been verified. In addition, 

targets, 0.7 m square, was installed on the slope as a 

reference point for adjustment, 8 points surrounding 

the entire slope and 6 points on the side of the starting 

point where fluctuations are expected. The first 

measurement period was January 13, 2018, that is, the 

second period was May 28, 2018, and the 

measurement was performed over a period of about 4 

months. The MMS vehicle traveled in lane2 with a 

distance of approximately 12 m from the target slope 

at 50 km/h and acquired the point cloud of the slope 

in Fig. 5. 

VERIFICATION 

We describe verifications on three different 

parameters: the point cloud acquisition accuracy of 

the MMS survey, the deformation discriminability of 

Fig. 4 Target slope  

(red rectangle indicates the region where anchor 

head protection concrete fell, blue rectangles are 

reference points for verification) 

Fig. 5 Measurement conditions 

(when measuring the slope, a distance of 

approximately 12 m vertically, 

when measuring the fence, a distance of 

approximately 15 m at 60 degrees) 

the acquired point cloud, and the extraction accuracy 

of deformation obtained through the difference 

analysis method. 

MMS Point Cloud Acquisition Accuracy 

In this chapter, the verification of the point cloud 

acquisition accuracy of the MMS is presented. 

The point closest to the center of the target in the 

point cloud acquired by the MMS was set as the 

center coordinate of the target acquired by the MMS 

survey. In addition, its true value was assumed to be 

a second-class A total station (TS) and was measured. 

The comparison results of the points acquired by the 

MMS and TS are expressed as the mean difference 

and RMS error (root mean squared error). The 

compared targets are the targets that surround the 

slope where fluctuations are expected. Note that 

CloudCompare [4], which is a software for point 

cloud analysis, was used to acquire the center 

coordinates of the target. The mean difference 

indicates the difference between the coordinates 

obtained by TS and MMS, and the RMS error 

indicates the variation with the difference in each of 

Repetition (first) 

Repetition (middle) 

Repetition (final) 

1. Correspondence of

points of 2 periods

2. Rotation and

translation

3. Repetition

: first period 

: second period 

application 
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the X, Y, and Z directions of the point group as the 

most probable value. In this study, we compared the 

XY plane, which is a horizontal plane with the ground, 

and the Z direction, which is the height direction of 

the slope. The mean difference of the MMS and RMS 

error (root mean squared error) are expressed by the 

following equations: 

DIS = OBS − TV  (1) 

𝐷𝐼𝑆̅̅ ̅̅ ̅ =
(∑ 𝐷𝐼𝑆)

𝑛
           (2) 

RMS =  √(∑ 𝐷𝐼𝑆2)/𝑛 (3) 

where, DIS is the difference, OBS is the observed 

value, TV is the true value, DIS̅̅ ̅̅̅ is the average value

of the difference, n is the verification score, RMS is 

the root mean squared error of the MMS survey. 

It was observed that the average range was less 

than 20 mm for ΔXY and less than 30 mm for ΔZ in 

Fig. 6, while the errors were less than 20 mm and 25 

mm, respectively. The average differences of the 

MMS data calculated using the adjustment reference 

points were 25 mm for ΔXY and less than 30 mm for 

ΔZ in Fig. 7, while the errors were less than 20 mm 

and 25 mm, respectively. The adjustment calculation 

data is obtained by superimposing the coordinates of 

the adjustment reference points acquired by the MMS 

surveying on the data acquired by the TS. The point 

cloud data acquired by the MMS survey satisfy the 

map information level of 0.70 m horizontally and less 

than 0.33 m vertically, both with and without 

adjustment calculation, and therefore, exhibit good 

accuracy. It can be said that the data of was obtained. 

Distinguishability of the MMS 

A simulated deformed specimen is placed on the 

slope to verify the scale of the deformed points 

acquired by the MMS. 

The goal is to verify whether the data acquired by 

the MMS survey is reproduced as a deformation by 

using a simulated deformation specimen. The test 

specimen was installed near the toe of the slope, and 

faced the laser scanner. As shown in Fig. 8, two 

simulated specimens were installed (5, 10, 20, 30, 50, 

and 100 mm), and three simulated steps, a total of five. 

As a result, the point density of the data was measured 

as 967 (points/m2) on the target with a side of 0.7 m. 

Next, the acquired point cloud near the specimen is 

cut into a strip with a width of about 0.5 m and the 

cross section is displayed. It can be easily observed 

from the cross-sectional view in Fig. 9 that the 

schematic shape of the specimen is clearly expressed. 

From the results of 1 and 2 shown below, a simulated 

crack in the horizontal direction of approximately 20 

mm and in the vertical direction of approximately 10 

mm can be visually detected. It was also confirmed 

from the results of 4 to 8 that the simulated step can 

be detected if the deformation is 10 mm or more. 

Fig. 6 Average difference result (unit: m) 

Fig. 7 RMS Error result (unit: m) 

Fig. 8 Simulated deformation specimen 

Fig. 9 Point cloud cross section of simulated 

deformed specimen 
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Deformation Accuracy of Difference Analysis 

In this section, we investigate the detection 

accuracy of the deformation of the difference analysis 

method. We installed a sheet that could introduce a 

certain amount of deformation to the four law frames 

and could be scraped off (simulated deformation). 

The deformation is applied not in the first period, 

however, in the second period, followed by the 

calculation of the deformation between the two 

periods. As shown in Fig. 10, in the second period, 

law frame 1 did not exhibit any deformation, while in 

law frame 2, part of the concrete was shaved and a 

maximum of approximately 40 mm was scraped off. 

Sheets of 10 and 20 mm were installed in the legal 

frames 3 and 4, respectively. We also examined  

Fig. 10 Two stages of simulated deformation 

given to the slope 

(1: no deformation, 2: drop off (40 mm), 

3, 4: Simulated deformation (10 mm, 20 mm)) 

whether the analysis results shown in Fig. 11 could be 

obtained using this simulated transformation. For that, 

no deformation was applied to 1, so that deformation 

was absent. As a result, 2 was hanging down about 40 

mm, so that the deformation was indented in the depth 

direction of the slope, while 3 and 4 were protrusions. 

With these parameters, we verified if the deformation 

was of 10 mm or 20 mm. The result is a cross-

sectional view of the slope, where the numerical 

values shown in Fig. 12 represent the deformation 

quantity, while the arrows represent the direction of 

it. All the results from 1 to 4 were as expected, where 

1 shows no deformation, 2 shows the displacement 

that moves towards the back of the slope, and 3 and 4 

show the amount of deformation to be obtained 

clearly. Although it was not considered possible, we 

were able to detect a deformation that would extend 

to the front of the slope. Thus, it was found that the 

protrusion greater than 10 mm and lack of 

approximately 40 mm could be confirmed as 

deformation. 

VERIFICATION THE ENTIRE SLOPE 

Based on the previously obtained results, 

verification using the proposed method for the target 

slope is described in this section. The point cloud was 

acquired by MMS for the target slope, and the 

changes that occurred during the 2 o'clock period 

after about 4 months were extracted using the 

Fig. 11 Expected analysis result 

(1: no deformation, 2: deformation to the back of the 

slope, 3, 4: deformation to the front of the slope) 

Fig. 12 Analysis result of slope with simulated 

deformation 
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difference analysis method. As a result of measuring 

the center coordinate of the reference point in this 

range by the TS, the average differences between the 

two periods are 2 mm and -1 mm in the plane and 

elevation directions, respectively, while the RMS 

error is 1 mm. Because the error of was about the 

mechanical error, there was no change in this slope. 

Therefore, it is confirmed that the deformation 

(outflow) is not extracted on the target slope through 

MMS and the difference analysis method. Fig. 13 

shows the result of analyzing the point cloud data of 

two periods. The deformation direction is indicated 

by the arrow, while its size is expressed by a 

numerical value. When this slope actually causes 

protrusion, the deformation will be expected to 

appear in a wide area as shown in Fig. 14. The 

analysis results of the slope reveal that the errors of 

the entire point cloud and MMS survey are mainly 

due to the absence of vegetation and icicles in the first 

period, but not in the second period. However, it can 

be confirmed that there exists no deformation in a 

wide area. Therefore, it can be stated that a 

deformation such as a protrusion can be obtained 

using this method. 

CONCLUSION 

In this study, three different types of verifications 

were performed for detecting the change in the slope  

Fig. 13 Analysis results of slopes suspected to 

be landslides 

Fig. 14 If a landslide actually occurs, the 

expected deformation 

between two time periods through the MMS and 

difference analysis method. The error of the 

adjustment calculation data in the MMS survey was 

less than 25 mm and 30 mm in the horizontal and 

vertical directions, respectively. If the error was about 

10 mm, it was possible to obtain a point cloud that 

could identify a deformation such as a protrusion. In 

addition, cracks in the horizontal direction can be 

identified by approximately 20 mm, and those in the 

vertical direction by approximately 10 mm. The 

detection accuracy of the deformation obtained by the 

difference analysis method was approximately 10 

mm, while the deformation imitating the protrusion 

and deformation imitating the lack of about 40 mm 

could be detected. From these verification results, 

together with the fact that target slope did not change, 

it can be deduced that similar results can be obtained 

through the difference analysis method for the point 

cloud acquired by MMS. In other words, it was 

confirmed that this method can detect the protrusion, 

which is a sign of landslide. 

Meanwhile, although it was found that the 

presence or absence of the slope deformation can be 

obtained, the accuracy of the deformation amount 

was unclear. Confirming the deformation state will 

contribute to the prevention of the slope from 

collapsing. In the future, there is room to verify that 

it is not affected by noise such as vegetation and that 

the error of MMS survey and the correction by 

adjustment calculation are improved. Future work 

may include verification of noise effect on the 

deformation, such as vegetation, as well as improving 

the MMS survey error and the correction by 

adjustment calculation. Therefore, these noises must 

be removed, and verification must be performed. 
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ABSTRACT 
 
Tanjung Karang station in the center of the capital city of Lampung province is the largest transit station within 

the city and has been in operation for decades. In addition to serving long-distance passengers between Lampung 
and South Sumatera provinces, the transit station is also connected to a number of districts in the northern part of 
the province where most of the users are commuter passengers. Analysis is conducted by using the scoring method 
against a number of variables that are considered the most decisive to indicate the level of accessibility. They are 
travel distance, travel time, travel cost, road network conditions, and public transport, respectively. The score of 
each variable is 2.55; 2.63; 2.74; 1.53; and 0.96, respectively, and the final score results is 2.08 meaning that the 
accessibility level of the study area to Tanjung Karang station is categorized as moderate. The lowest score 
regarding public transport indicates more effort is needed to make the city bus more attractive to citizens to use 
the bus to reach railway transit station. 

 
 
Keywords: accessibility, transit station, public transport, Tanjung Karang, Indonesia      
 
 
INTRODUCTION 

 
Accessibility refers to people’s ability to reach 

goods, services and activities, which is the ultimate 
goal of most transport activity. Many factors affect 
accessibility, including mobility (physical 
movement), the quality and affordability of transport 
options, transport system connectivity, mobility 
substitutes, and land use patterns. More 
comprehensive analysis of accessibility in planning 
expands the scope of potential solutions to transport 
problems [1]. Other researcher defining 
accessibility is the measure of the capacity of a 
location to be reached by, or to reach different 
locations. Therefore, the capacity and the 
arrangement of transport infrastructure are key 
elements in the determination of accessibility [2]. In 
other words, people who are in locations that are more 
accessible will be able to reach activities and 
destinations faster than those in inaccessible locations. 
The latter will be unable to reach the same amount of 
locations in a certain period of time. Accessibility 
determines equal access and opportunity. The public 
transport accessibility level (PTAL) in the United 
Kingdom, for example, is a method of transport 
planning that determines the access level of 
geographical locations in regards to public 
transportation [3]. In other European part, in order to 
rank certain place is conducted by measuring the 
levels of sustainable accessibility by travel mode at 
each geographical location in the study area as 

illustrated for the city of Galway, Ireland [4]. 
Otherwise, it is often claimed that a modal shift from 
private to public transport (particularly rail) would 
generate positive feedback effects, including 
reductions in car travel and CO2 emissions, as well as 
increases in walking and cycling. It would also create 
opportunities for urban development, especially near 
railway stations. Conversely, mixed land-use 
developments near railway stations would improve 
accessibility for people to live, work and play close to 
home with access to transit station. Analysis is 
conducted by using the scoring method against a 
number of variables that are considered the most 
decisive to indicate the level of accessibility. 
 
CASE STUDY AND DATA  

 
Bandar Lampung is the capital city of Lampung 

province in the south of Sumatra island, Indonesia. 
This city is the main gate to enter Sumatra, which 
becomes the main route for land transportation and 
logistics distribution activities from Java to Sumatra, 
and vice versa. Bandar Lampung has a strong role in 
the growing economy of Sumatra, also becomes the 
center of economy activities in Lampung region. The 
city's area is about 169.21 km², with an estimated 
population of 1,015,910 as of 2017. Tanjung Karang 
Station in Bandar Lampung is the terminus of the 
railway service from Palembang, Baturaja, 
Blambangan Umpu and Kotabumi. Figure 1 shows 
the transit station and surrounding areas. 
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Fig. 1 Bandar Lampung city map 

 
Passenger Statistics 
 

The passenger traffic departing from Tanjung 
Karang railway station during fiscal year 2017-2018 
presents in following Fig. 2. Number of the highest 
departure passenger in 2017 was recorded as 71,074 
in October and as many as 92,820 in 2018 occurred 
on December. 
 

 
Fig. 2 Monthly depart passenger, 2017-2018 

 

 
Fig. 3 Land use within study area

The average number of passengers per month during 2017 is 59,610 and an average of 72,281 people 
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during 2018 or there was a 21% increase in the 
number of departing passenger. 
 
Characteristics of the Study Area 
 
 According to such literatures the most frequently 
used buffer sizes in the literature (700 and 800 m) 
were adopted, together with a larger buffer of 3000 m 
in line with the increasing body of TOD literature 
focusing on (electric) bicycles as feeder modes to 
railway stations.) [6], while other researchers 
emphasize the classification of railway stations. The 
structures of a station influence the functions it can 
fulfil – a common topic in e.g. ecology, where 
stability and reactions to disturbances are dealt with. 
Spatial planning and transport policy then discuss 
where which functions should be fulfilled, and 
railway stations generally form part of the context of 
other systems. The systematic description of these 
interrelations also illustrates why the interests of so 
many actors must be integrated in railway station 
operation and development [7]. The scope of this 
study is a residential area within ± 1.5 m radius of the 
station with a wide coverage of ± 7 km² and covers 
seven administrative districts as shown in Fig.3. 
According to Fig 3, most of the land are designated 
for residential (yellow), commercial (white), support 
facilities (orange) and open space (green). 
 
RESULT AND DISCUSSION 

 
A 160 respondents in the study area were 

surveyed and their responses related to the variable of 
travel distance, travel time, and travel cost are 
described below. 
 
Travel Distance 

 
 The distance from the residence to railway station 
varies between 0.5 km to 4 km, with an average 
distance of 1.64 km. The graph related to travel 
distance based on grade level is shown in Fig. 4 below. 

 
 
Fig. 4 Travel distance heading railway station 

As many as 57% of 160 respondents reside less 
than 1.5 km from the station and 40% of them live 
between 1.5 km and 3 km. Referring to these finding, 

the result of the travel distance variable score is 2.55 
of 3.0. 

 
Travel Time 

 
Almost the same as the travel distance variable, 

the travel time records the time taken by the 
respondent from the residence to the railway station. 
The fastest time is recorded in 2 minutes and the 
longest time is 30 minutes. Graphically, the travel 
time required towards railway station based on three 
grades is presented in Fig. 5. 
 

Fig. 5 Travel time heading to railway station 
 

Nearly 64% of respondents take time about 10 
minutes to reach railway station from home and the 
rest are needed the time between 10 minutes to 20 
minutes. Since most of the respondents take time 
nearly to 10 minutes to reach railway station, a final 
score of 2.63 of 3.0 is obtained in terms of travel time 
variable.  
 

Travel Cost 
 

Travel costs vary from Rp0 to Rp15,000, 
indicating there are a number of respondents on foot 
or non-motorized transportation to reach the railway 
station and some of them have changed modes several 
times. Figure 6 shows the travel cost of respondents 
according to each grade.  
 

 
 
Fig, 6 Travel cost needed to reach station 

As shown in Fig. 6, as many as 76% of 160 
respondents paid Rp5,000 from the house to the 
railway station indicating the group used only one trip 
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and one mode of transportation since Rp5,000 was the 
average fare for a single trip by bus or para-transit 
mode. Based on the overall calculation result, the 
final score of travel cost variable is 2.74 of 3.0. 
 
Road network Conditions 
 

Scores related to road network conditions are 
calculated after field observations are made. Some 
decisive assessment components are the road surface, 
road markings, availability of sidewalks, and side 
friction. 

 

 
Fig. 7 Road network within study area 

 
In this case, there are 14 road sections that were 
observed with several levels of function hierarchy, 
namely secondary arterials, primary collectors and 
secondary collectors referring to Indonesian urban 
road classification. Road network within study area 
and its surrounding presents in Fig. 7 and Table 1. 
 
Table 1 Road network assessment score 
 

Road 
section 

Assessment score Ave. 
score Surface Shoulder Marking Side 

walk 
Side 

friction 
Raden 
Intan 

3 2 1 2 1 1.80 

RA 
Kartini 

3 1 3 2 1 2.00 

Teuku 
Umar 

3 1 3 3 1 2.20 

Kota Raja 3 2 1 3 0 1.80 
Imam 
Bonjol 

3 1 2 1 0 1.40 

Gajah 
Mada 

3 1 1 3 0 1.60 

Pemuda 2 0 0 0 0 0.40 
Hayam 
Wuruk 

3 2 2 1 0 1.60 

Antasari 3 1 1 1 1 1.40 
Putri 
Balau 

3 1 2 0 2 1.60 

Agus 
Salim 

3 1 2 0 1 1.40 

Tamin 3 1 2 0 3 1.80 
Cut Nyak 
Din 

3 0 1 0 2 1.20 

Sam 
Ratulangi 

3 1 1 0 1 1.20 

Final score 1.53 
Note: 3: excellent; 2: good; 1: moderate; 0: poor 
 

Table 1 shows the variables that contributed the 
highest score to the assessment were road surfaces. 
This indicates that almost all of the 14 road sections 
observed were in excellent condition. Whereas the 
side friction variable contributes to the lowest value 
expressed by on street parking, entry-exit vehicles to 
land-use and street vendor activities within 
surrounding areas.  
 
Public Transport Availability 

 
In this section, the assessment is carried out 

related to the availability of public transport services 
(city buses and para-transit) on the fourteen road 
networks within the study area and the availability of 
bus stops along the network. Detailed assessment 
results are shown in Table 2. Based on observations, 
most of the road networks within the study area are 
serviced by para-transit, and only the main roads with 
the function of secondary arterial are served by city 
buses. City bus and para-transit services are fully 
carried out by private companies and almost without 
control by the city government regarding service 
quality. Resolving this issue has been stated as for the 
vast majority of station areas, the transportation 
supply is not enough to match the potential demand 
created by the existent land uses around the stations 
[8]. 
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Table 2 PT and bus stop assessment score 
 

Road 
section 

Function Assessment score Ave. 
score PT 

availability 
Bus 
stop 

Raden 
Intan 

Secondary 
arterial 

3 3 3.0 

RA 
Kartini 

Secondary 
arterial 

2 1 1.5 

Teuku 
Umar 

Secondary 
arterial 

2 0 1.0 

Kota Raja Secondary 
arterial 

3 0 1.5 

Imam 
Bonjol 

Primary 
collector 

1 0 0.5 

Gajah 
Mada 

Secondary 
collector 

1 0 0.5 

Pemuda Secondary 
collector 

3 0 1.5 

Hayam 
Wuruk 

Secondary 
collector 

1 0 0.5 

Antasari Secondary 
collector 

1 0 0.5 

Putri 
Balau 

Secondary 
collector 

9 0 0.0 

Agus 
Salim 

Secondary 
collector 

1 0 0.5 

Tamin Secondary 
collector 

2 0 1.0 

Cut Nyak 
Din 

Secondary 
collector 

2 0 1.0 

Sam 
Ratulangi 

Secondary 
collector 

1 0 0.5 

Final score 0.96 
Note: 3: service & bus stops available; 2: unregularly service & 
rare bus stops; 1: sometimes service & no bus stops available; 0: 
both no available 
 

Based on Japan experiences, typically, two actors 
are involved in the development of railway corridors 
in Tokyo. They are the local governments and the 
private railway operators. Local governments in 
Japan are two-tiered consisting of prefectures serving 
wider areas and municipalities serving local areas. In 
particular, the prefecture, in Tokyo called the Tokyo 
Metropolitan Government (TMG), plays an important 
role in the development of railway corridors. The role 
of the TMG mainly concerns conditioning and 
facilitating land use developments [9]. Station area 
projects in Europe suggested Both technological 
change (development of high-speed and urban-
regional railway networks, transfer of distribution and 
manufacturing activities away from station areas) and 
institutional change (privatization of railway 
companies) play a role, and are compounded by two 
diff erent strands of public policies: promoting the 
attractiveness of urban neighbourhoods and cities and 
promoting sustainable development [10].  
 
Final Results of Accessibility Level 

 

The classification for determining the level of 
accessibility of the study area is determined 
qualitatively as follows: poor accessibility (score: 
0.00~1.20), moderate accessibility (score: 1.20~2.40), 
and good accessibility (score: 2.41~3.00). Hence, the 
final results of the assessment of accessibility level 
within the study area can be seen in Table 3. 
 
Table 3 Final score of assessment 
 

No Variable Score Accessibility level 
1 Travel distance 2.55 good 
2 Travel time 2.63 good 
3 Travel cost 2.74 good 
4 Road network 1.53 moderate 
5 Public transport 0.96 poor 

Final score 2.08 moderate 
 

Variables related to travel cost seem to give the 
highest value to the final score, while the public 
transport availability variable contributes to the 
smallest score. The final results of 2.08 meaning that 
the accessibility level of the study area to Tanjung 
Karang station is categorized as moderate 
 
CONCLUSION 

 
This paper develops a relatively simple way to 

determine the level of accessibility to reach a railway 
station and the end result is not so surprising since the 
best practices in developing cities within developing 
countries are still very limited in the practical order. 
The involvement of the main actors in the context of 
land-use transport interaction still requires more 
efforts, especially from the central and local 
government, railway companies, land developers and 
transport operators in order to create sustainable 
development. Experience clearly demonstrated that 
knowledge sharing is an essential element for 
integrated land use and transport planning to take 
place, but just bringing together under the same roof 
practitioners from the two fields of expertise will not 
make this form of integrated planning to occur (on the 
contrary, it might aggravate personal differences) 
[11]. In a dense urbanized area, where the dwelling 
market is saturated, it is necessary to take explicitly 
into consideration the interactions among the 
different urban agents, and the effects of such 
interactions on the dwelling price, in order to 
correctly forecast the evolution of the land use pattern, 
as stated by Coppola and Nuzzolo [12]. More 
advanced, a resilient city can generally be 
summarized as the dimensions of economic resilience, 
social resilience, ecological resilience, and 
infrastructure resilience. The results demonstrate the 
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cross-linkage between development and urban 
resilience, which is in nature a resilience in 
development. However, improving urban resilience 
to climate change requires a systematic, long-term, 
and local based approach. Urban development cannot 
autonomously lead to a more resilient city, it's often 
on the opposite [13]. Variables related to public 
transport availability which have the lowest score on 
the assessment of accessibility level is one of the most 
difficult big challenges since the city mayor of 
Bandar Lampung more pay attention to build flyovers 
and widening roads to overcome increasing travel 
demand. The steps to deal with rapid motorization 
through transport demand management manners and 
strategies to develop the non-motorized transport 
have not been seen at all. Several cities have jumped 
several steps ahead related to the issue of sustainable 
transport, and this issue is closely related to path 
walkability. As stated by Park et. al. [14], the path 
walkability is defined as the quality of physical 
walking environment that can be measured 
objectively based on the micro-level physical 
characteristics of a street and its adjacent 
intermediary space between the outer edge of the 
sidewalk and the façade of nearby buildings. Based 
on finding results the score of each variable i.e. travel 
distance, travel time, travel cost, road network 
conditions, and public transport is 2.55; 2.63; 2.74; 
1.53; and 0.96, respectively, and the final score 
results is 2.08 meaning that the accessibility level is 
categorized as moderate. More efforts are needed to 
make Bandar Lampung to become more accessible 
for their citizens particularly the public transport 
performances. 
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ABSTRACT 
 
Abutment performance suggestively impacts the seismic response of bridge constructions. This research aims 

to observe the seismic performance of abutments in the actual bridge construction with the consequence of the 
wing wall and movement constraint. Analytical model of concrete box girder bridge was implemented from the 
actual bridge in Japan, with the numerical model was performed by three-dimensional finite element model in 
ABAQUS software. Four distinct abutment modelling approaches were carried out including Type 1, Type 2 
(ordinary form in Japan), Type 3, and Type 4 (the proposed design). The results confirmed that all types of 
abutments have a capability in resisting the shear stress. Nevertheless, the overall effects of seismic ground 
acceleration without liquefaction effect were insignificant on the displacement and the shear stress at the surface 
of abutments. Furthermore, further research is needed to determine the effect of liquefaction on the seismic 
behavior of abutment.  
 
Keywords: ABAQUS, Abutment, Seismic Response, Real Bridge Model  
 
 
INTRODUCTION 

 
Abutment has an important function on the 

performance of bridge structure, because its behavior 
has been found to significantly impact the response of 
whole bridge due to high intensity of seismic 
excitation [1]. According to the previous experiences, 
many abutments collapsed in Japan due to the large 
stress on the surface of abutment and pounding 
between superstructure and substructure.  

After 1995 Hyogo-ken Nanbu Earthquake, the 
consideration of 10 cm gap which has been used in 
the actual bridge in Japan was revised due to 
numerous damages on bridges suffered by collision 
phenomenon. Furthermore, necessary gap between 
two adjacent girder or among girder and abutments 
have to be taken into design of the superstructure for 
avoiding any damage of the bridge triggered by 
collision.  

The substantial effect of parapet-unified wing 
walls of abutment subjected to horizontal loads 
through unseating prevention structure of bridge was 
studied [2]. According to this analysis, it was found 
that bending moment at base of parapet affected by 
the wing walls. In order to prove the result of 
numerical analysis, an experimental model of 
reinforced concrete parapet wall of abutment without 
wing wall subjected to incremental horizontal load 
was inspected previously [3]. From this model, it was 
found that crack developed on the bottom of parapet 
wall and propagate along this wall.  

Recent study on cost analysis of proposed 
reinforcement method for abutment due to girder’s 
collision was developed, which was modeled by 3D-
Finite Element Method [4]. According to this 

research, it could be confirmed that the proposed 
seismic reinforcement method is very effective to be 
compared with the current method of reinforcement.  

 
METHODS  

 
The modelling simulation of reinforced concrete 

abutments were developed by using three 
dimensional solid elements, which was performed 
with ABAQUS software [5]. The discretization of 
abutment’s geometry, material properties for concrete 
and steel, applied load, and boundary condition for 
the structure were addressed. 
 
Finite Element Modeling  

 
Analytical model of concrete box girder bridge 

was assumed from the real bridge in Japan, which was 
conducted previously [6, 7] shown in Fig. 1. The total 
length of two span superstructures was 80 m with pier 
as its center and abutment in its edges. Four different 
abutment modelling approaches shown in Fig. 2 were 
used as the main parameter of this research. These 
approaches including Type 1 as abutment without 
wing wall, Type 2 as ordinary model in Japan, Type 
3 as abutment with full wing wall, and Type 4 as a 
new type of abutment which is proposed in this 
research.   

The dimensional configurations of the total height, 
width, and thickness of the wing wall and parapet 
wall were 8.0 m, 6.0 m and 0.5 m, respectively, with 
length of the wing wall was 4.0 m. The gap between 
superstructures were set to be 10 cm and 20 cm. The 
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bearing supports were assumed as fixed and roller 
bearings for pier and abutment, respectively. 
Additionally, the friction coefficient was set to be 0.1. 

In this non-linear simulation, the material 
properties for concrete are shown in Fig. 3(a), with 
the ultimate strength of 29.4 MPa and 50% of the 
linear elastic range. The Poisson’s ratio and modulus 
of elasticity were 0.2 and 20.6 GPa, respectively. The 
compression and tension damaged variables, dc and 
dt, were defined and plotted in Figs. 3(b) 3(c), 
respectively. In addition, the reinforcing bars was 
assumed as steel with Young’s modulus, Poisson’s 
ratio, density, and tensile strength of 206 GPa, 0.3, 
7850 kg/m3, and 294 MPa. 

(a) Side view of the bridge 

(a) Dimensions of the pier (unit: mm) 

(c) Cross section of the superstructure 
(unit: mm) 

Fig. 1 Three-dimensional finite element models of 
concrete girder bridges in ABAQUS with the 
view of pier and cross section of 
superstructure [6, 7] 

The method of Concrete Damaged Plasticity was 
selected due to its superiority in damage simulation. 
The concrete material of abutment was formed with 
C3D8R element, which is known as eight-node solid 
(brick) elements. The concrete materials for column 
and box girder were idealized by beam element and 
shell element, respectively. While the reinforcing bar 

was idealized by 3D truss elements, identified as 
T3D2. In addition, the embedded method was applied 
to constraint the two-node truss element (reinforcing 
bar) into solid element (concrete) with the purpose of 
creating a proper bond action [8]. 

(a) Type 1   (b) Type 2 (standard) 

 (c) Type 3               (d) Type 4 
Fig. 2 Theoretical models of abutments in ABAQUS 

(a) Stress vs strain curve 

(b) Compression damage 

(c) Tension damage 
Fig.3 Material properties of the concrete 

80 m 
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Input Seismic Wave 

 
Level 2 Type 2 with ground Type I earthquake 

ground motion with accelerations type were applied 
horizontally at the lowest part of substructures. It is 
known as an inland direct strike type earthquake with 
low probability of occurrence, which is represents 
with strong accelerations and shorter duration. Three 
input seismic waves shown in Fig. 4. L2T2G1 
depicted as Level 2, Type 2 and ground (soil) type 1. 
Furthermore, it was assumed that no liquefaction 
occurred. 

 
L2T2G1-1 

Fig.4 Input seismic wave (L2T2G1-1) from JSHB 
seismic waves [9]. 

 
Loading   
 

The loading condition for abutment under 
earthquake should be designed with the combination 
of dead loads, earth pressure and seismic effect [9]. 
Calculation of the earth pressure was assumed as a 
distributed load acting on the backfill of abutment. 
The soil properties were determined previously by 
Yamao et al., 2012. Monobe-Okabe Method was used 
to calculate an active pressure strength during an 
earthquake, as determined in Eqs. (1) and (2). PEA 
and KEA were determined as strength of an active 
earth pressure (kN/m2) at depth x (m) and coefficient 
of active earth pressure, respectively. 
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Proposal of the Damage Assessment   
 

The determination of damage in abutment was 
examined by using an allowable stress of concrete [9], 
as shown in Table 1. An allowable stress for four 
different design strength of concrete are specified. 
Therefore, allowable shear stresses as the maximum 

elastic limit and allowable compressive stresses with 
flexural types were defined as 1.9 MPa and 10.0 MPa. 

Table 1. Allowable stresses of concrete [9] 
 

Design strengths of 
concrete (MPa) 21 24 27 30 
Type of stress 

Compres-
sive 

stresses 
(MPa) 

Flexural 
compressive 

stresses 

7.0 8.0 9.0 10.0 

Axial 
compressive 

stresses 

5.5 6.5 7.5 8.5 

When only 
concrete 

carries shear 
forces ( )1oτ  

0.22 0.23 0.24 0.25 

Shear 
stresses 
(MPa) 

When 
concrete and 

diagonal 
tensile 

reinforceme
nt jointly 

carry ( )2oτ   

1.6 1.7 1.8 1.9 

Punching 
shear 

stresses 
( )3oτ  

0.85 0.90 0.95 1.00 

 
 
RESULTS AND DISCUSSIONS 
 

Previous studies have reported that the areas 
subjected to high stress is frequently observed during 
the investigation of abutment’s failure. Furthermore, 
evaluating the response stress, shear stress and 
displacement at abutments are useful in order to 
control the damage of abutments. 

 
Eigenvalue Analysis  

 
The dynamic characteristics for box-girder bridge 

structure in this study were explicitly portrayed 
through modal analysis procedures by eigenvalue 
analysis in previous research [7]. From this analysis, 
it was found the predominant mode was in equal 
position for bridge with different gap of 10 cm and 20 
cm. Otherwise; installation of four different abutment 
modelling approaches had a significant effect on its 
predominant mode, due to effect of the wing wall. 
The possibility of bridge with abutment Type 4 to 
vibrate sympathetically was at the 9th mode in X-
direction, 10th mode in Y and Z-direction. 

 
Shear Stresses of Abutments  

 
In this numerical simulation, the maximum shear 

stress occurred in all abutments with different gap 
were analyzed, as shown in Figs. 5(a) through Figure 
5(f). A1 and A2 denote the position of abutments in 
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the left and right side, respectively. According to 
these figures, it can be seen that installation of 
abutment Type 4 in concrete girder bridge generally 
increases the shear stress on vertical wall, when it is 
compared to Type 2. However, the maximum result 
is less than the maximum elastic limit of 1.9 MPa. It 
corresponds that abutments have a capability in 
resisting the shear load occurs in bridge due to the 
input seismic motion. 

 

 
(a) A1 (L2T2G1-1) 

 
(b) A2 (L2T2G1-1) 

Fig.5 Maximum shear stress of abutments 
 
Horizontal displacement of abutments 

 
Figs. 7(a) through Figure 7(d) show the maximum 

horizontal displacement at the top of parapet wall 
with the ratio between displacements at the top of 
abutment (Δ) to the height of abutment (H), Δ/H.  
 

 
(a) A1 (L2T2G1-1) 

 

 

(b) A2 (L2T2G1-1) 
Fig. 6 Maximum horizontal displacement at top of 

abutments 
The small and large displacements are determined 

by the ratio of 0.009 and 0.025, respectively [10]. 
Displacement to the left and right side of abutments 
are figured out by positive and negative values. From 
those simulations, it can be clarified that effect of 
input seismic motion is small on its horizontal 
displacement. This condition is possibly due to the 
ground motion which is applied at all support of the 
bridge, including of pier and abutments. 

 
CONCLUSIONS  

 
The seismic responses of abutments in a real 

bridge model were investigated. The conclusions of 
this research are given below.   

1. Installation of different abutment modelling 
approaches have a significant effect on its 
predominant mode. 

2. All types of abutments have a capability in 
resisting the shear stress occurs in bridge due 
to the input seismic motion. 

3. Effect of input seismic motion is small on its 
horizontal displacement and the shear stress at 
the surface of abutments. It is possibly due to 
the position of the applied ground motion at all 
supports without any consideration on 
liquefaction. 
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ABSTRACT 
 
Offshore wind turbine is an environmentally friendly and sustainable technology for generating electrical 

energy from wind energy at sea. Research in aerodynamics is crucial for the development of offshore wind energy 
technology to improve wind turbine blade design for maximum efficiency. In this study, numerical studies for the 
S809 airfoil aerodynamic performances under the wind speed of 7, 17.5, and 29 m/s are presented using the 
computational fluid dynamics ANSYS Fluent program. A two-dimensional model is developed in the presented 
study based on k-ω SST turbulence model. The turbulence model is validated with experimental results presented 
in the literature. The simulation results including lift coefficient (CL) and drag coefficient, (CD) obtained from the 
numerical study with the AOA range from -10˚ to 15˚ are presented. In addition, the effects of aerodynamic 
coefficients are also presented and discussed. Numerical results show that the sliding ratio is highest for the case 
of 6˚ AOA, in which the sliding ratios are 33.23, 41.90 and 45.87 at Reynolds numbers of 479211, 1198027 and 
1882614, respectively.  
  
Keywords: Offshore Wind Turbine Blade, Computational Fluid Dynamics (CFD), Aerodynamics Coefficients, 
Sliding Ratio, Angle of Attack (AOA) 
 
 
INTRODUCTION 

 
Energy demands have been significantly 

increasing day by day because of not only the 
expansion of populations but also the development of 
industrial sectors. Wind power becomes one of the 
main sustainable facility in comparison with other 
energy technologies like solar and hydropower 
because it can be found everywhere [1].  In order to 
make power from the wind, wind turbines are 
essential technology because it can operate with air 
and capture piece of its thermal energy, then 
discharge it into electricity [2].   

Wind power has shifted from onshore to offshore 
locations in an attempt to exploit the accelerated and 
more stable wind speed.  While shifting offshore wind, 
the tendency is to improve the sizes of the wind 
turbine blades so that more of this consistent wind can 
be taken, conclusively reducing the expense of energy 
[3].  At the present time, manufactures have been 
discussed the state of the art of offshore wind turbines 
massive of 7.5-12MW with rotor diameters of up to 
200m [4].   

The study of aerodynamic behavior of airfoils is 
essential for the design of practical wind turbine 
blades. The computational fluid dynamics, CFD is the 
further suitable way to analyze the aerodynamic loads 
of wind turbines with the rising computational 
capacity [5]. 

Many researchers have investigated the 
aerodynamics performances of various airfoils by 
employing CFD approach [6]-[10].  The blade 
profiles S809 and S816 were carried out by using 
two-dimensional CFD simulations to study lift and 
drag forces over the angle of attack (AOA) range of 
±180˚with wind velocity 11m/s at low Reynolds 
numbers [6].  Five different popular airfoil sections 
which were S8xx, FFA and AH series were analyzed 
by using CFD method to present the best airfoil 
profile for the optimum aerodynamic performance [7]. 

The flow and aerodynamic features of sharp 
trailing edged flat plate airfoil was systematically 
compared with NACA 0012 airfoil at three various 
Reynolds numbers by using CFD simulations [8].   
The influences of rain on flow separation and 
aerodynamic performance of the single element and 
slatted NACA0012 airfoils through a mathematical 
model which was developed by the commercial CFD 
solver ANSYS FLUENT was investigated in [9].  The 
analysis of the 2D sub-sonic flow over NACA0012 
airfoil at various AOAs and operating at a Reynolds 
number of 3x106 was presented in [10] to validate 
through the comparison of the predictions and the free 
field experimental measurements for the selected 
airfoil.   

In this paper, S809 airfoil profile, developed by 
the NREL, is considered for analysis of wind turbine 
blade at different angles of attack from -10˚ to 15˚. 
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Numerical results of simulations using Commercial 
Computational Fluid Dynamics (CFD) program are 
presented. Parameters including lift and drag 
coefficient are carried out by considering sliding ratio 
compared with three different velocities which are 7, 
17.5 and 29 m/s (with Reynolds numbers of 479211, 
1198027 and 1882614, respectively). The effects of 
aerodynamic coefficients are discussed. 

 
HORIZONTAL AXIS WIND TURBINE (HAWT)  

 
Modern HAWT blades have been consistently 

designed using well tested airfoils.  National 
Renewable Energy Laboratory (NREL) and other 
agencies have developed several airfoil families 
especially for HAWT blades [6].  Before wind turbine 
energy production are designed, aerodynamic related 
to airfoils need to be determined. 

In order to measure the aerodynamic loads, lift 
and drag coefficients are needed to investigate first 
because these coefficients could vary with AOA, α 
and the shape of the airfoil.  The AOA plays a vital 
role in the wind turbine performance because the lift 
coefficient decreases when the AOA increases 
beyond a certain value which is call a stall point [11]. 

The lift and drag force on airfoil have been 
averaged and used for calculating lift coefficient and 
drag coefficient.  Lift is defined as the force on the 
body in a direction normal to the flow direction.  The 
drag on a body in an oncoming flow is defined as the 
force on the body in a direction parallel to the flow 
direction [11].  Moreover, sliding ratio is one of the 
predominant aerodynamic parameters of the airfoil as 
well.  As a consequence of this, power output would 
be reduced when the sliding ratio is small.  Similarly, 
the airfoil is designed, the sliding ratio should be 
maximized [12].  They can be defined as follows: 

 

𝐂𝐂𝐋𝐋 =  
𝐋𝐋

𝟏𝟏
𝟐𝟐 𝛒𝛒𝐕𝐕

𝟐𝟐𝐜𝐜
  

(1) 

𝐂𝐂𝐃𝐃 =  
𝐃𝐃

𝟏𝟏
𝟐𝟐𝛒𝛒𝐕𝐕

𝟐𝟐𝐜𝐜
 

(2) 

𝛆𝛆 =  
𝐂𝐂𝐋𝐋
𝐂𝐂𝐃𝐃

=  
𝐋𝐋
𝐃𝐃 (3) 

 
where, ρ is air density (kg/m3), c is chord length (m), 
L is lift force (N/m), D is drag force (N/m), V is wind 
velocity (m/s), CL is lift coefficient, CD is drag 
coefficient and ɛ is sliding ratio. 
 
NUMERICAL SIMULATION  
 

The study and investigation of the S809 airfoil 
developed by NREL are conducted using a 
commercial computational fluid dynamics (CFD) 
package, ANSYS Fluent. The S809 airfoil is analyzed 

as depicted in Fig. 1.  This profile is a 21% thick with 
a sharp trailing edge and especially designed for 
HAWT blade.  NREL simulated this profile by wind 
tunnel test with special quality. Then, the 
aerodynamic data of this airfoil could be attained in 
the technical report in [13].  The chord length of S809 
airfoil is normalized equal to 1m in this simulation. 

 

 
 
Fig. 1 S809 Airfoil Profile. 
 

The dimension of domain and boundary condition 
are mainly influenced to forecast the aerodynamic 
flow field of airfoil.  In this simulation, the 
computational domain is a C-type grid topology and 
it is extended to 12.5 chord lengths of airfoil in all 
direction as shown in Fig. 2.  Hence, the boundary 
condition is applied as inlets, outlets and wall to all 
areas of domain as presented in Fig. 2.  Thus, the inlet 
turbulence is considered with three variable wind 
velocity which are 7, 17.5 and 29m/s according to the 
Beaufort scales [14] at a medium range intensity 5%.  
At the outlet boundary, the pressure condition is set 
to the 0 Pa and the airfoil surface is considered as no-
slip wall boundary condition. The convergence 
accuracy is set 10-5 for the absolute residuals variables 
equation in order to get highest precisions. 

 
 

 
 

Fig. 2 The C-type domain for S809 airfoil 
simulation. 

 

Inlet 

Inlet Outlet Airfoil 

12.5c 
 

12.5c 

 

Inlet 
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In this simulation, Fluent solver based a finite 
volume method is applied to solve the Reynolds-
Averaged Navier-Stokes (RANS) equations.  Thus, 
pressure-based solver SIMPLE is assigned as the 
pressure-velocity coupling algorithm.  The air flow is 
set to be steady, incompressible and turbulent.  In the 
previous studied [5], [15], [16] they suggested that K-
Omega SST model was suitable for airfoil simulation. 
For this turbulence model, second order upwind is 
used in order to control and reduce the numerical 
solution errors. All these parameters are given in table 
1. 
 
Table 1 Input Parameters  
 

Turbulence model K-Omega SST 
Fluid  Air, incompressible 
Density, ρ 1.225 kg/m3 

Dynamic viscosity, µ 1.7894 x 10-5 

Chord length, c 1 m 
Discretization 
scheme 

Pressure (second order 
upwind) 
Momentum (second order 
upwind) 

CFD algorithm  Simple 
 

The numerical precision especially relies on the 
computational grid.  Basically, there are many kinds 
of mesh refinement patterns in CFD simulations.  
Figure 3 presents that the domain is discretized with 
the unstructured quadrilateral mesh.  In addition, 
inflation is applied on the airfoil surface in order to 
capture the effect of the boundary layer as illustrated 
in Fig. 3. 
 

 
 

Fig. 3 The grid generated for the flow domain. 
 

However, generating extra nodes and elements 
can cause the required computer memory and 
computational time.  Therefore, the suitable number 
of elements should be determined until the further 
mesh refinement could not change the results.  Figure 
4 shows the convergent drag coefficient determined 
by relative graphs between number of element and 
drag coefficient at three different AOAs which are 0˚, 

1.02˚ and 5.13˚ respectively. This study focused on 
six cases of grid independent which are 17944, 42761, 
110001, 185521, 319305 and 400302. The results 
reveal that the trends start constant at number of 
elements of 185521. Thus, this element number could 
be established as a good grid independent solution. 

 
 
Fig. 4 The drag coefficient regarding on variable 

numbers of cells. 
 
VALIDATION 

The simulation results are compared with those 
obtained from experimental results [13] at three 
variable AOAs which are 0˚, 1.02˚and 5.13˚ for 
validation. Table 2 shows the lift coefficients of S809 
airfoil at Reynolds number 2 million. It is found that 
the errors are less than 10% of all AOAs. Therefore, 
using this model can predict a phenomenon of 
turbulence flows in S809 airfoil correctly. 

 

Table 2 Comparison of lift coefficients between 
numerical and experimental results  

 

AOA Numerical 
results 

Experimen
tal results 
[13] 

Error (%)  

0 0.1349 0.1469 8.17 
1.02 0.2512 0.2716 7.51 
5.13 0.7088 0.7609 6.85 

 

RESULTS AND DISCUSSION 

The results of the predicted CFD simulation at 
various conditions are reported in Figs 5, 6 and 7. 
Drag coefficient, lift coefficient and sliding ratio with 
the range of AOAs between -10˚ and 15˚ for three 
different wind speeds are discussed. 
 

 

Drag Coefficient 
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The plot of drag coefficients and AOAs is 
obtained as shown in Fig. 5. The plot compares the 
predicted effects for various AOAs. The results show 
that the AOA at the minimum drag coefficients are 0 
degrees which are 0.017, 0.014 and 0.012 at 7, 17.5 
and 29m/s, respectively. At AOAs greater than 0 
degree, the drag coefficients increase. In addition, 
there are notable rising trends from 5˚ to 15˚. 

 
 
Fig. 5 Drag Coefficient Distribution between -10˚ 

to 15˚ for three different wind velocities. 
 
Lift Coefficient 

Lift coefficients at various velocities obtained 
from using the proposed model are plotted in Figs. 6. 
It is found that all results are similarly raising with a 
very significant slope in the AOA range from -5˚ to 
10˚ for three velocities. At the AOA 6˚, lift 
coefficients are 0.739, 0.783, 0.798 at 7, 17.5 and 29 
m/s, respectively. While, it is found that the 
maximum lift coefficient raises to hit the critical 
AOA which is called stall point before reaching AOA 
15˚.  In this study, the critical or stall angle of attack 
is around 9° - 15° for three velocities. After the lift 
coefficient has peaked at the critical AOA, the trend 
of this decreases noticeably again.  The result shows 
a peak of 0.920, 0.990, 1.026 at AOAs of 13, 9, 10 
degrees which corresponds to a wind speed of 7, 17.5 
and29 m/s, respectively.   

 
 

Fig. 6 Lift Coefficient Distribution between -10˚ 

to 15˚ for three different wind velocities. 
 

Sliding Ratio/ Lift to Drag Ratio 

The sliding ratio for the simulation results are 
reported by graphs in Fig. 7. Figure 7 shows that the 
lowest sliding ratio is -17.32 at AOA of -5˚ for 7m/s 
wind velocity. While, at AOA -6˚, the fewest sliding 
ratios are -24.26 and -27.91 at the velocities of 17.5 
and 29 m/s, respectively. In contrast, the AOA at the 
maximum sliding ratios are equally at 6˚ which are 
33.23, 41.90 and 45.87 at 7, 17.5 and 29 m/s, 
respectively. It is obvious that the airfoil has a 
maximum sliding ratio of 45.87 at AOA of 6˚, which 
corresponds to a wind velocity of 29 m/s. Therefore, 
the higher wind velocity yields the best sliding ratio. 
In addition, it is claimed that AOA of 6 degrees is the 
best condition to operate a HAWT with S809 airfoil 
profile with all three velocities. 

 
 
Fig. 7 Sliding Ratio Distribution between -10˚ to 

15˚ for three different wind velocities. 
 
CFD Simulation 
 

The predictions of pressure contours and velocity 
streamlines in the flow domain at a velocity of 17.5 
m/s are shown in Fig.8.  Figure 8 shows the 
distribution of the pressure contours and velocity 
streamlines at the AOA of 0˚, 6˚ and 12˚.  

From Fig.8a, the results demonstrate clearly that 
the pressure on the lower surface of the geometry is 
larger than that of the upper part increasing AOAs.  
Therefore, the under part of airfoil pressure at AOA 
12˚ is greater than that side of its at AOA 0˚.  It is 
shown that the geometry is pushed to the upward  
movement as a result of airflow direction. 

The velocity streamlines show significantly 
different among three AOAs as shown in Fig.8b. The 
simulation results illustrated the streamlines are 
formed to be a vortex on the trailing edge at the AOA 
of 12 degrees. There is a noticeable vortex effects of 
trailing part of profile at AOA of 12˚ comparing other 
two AOAs 0˚ and 6˚.  The vortex os expanded and 
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strongly separated flow above the stall angle of attack. 
As a result of this, the lift coefficient would decrease. 

 
 

 
 

 

  
AOA of 0 degree 

  
AOA of 6 degree 

  
AOA of 12 degree 

(a) (b) 
Fig. 8 Pressure contours (a) and velocity streamlines (b) in three different AOAs at 17.5 m/s 

Conclusion 
 
In this paper, S809 airfoil profile is studied with 

different angles of attack between -10˚ and 15˚ for 
different wind velocities. A two-dimensional model 
is developed in the presented study based on the k-ω 
SST turbulence model. Various parameters including 
lift and drag coefficients and lift-to-drag ratio. The lift 

coefficients of the critical AOA at 13, 9 and 10 
degrees corresponds to a wind speed of 7, 17.5 and 29 
m/s, respectively. The simulation results show small 
different stall angle of attack because many airfoils 
[17] are typically around 15° to 20°. While, numerical 
study of the S809 shows that the maximum lift-to-
drag ratio is achieved at AOA of 6˚ for three velocities 
at 7, 17.5 and 29 m/s respectively. Aerodynamic 
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analysis of wind turbine blades for a suitable angle of 
attack is crucial to improve the design of wind turbine 
blades for maximum efficiency. 
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ABSTRACT 

Immiscible two-phase flows in porous media concern various problems such as underground water pollution 

by non-aqueous phase liquid and enhanced oil recovery. It is well known that the drainage process of two-phase 

flows within porous media takes several patterns depending on the conditions, namely from a stable displacement, 

viscous fingering flow to capillary fingering flow. However, the physical mechanism of infiltration and critical 

conditions for varied invasion patterns have not been evident. This study employed numerical two-phase flow 

simulation using the Color Gradient Lattice Boltzmann Method (CG-LBM) in a simplified pore network model 

with different capillary number and viscosity ratio between the two fluids. The CG-LBM is superior in 

implementation of boundary conditions and specification of fluid parameters such as viscosity and interfacial 

force, and therefore suitable for two-phase flow simulation in porous media. Simulation results confirm that low 

capillary number flows produce the preferential flow for pore throats with large width, which is correspondent to 

the capillary fingering flow. In addition, the retreat of the invading fluid caused by Haines jump is seen. When 

capillary number is higher, these two phenomena did not apparently take place. Higher capillary number flows 

lead the invading fluid to simultaneously displacing different throats when its viscosity is higher than that of the 

invaded fluid (stable displacement), and the viscous fingering flow happens otherwise. These findings suggest that 

the conditions of capillary number and viscosity ratio, and occurrence of the preferential flow and Haines jump 

are key factors for different invasion patterns. 

Keywords: Fingering flow, Lattice Boltzmann Method, Drainage process, Capillary number 

INTRODUCTION 

Immiscible two-phase flows in porous media 

concern various problems such as underground water 

pollution by non-aqueous phase liquid, enhanced oil 

recovery, and carbon capture and storage. The 

drainage process within porous media exhibits 

various patterns depending on conditions namely 

from stable displacement, a viscous fingering flow to 

a capillary fingering flow. Although the critical 

conditions determining these invasion patterns have 

been widely researched both physically [1]–[3] and 

numerically [4]–[6], there have been no universally 

accepted criteria about transition among the different 

invasion patterns. In addition, detailed physical 

mechanism during the fluid displacement in porous 

media has not been explicitly identified. 

One of the most influential works about drainage 

process in porous media is by [7]. They numerically 

simulated displacement behavior by a capillary 

network model and classified the invasion patterns 

based on the saturation when breakthrough occurs. 

The result is compiled as a phase diagram plotting the 

types of invasion patterns on the coordinate whose x-

axis is viscosity ratio M  and y-axis is capillary 

number Ca . Although their work successfully 

reproduced different invasion patterns and classified 

them, it is reported that the threshold of the diagram 

is not universally fixed [1], [3], [5]. Also, it lacks 

analyses of detailed process during displacement 

since it assumes simple capillary network fluid 

dynamics. 

This paper numerically simulates the drainage 

process within a simplified pore network model using 

the Color Gradient Lattice Boltzmann Method (CG-

LBM) with different conditions of Ca  and M . The 

numerical results confirmed the three invasion 

patterns depending on the conditions, and the two 

notable fluid dynamic phenomena of a preferential 

flow and Haines jump are seen, which are concluded 

as key factors for different invasion patterns. 

MATERIAL AND METHODS 

Numerical Scheme 

The Lattice Boltzmann Method (LBM) is a 

mesoscopic-based computational fluid method and 

treats a fluid as a collection of particles which can 

have finite number of lattice velocities. The 

probability of particles along a certain direction at a 

node is described by the particle distribution function. 

Fluid properties such as density, pressure and velocity 

are derived by zeroth and first moment of the particle 

distribution function. The computational procedure of 

the standard LBM consists of two steps: a collision 

step and streaming step. The simple iteration of these 

two steps develops the particle distribution functions 
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and computation of the moments of the particle 

distribution functions yields macroscopic variables at 

each node in a way that it recovers the incompressible 

Navier-Stokes equation within the limit of second 

order accuracy and low Mach number [8]. 

The CG-LBM is one of the multiphase LBM 

models, and good at explicit specification of fluids’ 

properties such as viscosity ratio and interfacial 

tension. We implemented a computational method 

mainly based on [9], where multiphase features of 

interfacial tension and immiscibility are incorporated 

by adding a perturbation step and recoloring step to 

the standard LBM procedure, respectively. On the 

other hand, the wettability of fluids is modelled by 

assigning contact angle directly without considering 

contact angle hysteresis [10]. 

As boundary conditions, the standard bounce-

back condition is applied at the walls of the pore 

model as a no-slip boundary condition, and the non-

equilibrium bounce back method [11] is imposed at 

the inlet and outlet as a Dirichlet boundary condition. 

The computer code we used was verified 

beforehand by simulating basic multiphase flow 

problems of droplet formation and contact angle test 

(not shown), and satisfying results were obtained. 

Throughout the simulations in this research, the 

contact angle of the wetting fluid against the 

nonwetting fluid is set to be 60 degrees. 

Simulation Outline 

Considering the high computational cost of the 

CG-LBM, a simplified pore network model is chosen 

as a simulated medium. The simulated porous model 

shown in Fig. 1 is composed of the four round pore 

bodies with the same size, four rectangular throats 

connecting them having different widths, and inlet 

and outlet throats. The width w of the pore throats 

and diameter d  of the pore bodies are presented in 

Table 1 in a form of dimensionless lattice unit (lu). 

Note that all the values are nondimensionalized using 

lattice unit (lu), mass unit (mu), and time step (ts) for 

length, mass, and time unit, respectively in the rest of 

the paper. A constant velocity is imposed at the inlet. 

The inlet boundary nodes are assumed to be 

nonwetting nodes, and the outlet boundary nodes are 

treated as wetting nodes. The inlet velocity drives the 

nonwetting fluid colored red in Fig. 1 to invade the 

pores and the blue wetting fluid is drained from the 

outlet. 

The key parameters of the simulation are capillary 

number n nCa u = and viscosity ratio 

n wM  = . Note that n  is the dynamic viscosity 

of the nonwetting fluid, nu  is the inlet velocity of the 

nonwetting fluid,   is the interfacial tension, and 

w  is the dynamic viscosity of the wetting fluid. 

Several works about drainage process in porous 

media [1], [3], [5], [7] showed that the stable 

displacement occurs when both Ca  and M  are 

higher, the viscous fingering flow takes place when 

Ca  is higher and M  is lower, and capillary 

fingering flow happens when Ca  is lower. However, 

the threshold of the transition among those invasion 

patterns are different among different researches, and 

hence a universal criterion has not been available. In 

addition, the physical mechanism of the different 

invasion patterns has not been adequately researched 

because of the complicatedness of porous media. 

We change the two parameters of Ca and M by 

appropriately choosing the kinematic viscosity, fluid 

density, interfacial tension, and inlet velocity from 

simulation to simulation while keeping the LBM 

specific error due to large velocity and kinematic 

viscosity small. Indeed, the maximum inlet velocity 

allowed is set to be 0.009 and that of kinematic 

viscosity to be 0.6. We realized the capillary number 

ranged from 55.0 10Ca −=   to 27.2 10−  and the 

viscosity ratio 9.000M =  and 0.111 . The 

simulation is stopped when the invading fluid reaches 

the outlet of the medium, i.e., when breakthrough 

occurs. The simulation results exhibited different 

invasion patterns each of which corresponds to the 

stable displacement, viscous fingering flow and 

capillary fingering flow. The physical mechanism of 

the variant displacement processes and their 

transitional values are analyzed in the next section. 

Fig. 1 The simulated porous model. The red region 

is occupied by an invading fluid and the blue 

region is occupied by an invaded fluid. 

Table 1 Widths w of the pore throats and radius d

of the pore bodies in the simulated porous 

model 

wBL wTL wBR wTR dB wI wO

28 32 12 20 50 40 24 

Note: BL: Bottom-Left, TL: Top-Left, BR: Bottom-Right, TR: 
Top-Right, B: Body, I: Inlet, O: Outlet. The unit is lattice unit (lu). 
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RESULTS AND DISCUSSION 

Capillary Fingering Flow 

The representative flow development of capillary 

fingering regime is shown in Fig. 2. This regime 

assumes lower capillary number, and therefore the 

flow is dominated by capillary force while viscous 

force is neglectable. 

The first notable characteristic is the preferential 

flow to larger pore throats. Referring to Fig. 2a, the 

invading fluid preferentially penetrates the top left 

throat without getting into the bottom left throat. This 

phenomenon is caused by variant threshold pressures 

of pore throats. The threshold pressure of a throat is 

defined as the pressure difference between the two 

fluids needed for the invading fluid to penetrate the 

throat. In drainage process, according to the Laplace 

law, the threshold pressure 
thP  is written as 

2 costhP
w

 
= , (1) 

where   is the contact angle. Since the contact angle 

and interfacial tension are constants throughout 

the domain, larger throats always hold smaller 

threshold pressure, leading the invading fluid to 

penetrate larger throats preferentially. While the fluid 

invades the pore throat with the largest throat width, 

the pressure difference between the invading and 

invaded fluid is fixed to the threshold pressure of that 

throat which is inevitably lower than the threshold 

pressure of the other pore throat. Hence, the invading 

fluid is not able to penetrate the other throat, waiting 

at the entrance of the throat (Fig. 2a). In addition, 

another preferential pattern between a pore body and 

throat is noticeable. From Fig. 2a to Fig. 2b, the 

invading fluid prefers the bottom left throat rather 

than the top body. The threshold pressure into a pore 

body with diameter d from a throat with width w  is 

2 cos[max( , 180 )]
,thP

w

  +
= − (2) 

where cos /w d = − and 90 180  . The 

threshold pressure into the top body from the top left 

throat is thus 2 cos( ) / 32 0.062thP    = +  , 

which is higher than the threshold pressure into the 

bottom left throat 2 cos60 / 28 0.036thP  =  . 

Hence, the invading fluid prefers the bottom left 

throat to the top body (Fig. 2b). Then, the invading 

fluid selects the top body rather than the bottom body, 

following Eq. (2) (Fig. 2c). During the invasion of the 

top body, the second characteristic, or the retreat of 

the invading fluid from the throat due to Haines jump 

[12] occurs. Haines jump is a jump of a fluid interface 

and abrupt pressure drop accompanying it [12]. When 

the invading fluid penetrates the top body from the 

top left throat, the invading fluid experiences the 

sudden change of the geometry and accompanying 

sudden drop of the capillary pressure. This makes the 

pressure of the invading fluid lower than the pressure 

needed to stay in the bottom left throat. Hence, the 

invading fluid in the bottom left throat retreats and the 

redistribution of the fluid occurs. The difference 

between average pressure of the invading and invaded 

fluids, and the average x-velocity before and during 

invasion of the top pore body are plotted in Fig. 3 for 

the same condition as Fig. 2. During the period (A), 

the invading fluid penetrates the bottom left throat, 

keeping the constant pressure. Then, during period 

(B), the pressure starts to increase by growing menisci 

while the interfaces stick to the critical points of the 

top left throat and top body, and the bottom left throat 

and bottom body. Finally it releases the pressure 

during the period (C) while penetrating the top body. 

Accompanying to the sharp pressure decline, the 

invading fluid retreats from the bottom left throat 

from (D) to (E). Also, the average x-velocity 

experiences the abrupt increase and the following 

Fig. 2 The representative flow development in capillary fingering regime (
43.6 10 , 9.000Ca M−=  = ). 
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abrupt decrease during the retreat. This jump and 

retreat happen in a short period compared to the initial 

invasion of the bottom left throat: the invasion took 

around 160,000 time steps while the retreat occurred 

in 40,000 time steps. The change of average x-

velocity shown in Fig. 3 also identifies the rapidness 

of the jump and retreat. This whole process is typical 

in the Haines jump phenomenon: accumulation of 

pressure, abrupt exchange of pressure into velocity, 

and the fluid redistribution. 

After refilling the bottom left throat according to 

Eq. (1), the invading fluid penetrates the top right 

throat in the manner of comparison between Eq. (1) 

for the top right throat and Eq. (2) for the bottom body 

(Fig. 2d). Then, the bottom body is invaded while the 

Haines jump occurs (Fig. 2e) after which the top right 

throat is refilled (Fig. 2f). The threshold pressure into 

the right body 2 cos(180 ) / 20 /10thP  = − =  is 

higher than that into the bottom right throat 

2 cos60 /12 /12thP  = = . However, Fig. 2g 

manifests the opposite selection, i.e., the right body is 

invaded. This discrepancy may be caused by an 

inertial effect. Indeed, the local Reynolds number at 

the fluid interface, Re /TR TR nUw = , where U  is the 

magnitude of velocity and n is the kinematic

viscosity of the invading fluid, during the invasion of 

the border between the top right throat and the right 

body reached (1)O , which can be large enough to 

exert an inertial effect. The local velocity of the 

interface was one or two order larger than the inlet 

velocity, which caused the local increase in Reynolds 

number compared to bulk Reynolds number. Since 

“inertia can influence the selection of the next pore to 

be invaded” [13], this apparently unreasonable 

preference can be caused by an inertial effect. In fact, 

detailed observation of the results revealed that the 

invading fluid once invaded the bottom right throat 

but retreated immediately. This suggests that 

although capillarity prefers the bottom right throat, 

inertia overcomes it and makes the invading fluid 

relax into the right body. 

Stable Displacement 

The representative flow development of stable 

displacement regime is shown in Fig. 4. In this 

regime, the capillary number is higher, and the 

viscosity ratio is larger. Hence, viscous force of the 

invading fluid is dominant. In this regime the 

preferential flow and Haines jump referred to in the 

capillary fingering regime do not apparently occur. 

On the contrary, the invading fluid simultaneously 

penetrates the bottom left throat and the top left throat 

(Fig. 4a). In this case, the dominant viscous force of 

the invading fluid virtually neglects the local capillary 

effect due to interfacial tension, i.e., the capillary 

pressure of a throat does not affect the propagation of 

the meniscus lying in the other throat.  The retreat of 

the invading fluid due to the Haines jump does not 

take place for the same reason: during the 

displacement of a large pore body, the invading fluid 

is still be able to displace the invaded fluid, propelled 

by the viscous force (Fig. 4b, c, d, e). 

Viscous Fingering Flow 

The representative flow development of viscous 

fingering flow regime is shown in Fig. 5. This regime 

represents higher capillary number and smaller 

viscosity ratio. Hence, the flow is dominated by the 

viscous force of the invaded fluid. In this flow type, 

the finger-like interface is confirmed. In the same way 

as the stable displacement pattern, the flow is driven 

by bulk pressure difference between the inlet and 

outlet, and therefore capillarity of throats does not 

affect the fluid dynamics. Observing the state at 

breakthrough (Fig. 5d), the seemingly preferential 

path to the upper pores is evident, which is not by the 

capillarity but rather by the channeling effect [14], 

[15]. In the viscous fingering pattern, since bulk 

pressure difference is much larger than the local 

capillary pressure difference, the selection of an 

invaded pore does not occur pore by pore unlike the 

capillary fingering pattern. Instead, the overall 

viscous resistance through the series of pores from the 

Fig. 3 Pressure difference and 

average x-velocity about 

invasion of top body. 

(A)  Penetrate bottom left 

throat 

(B)  Accumulate pressure by 

growing menisci while 

sticking to critical points 

(C)  Penetrate top body while 

releasing pressure 

(D)  Start to retreat from 

bottom left throat 

(E)  Retreat completely to 

reach left body 
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inlet to the outlet determines the flow path. In this 

manner, the upper series of pores is preferable for the 

invading fluid compared to the lower one. In other 

words, the upper channel is more permeable than the 

lower channel. 

Critical Values For Transition 

The critical values for the transition among the 

three invasion patterns are of interest from an 

engineering viewpoint since the different invasion 

patterns significantly alter efficiency of the operation. 

Table 2 and 3 show the presence and absence of the 

noted phenomena in capillary fingering regime, the 

preferential flow and retreat of the invading fluid due 

to Haines jump, for different viscosity ratios. From 

Table 2, the capillary fingering flow would transition 

to the stable displacement in 
2(10 )Ca O −= , which 

roughly corresponds to [3] and [7]. Table 3 suggests 

that the transition from the capillary fingering to the 

viscous fingering would occur in 
3(10 )Ca O −= , 

which is considerably higher than some of the 

literature [1], [3]. Since the domain size influences 

invasion patterns significantly, simulation on larger 

realistic porous media is needed instead of the 

simulated minimal porous model for further analyses. 

CONCLUSIONS 

In this paper, the drainage process in a simplified 

pore network model was numerically simulated using 

the CG-LBM, and the three different invasion 

patterns were obtained. These patterns correspond to 

a capillary fingering flow, stable displacement, and a 

viscous fingering flow, respectively. The two notable 

characteristics, namely the preferential flow to wider 

pore throats and the retreat of the invading fluid due 

to the Haines jump were observed for the low 

capillary number flows. During the Haines jump, 

the sudden release of pressure and abrupt change in 

mean velocity were confirmed. On the other hand, the 

preferential flow and Haines jump did not apparently 

happen for higher capillary number flows. When 
2(10 )Ca O − and / 9.000n w  = , the pore throats 

were simultaneously displaced, which is 

correspondent to the stable displacement. When 
3(10 )Ca O − and / 0.111n w  = , the viscous 

fingering flow developed, where the finger-like 

interface was observed. These findings suggest that 

the conditions of capillary number and viscosity ratio, 

and occurrence of the preferential flow and Haines 

jump are key factors for different invasion patterns.  

Fig. 4 The representative flow development in stable displacement regime (
27.2 10 , 9.000Ca M−=  = ). 

Fig. 5 The representative flow development in viscous fingering regime (
27.2 10 , 0.111Ca M−=  = ). 
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Table 2 Presence and absence of preferential flow and retreat by Haines jump when 9.000M =

Ca 5.0×10-5 1.0×10-4 3.6×10-4 3.6×10-3 7.2×10-3 1.0×10-2 2.0×10-2 3.6×10-2 7.2×10-2

logCa -4.30 -4.00 -3.44 -2.44 -2.14 -2.00 -1.70 -1.44 -1.14 

Preferen-

tial flow 
Present Present Present Present 

Inter-

mediate 

Inter-

mediate 
Absent Absent Absent 

Retreat by 

Haines 

jump 

Present Present Present Present Present Present 
Inter-

mediate 
Absent Absent 

Table 3 Presence and absence of preferential flow and retreat by Haines jump when 0.111M =  

Ca 5.0×10-5 1.0×10-4 3.6×10-4 7.2×10-4 3.6×10-3 7.2×10-3 1.0×10-2 3.6×10-2 7.2×10-2

logCa -4.30 -4.00 -3.44 -3.14 -2.44 -2.14 -2.00 -1.44 -1.14 

Preferen-

tial flow 
Present Present 

Inter-

mediate 
Absent Absent Absent Absent Absent Absent 

Retreat by 

Haines 

jump 

Present Present Present Present 
Inter-

mediate 
Absent Absent Absent Absent 
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ABSTRACT 

The Jakarta-Bandung high-speed railway project is one of the government's national strategic projects in the 
transportation sector and is expected to require a total investment of US$6.07 billion. The railway project will 
serve four main stations: Halim in Jakarta, Karawang in West Java and Walini and Tegaluar in Bandung regency. 
A total of 80 km of the railway will be elevated, while a further 16.9 km will be in tunnels. The trains will travel 
at 350 km per hour, cutting travel time between Jakarta and Bandung to 45 minutes, faster than the approximately 
three hours and a half on the Parahyangan existing train. Railway developer PT Kereta Cepat Indonesia China 
(KCIC), a joint venture between Indonesian and Chinese railway companies, initially planned to finish the project 
and start operations in December 2021. Unfortunately, development of the project would depend on the situation 
of the coronavirus outbreak in the country. In order to curb the outbreak, the Jakarta government called on the 
public in mid-March to implement social distancing measures by studying, working and praying at home. Hence 
Chinese workers wanting to return to work on the Jakarta-Bandung high-speed railway project should abide by 
the health and safety protocols. In late March a regulation offering an exemption for foreigners working on national 
strategic projects from the temporary ban on foreign arrivals and transits. The ban is set to last until the government 
declares an end to the outbreak. In order to speed–up the progress, the consortium have made a number of 
breakthroughs in building tunnels, railway bridges and stations to pursue the remaining progress of 56 percent 
over the next 18 months. 

 

Keywords: High-speed railway, Jakarta-Bandung, National strategic project, COVID-19 

 

INTRODUCTION 

PT KCIC is established based on deed No. 86 dated 
October 16, 2015 and project Jakarta-Bandung high-
speed railways (HSR) designated as one of the 
government's National Strategic Projects in 
Presidential Regulation No. 3 of 2016 concerning the 
Acceleration of National Strategic Projects. Having a 
length of 142.3 km stretching from Jakarta to 
Bandung, the HSR line has four halting stations, 
Halim, Karawang, Walini, and Tegalluar with one 
depot located in Tegalluar. The construction was 
carried out on a massive scale to pursue operational 
targets in 2021. Of the total length of the fast train 
track, more than 80 km of them have elevated 
structures while the remainder are 13 tunnels and sub-
grades. Otherwise, the project construction has been 
facing challenges regarding land procurement as the 
main problem that needed to be solved after the 
issuance of the construction permit. And since the 
coronavirus is going global, Chinese workers wanting 
to return to work on the Jakarta-Bandung high-speed 
railway project should abide by the health and safety 
protocols. Hence, these situations cause and effect of 
delay of project delivery. The Indonesian government 

has begun discussions on possible Japanese 
participation in a planned high-speed railway between 
Jakarta and Bandung, hoping to spur progress on the 
delayed Chinese-led project as costs mount. 
Meanwhile, the latest information indicates that the 
new proposal would combine that rail link with a 
Japanese-Indonesian project upgrading an existing 
750 km connection between Jakarta and Surabaya. 
Discussions have begun on extending the high-speed 
Jakarta-Bandung railway to Surabaya and whether it 
would be possible to include Japan in the consortium. 
Many in the Indonesian government have argued that 
a single railway running through Bandung to 
Surabaya would be more efficient than separate 
routes going east and southeast from the capital. Cost 
overruns on the Bandung-Jakarta HSR project have 
given a boost to this view. The project was originally 
scheduled to be completed in 2019 at an estimated 
cost of US$5.5 billion. However, the project expected 
to be completed in December 2021 at a cost of over 
US$6.07 billion. In mid-May 2020, construction 
progress reaches 48.3% and has worked again and 
follow physical distancing although the Covid-19 
pandemic is not yet over. This paper identifies the 
challenges to complete the HSR project successfully. 
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The previous paper related to the Jakarta-Bandung 
HSR can be found in Purba et. al. [1], and Purba [2]. 

 
PROJECT HIGHLIGHTS  

 
Originally approved in May 2017 following the 

signing of a US$4.5 billion loan agreement between 
the two countries, the project initially experienced a 
number of lengthy delays, largely on account of 
protracted land‑rights negotiations. KCIC as HSR 
developer such optimism, however, went to the wall 
as soon as the unprecedented extent of the Covid‑19 
outbreak – and its wider implications – became 
apparent, with countries across Asia and beyond 
locking down flights and barring port entry. As in 
many other countries, a number of Chinese project 
directors, managers, engineers and consultants for the 
HSR project, who had returned home for the spring 
festival period, were unable to resume their roles. The 
map and brief data of Jakarta-Bandung HSR line are 
shown in Fig. 1 and Table 1, respectively. HSR 
Jakarta-Bandung comes with the latest type, 
CR400AF, which is equipped with modern and 
reliable technology. Combined with the concept of 
transit oriented development (TOD), HSR station 
ensures an integrated system with a wide choice of 
integrated transportation modes, a variety of culinary 
delights, facilities and other privileges [3]. 

As of September 2019, in line with the progress on 
physical infrastructure development, the Jakarta-
Bandung HSR project in parallel is also preparing an 
operating system and maintenance of facilities and 
infrastructure. The contractor is preparing the need 
for human resources ranging from the organizational 
structure to the number of personnel for operational 
after the project completion. KCIC is targeting to 
involve 1,700 personnel for the train operation. In this 
regard, KCIC has been partnering with PT MRT 
Jakarta, a pioneer of modern railroad facilities in 
Indonesia operating the mass rapid train in Jakarta. 
The two companies agreed to transfer knowledge to 
each other in connection with the maintenance and 
operation, which include human resources 
development as well as innovation and strategies for 
developing Transit Oriented Development (TOD) and 
the other line of non-train businesses. Jakarta- 
Bandung HSR is an advanced-technology but risky 
mega project. The risk largely is sourced from the real 
demand of the train connecting the two big cities. 
Indeed, a lot of people commuting from Jakarta to 
Bandung, and in another way around. 

 

Fig. 1 The proposed of HSR line 

Table 1. Brief data of Jakarta-Bandung HSR line [4] 

Element Data 
Termini Halim (Jakarta) ~ Tegalluar 

(Bandung) 
Intermediate station Karawang and Walini (West Java) 

Route length Approximately 143 km 
Schedule train frequency Every 35 min (first year operation) 

Job opportunity 39,000 jobs-HSR construction 
20,000 jobs-TOD construction 

28,000-HSR and TOD operation 
Payback period of investment 40.2 years-without TOD 

23.74 years-with TOD 
Ticket price IDR 225,000 (US$16) 

Speed Maximum operating speed 350 
km/h 

Estimated journey time Between Halim and Tegalluar:45 
min 

Revenue from ticket sales US$ 168 million (2020) 
Commencement date 2020 

Estimated completion date 2020 
Passenger flow volume (2020) About 29,000 passengers per day 

Project costs US$ 5.135 billion-without TOD 
US$ 5.294 billion-with TOD 

Terms of loan (40 years loans 
period) 

60% in US$ with interest 2%/year 
40% in RMB with interest 

3.46%/year 
Concession period 50 years (31 May 2019 ~ 31 May 

2069) 
 

FACTORS RELATED TO RIDERSHIP 

 Still, it does not guarantee that the commuters are 
interested to regularly take the HSR as a preferable 
transportation mode. While, the train can significantly 
cut the travel time more than half, the ticket price 
would also be taken into consideration. The more 
expensive the ticket price, the less appetite of people 
to take the HSR as a regular transportation mode. 
Therefore, TOD in areas surrounding the railway of 
bullet train is very important to pursue to enable 
smaller towns grow as the places of living. Shorter 
trip using HSR connecting the towns in affordable 
costs could increase the number of passengers [5]. 
Issue related to the number of passenger to be 
attracted by the HRS line has also been discussed in 
one of the most reputable colleges. Private car is still 
the main choice of transportation for Jakarta - 
Bandung road trip. At least 127,133 trips are made per 
day by private car, followed by public transportations 
which carry 13,000-14,000 passengers per day, a 
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large bus carries fewer than 1,000 passengers per day, 
and Argo Parahyangan train carries 2,000-2,500 
passengers daily. As to meet the investment value 
which is Rp72,5 trillion, the minimum number of 
passengers per day should reach at least 21,134 
people. The figure is considered unrealistic to be 
achieved. In addition, the ticket price is rather 
expensive which is Rp200,000 [6]. Otherwise, rail 
ridership in Indonesia has risen substantially in recent 
years, making decades of underinvestment and 
growing urban congestion important considerations 
for transport stakeholders as they upgrade and 
construct new lines. Statistics Indonesia (BPS) 
reports that total rail passengers rose from 199 million 
in 2011 to 202 million in 2012, 216 million in 2013, 
277 million in 2014 and 325 million in 2015. The 
average length of a passenger journey has 

simultaneously fallen from 95 km to 68 km, while the 
country’s rail network remains limited to Java and 
Sumatra, with 22,296 km of total line operational in 
2015. The Medium-Term Development Plan 2015-
2019 includes an infrastructure development agenda 
that outlines projects such as having 3,258 km of 
newly built or rehabilitated rail lines, made up of 
2,159 km of intercity railways and 1,099 km of urban 
railway, and boosting rail cargo volumes to 1.5 
million twenty-foot equivalent units annually. Urban 
rail lines, including a planned light rail transit (LRT) 
system in Jakarta, are also expected to help reduce 
congestion and transport costs, which have become 
the highest in South-east Asia. It was forecast that the 
new line would attract around 10 million passengers 
per year in first year of operation, as shown in Fig. 2. 

 

Fig. 2 Accumulated HSR traffic [7] 

 

For twenty years, Shinkansen services in Japan 
enjoyed a sustained traffic, it gained 100 billion 
passengers-kilometer. From 1994 to 2004, within the 
next 20-years interval, the demand halved, because 
only 50 billion additional passengers-kilometer used 
HSR. When compared with most European HSR 
projects which are still in their first 20-year period, it 
is natural to expect high growth rates as expressed by 
Fig. 2. Based on passenger traffic data obtained from 
Europe and Asia, the first HSR line constructed in 
Indonesia is expected to gain considerable amounts of 
demand.  

COVID-19 CHALLENGE 

KCIC initially aimed to finish the project and 
begin operation by December 2021, a two-year delay 
from its original target. Currently KCIC is working on 
13 tunnels, while the progress of land acquisition has 

reached 99.96 percent. Meanwhile, construction on 
the HSR project is expected to be delayed amid the 
COVID-19 pandemic. Hence, the target must be 
rescheduled because the construction is suspended. 
To curb the outbreak, the central government called 
on the public to implement physical distancing 
measures by studying, working and praying at home. 
The provincial administration in Jakarta, which has 
become the national epicenter of the outbreak, 
recently introduced large-scale social restrictions that 
have suspended school, office, religious and public 
activities for 14 days. About 300 out of the 2000-
strong Chinese workforce engaged on the project 
including senior managers travelled to China in 
February for the Lunar new year but were unable to 
return due to travel restrictions to prevent the spread 
of the COVID-19. The supply of materials from 
China has also been interrupted, although this should 
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resume as Chinese industry restarts after the COVID-
19 lock-down. More trouble is caused by the fact that 
nearly 50% of materials, including pipes, 
waterproofing and signaling equipment are made in 
China. In late March a regulation offering an 
exemption for foreigners working on national 
strategic projects from the temporary ban on foreign 
arrivals and transits. Chinese workers wanting to 
return to work on the project should abide by the 
health and safety protocols. Previously, abnormal 
rainfall in the Jakarta area on January 2020 caused 
flash floods followed by repeated heavy rainfall and 
flooding into February which delayed the project. The 
ministry's construction safety committee found 
unmanaged debris from the HSR project had clogged 
the drainage system on the adjacent Jakarta-
Cikampek toll road, causing some parts of the toll 
road to be flooded during heavy rains. KCIC had 
identified risks surrounding the project area to take 
action against potential disruption and environment 
damage. Apart from recovery measures, the 
contractors under the PT KCIC consortium (Table 2), 
which include China’s Sinohydro, China Railway 
Engineering Corp (CREC) and state-owned builder 
PT Wijaya Karya, swept through a number of 
landslide and flood-prone areas, monitoring river and 
water gates across project locations to ensure they 
function normally.  

 
Table 2 Shareholders in PT KCIC 

Indonesia (60%) 

PT Wijaya Karya 22.8% 

PT Kereta Api Indonesia 15% 

PT Perkebunan Nusantara VIII 15% 

PT Jasa Marga 7.2% 

China (40%) 

China Railway International Co 2% 

China Railway Engineering Corp 12% 

Sinohydro 12% 

CRRC 4.8% 

China Railway Signal & Communication Co 9.2% 

 

All such optimism, however, went to the wall as 
soon as the unprecedented extent of the COVID‑19 
outbreak. Recently, in order to speed up progress, 
some measures are being taken by the consortium to 
protect employees working on the project from the 
COVID-19, and communications between all parties 
has been stepped up. The construction of the HSR 
project is currently focusing on its tunnels, including 
the main tunnel in Halim, east Jakarta which is 1,885 
meters long. The project will have 13 tunnels, 7 of 
which have started their excavation phase. Walini in 
west Java was another critical spot for the project 
because the developer had to construct three tunnels 
with a total length of 7.44 km. The project had been 
divided into 115 development points, and 32 of which 

were elevated projects, including bridges in Bekasi, 
west Java. Currently, 42 points were under 
construction, including 7 tunnels and a train depot in 
Tegalluar, Bandung. To date, the progress of the HSR 
project has reached 44% and as for land acquisition 
alone, it has reached 99.96% [8]. The central 
government through the Transport Ministry was 
maintaining that the project had only actually been 
shut down for two weeks, with a December 2021 
completion date still a possibility.  

Technical Challenge 

At the technical level, the challenges mainly arise 
from the local topography and geological conditions, 
such as land subsidence or sudden earthquake 
disasters. The topography along the HSR line is quite 
complicated, which might require special attention 
and methods for solving. Firstly, the topography 
along the line is diverse and complex which includes 
steep slopes which may be the cause of concern for 
the operation of HSR [9]. Referring to The Ministry 
of Economy, Trade and Industry [10] the steepest 
slope can be up to 30%, and may continue to increase 
because of the land subsidence, as a result of the 
overuse of underground water. The land subsidence 
itself can also be a problem, because it makes the rail 
uneven. In order to overcome the issue, the China Rail 
High-speed (CRH) is increasingly replacing the 
railroad by the viaduct bridge, which can be 58% of 
the total length of the HSR. However, these 
challenges may potentially be mitigated by the 
expertise of CRH which reportedly owns some of the 
world’s longest high-speed railway networks with 
high operating speed, and low occurrence of accidents. 
As for the variety of constructive and operational 
environment, CRH have faced similar or more severe 
problems comparing with Jakarta-Bandung HSR 
project, such as the land subsidence, high temperature, 
and the tunnels and bridges. 

New Normal 

The Public Works and Public Housing (PUPR) 
Ministry is preparing a protocol to carry out 
construction services amid the new normal. The new 
normal construction protocol is designed to address 
several packages delayed due to COVID-19. The 
PUPR ministry suggest that the consortium will still 
operate with COVID-19 protocols under the new 
normal scenario, e.g. maintaining physical distancing 
practices (limited workers in one area) and limiting 
extra working hours for construction workers. The 
PUPR ministry also believes that land acquisitions, 
which require direct contact with a large number of 
people (land owners), would remain slower than 
normal. Undeniable, infrastructure development is 
one of the keys to boost economic recovery post-
COVID-19 as it absorbs a large number of workers. 
According to Ministry of PUPR’s rule of thumb, 



GEOMATE – Melbourne, Australia, 11-13 November 2020 

674 

 

every Rp1trillion worth of construction work could 
employ 14,000 workers. Overall, the government 
estimates that its strategic national project 
developments, included HSR project, could employ 
some 4 million workers per year, which in aggregate 
could employ 19 million workers in 2020-2024.  

Meanwhile, the most common indicator is the 
number of passengers handled, but as stated by 
Shatkin [11], the Indonesian government has sought 
out investment aimed at integrating Indonesia more 
tightly into global flows of investment and trade, and 
part of that strategy has included the improvement of 
logistics. Referring to Chinese experience as study 
case, with the development of economic and social, 
many migrant workers began to accept high-speed 
rail which the price is relative high in traffic tools. In 
these migrant workers, mostly are under the age of 35. 
Along with the modernization of city, population flow 
more frequently. For the younger generation of office 
workers, the speed, punctuality and higher service 

level of high-speed rail have a great attraction to them. 
Under normal circumstances, a business travel is 
urgent, and need to arrive on time. In previously of 
high-speed rail appearing, air travel is likely to attract 
most of this group. Because of the high-speed, 
punctuality, and less sensitive to weather conditions, 
high speed railway can compete with civil aviation 
[12]. In the wider context, Mittal et. al. [13] stated that 
the factors like population, income, travel speed and 
land-use development patterns would have a 
significant influence on the passenger transport 
demand. Along Java island itself, railway passenger 
services experienced a renaissance in the 1995-1999 
period, with the introduction of many new passenger 
express services (Fig. 3). With the advent of cheap 
airplane tickets, operator PT Kereta Api has 
experienced a downturn in the number of passengers 
carried, though the number has stabilized and most 
trains remain at more than 50% occupancy rate. 

 

 

Fig. 3 Conventional rail services along Java island 

 

CONCLUSION

The Jakarta-Bandung high-speed railway project is 
one of the government's national strategic projects in 
the transportation sector and is expected to require a 
total investment of US$6.07 billion. Three years after 
the ground breaking, the construction of the high-
speed railway has faltered because of various 
technical and financial challenges, exacerbated by the 
COVID-19 pandemic. In mid-February 2020, 
construction progress reaches 44 percent and land 
acquisitions reach 99.96 percent. Due to the COVID-
19 pandemic, work of the project has been halted 
temporarily, resulting in the delay of the targeted 
finish of construction and start of the operation. In 
mid-May 2020, construction progress reaches 48.3 
percent and the construction has worked again and 
follow social/physical distancing, although the 
COVID-19 pandemic is not yet over. In order to 
speed–up the progress, the consortium have made a 

number of breakthroughs in building tunnels, railway 
bridges and stations to pursue the remaining progress 
of 56 percent over the next 18 months through 
consolidation of manpower, equipment and advanced 
technology. Otherwise, referring to the new normal 
protocol’s, the project's management team should to 
set a goal of zero infection for all employees and the 
consortium raised disinfection level and frequency, 
and tightened disease prevention in working areas 
such as offices and construction sites. The consortium 
should be conduct strict measures and made 
emergency response plans to prevent cases infected 
from outside of HSR project. 
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ABSTRACT 
 
There has been a growing pressure in limiting global warming potential (GWP) because of human activities 

causing increased concentrations of greenhouse gas (GHG) emissions. The increase of average global temperatures 
causes impact on the environment, societies, and economies. As a result, early action is necessary to reduce GHG 
emissions at reasonable levels to mitigate the future global warming. Carbon markets are one of the early 
exchanging solutions aiming at the achievement of an environmental objective for low carbon business developers. 
However, all trading protocols are still having some rooms for improvement regarding how verification should be 
conducted and who should be responsible for this verification. Epidemic Protocol (Gossip Protocol) is focused on 
this study to offer new transaction platforms allowing parties to do carbon credit transactions without approval 
from any third parties by applying the transaction exchanging concept of Blockchain technology to the algorithm. 
The results show that the protocol can provide a consensus mechanism without global communication which 
supports carbon trading in the decentralized network. 

 
Keywords: Epidemic Algorithms, Distributed Consensus, Carbon Trading 

 
 
INTRODUSTION 

 
Environmental changes influence all global 

communities. Each tonne of GHG emitted mostly is 
the carbon dioxide (CO2) contributing to further 
climate change [1]. To cope with the reduction of the 
GHG emission in an attempt to mitigate the future 
climate change, one of the options directly controls 
the emissions permitted is carbon trading through 
carbon markets [2]. Carbon permit trading works by 
a cap fixed by the regulator in which emitters 
included in the system will be able to buy or sell 
carbon credits from or to other participants, 
respectively in order to cover their emissions by a 
quantitative limit on emissions produced [3]. To 
transfer carbon credit with trust and without any third 
parties, the concept of Blockchain technology has 
been introduced to transform transactional processes 
[4]–[6]. In addition, epidemic protocols have also 
been applied in this study in order to present the 
preliminary carbon trading work to show on how to 
improve the efficiency of a distributed consensus. 

The paper is organized as follows. Section 2 
provides works related to this study. Section 3 
proposes the algorithm used in this study. Section 4 
presents the simulation configuration while Section 5 
provides experimental results. Finally, the 
conclusions and future work are presented in Section 
6. 
 
 
 
 

RELATED WORKS 
 
Carbon Trading 
 

As early action is necessary for reducing GHG 
emissions, a carbon markets has now become a “cap-
and-trade” regime allowing for an efficient GHG 
emission sharing among emitters to limits the 
emissions below an established standard [7]. 
Companies are making strategies to buy or sell carbon 
credits with other companies having less pollution to 
avoid legislative restrictions. However, the third-
party organizations to verify carbon trading is one of 
the major issues in carbon trading. Even though a 
centralized verification in the regulator allows for 
standardization and consistency, it requires resources, 
time, and a heavy monetary burden [8]. 
 
Blockchain Technology 

 
Blockchain is a type of block structure holding a 

complete list of transaction records without any banks 
or any intermediaries [9]. In public blockchain, all 
transactions are visible to the public in the consensus 
process while private blockchain only allows nodes 
coming from one specific organization to join the 
consensus processes [10]. 

One of the greatest examples that shows how 
Blockchain is implemented in the real world, is 
Bitcoin.  Bitcoin introduces the decentralized network 
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by announcing the transactions. Then the transactions 
need to be agreed by the member in the system [7]. 
 
Epidemic Protocols 
 

An epidemic protocol is a distributed 
communication and computation paradigm tending to 
be used in an extreme-scale network system [11]- 
[12]. In this model, decentralized system has been 
adopted as a basis in which new information received 
can be randomly chosen peers. The protocols are 
scalable, easy to robust, deploy, and resilient to 
failure [13]. 

 
Local Convergence Detection 
 

In practical carbon trading applications, a local 
convergence detection will be beneficial and helpful 
in which this can be used to terminate the protocol 
iterations [14]. Though epidemic aggregation 
protocols have some weaknesses, especially on its 
execution time, locally detection can help to 
minimize the execution time [14]. In addition, local 
convergence detection can be used to locally detect 
the time the information can be fully spread over the 
system. The study results showed the approval of the 
local convergence detection which can be represented 
the information fully distributed to the system. 
 
THE PROPOSED ALGORITHM 

 
 In this work, the proposed algorithm was 

implemented based on gossip-based communication 
paradigm. The algorithm is designed based on the 
concepts of Blockchain, epidemic protocols and local 
convergence detection mechanism to develop a 
distributed network of institutions and regulators to 
execute the trading process successfully. The related 
functions to technologies can be organized as follows: 

- Blockchain has a role in transaction 
exchanging and distributed ledger to 
maintain the carbon credits. 

- Epidemic protocol has a role in 
communication pattern. 

- Local convergence detection mechanism has 
a role in consensus mechanism. 

Each node has the list of transactions contained in 
the transaction cache. At each cycle, the node 
(sender) will send its transaction cache to a group of 
randomly selected nodes (receivers) via push 
messages (line 11-12) in order to exchange the local 
information. Once the receiver receives the push 
messages, receiver merges its transaction cache with 

the cache in the message (line 15), then the pull 
messages will also be sent to the sender (line 16). 
After that, the senders will merge its transaction 
caches with the caches from the pull messages (line 
19). 

In order to detect that the information is fully 
distributed to the network, the local convergence 
detection mechanism is adopted to the algorithm. 
After the sender receives every pull message, the 
sender will compare the transaction caches from 
every message including its transaction cache. If all 
the transactions in the caches are the same, the sender 
will start counting the round until it confirms. The 
counting round is to avoid the situation that the node 
misjudges the consensus status. If the number of 
rounds has reached the acceptance, the sender will 
consider that the information is fully distributed to the 
network system and it will stop sending the push 
messages to exchange the information in transaction 
cache (line 2 - 8). 

 
The scenario of the proposed algorithm is 

presented in Fig. 1. 

 
Fig. 1 The scenario of information distribution in 

the proposed algorithm 
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Table 1 describes the notation adopted in the 
proposed algorithms. Algorithm 1 shows the 
pseudocode of the proposed algorithm. 

 
Table 1 Notation Adopted in the Pseudocode. 

 
Parameters Description 

i a node in the network, i ϵ V , 
where V is the set of nodes 

p number of sending messages in 
each cycle 

h number of cycles required to 
consensus 

ci consensus status of node i 
Qi local cache at node i 
m push message: 

- s, node originating the push 
- Qs, main cache at s 

m pull message: 
- d, node originating the pull 
- Qd, main cache at node d 

 
SIMULATION CONFIGULATION 

 
This section presents the configuration of 

simulation used in this study. In terms of the technical 
configuration, the initial topology is a regular random 
graph in which each node has 5 links to other nodes. 
The graph rewiring mechanism is performed by the 
epidemic membership protocol, called EMP+ [15]. 
The network size is assumed to be 100 nodes which 
refer as companies and each of them has the carbon 
credits which are randomly selected between -100 to 
200. A negative number represents carbon credits a 
company emits less than its capped limit and the 
credits can be sold to another company exceeding its 
limit. In terms of a positive number, this represents 
carbon credits a company has above the permitted 
limit. Any companies can buy carbon credits to lower 
their GHG emissions on a voluntary basis. 

The simulation was run for 100 cycles. The cycle 
length of the simulation is set to 40,200 and the 
network latency is randomized between 0 to 10,000. 
In the first cycle, every node will distribute the 
information in its local cache to other nodes. After 50 
cycles, the simulation emulates the situation when a 
selected node transfers the carbon credits to another 
node. 

The algorithm setting is shown as follows. 
- the number of sending messages (p): 3 
- the number of cycles for consensus (h): 4, 5, 6, 

7 

There are 3 objectives of the simulation in this 
study. The first objective is to capture the state that 
the node can detect that every node has received the 
information which is detected by the number of nodes 
that the consensus status is true. The second objective 
is to evaluate the correctness of the local information, 
and the last objective is to monitor the total number 
of messages overhead in the system. 

 
EXPERIMENTAL RESULTS & DISCUSSION 

 
The experimental results can be categorized in 3 

sets. The first is the number of consensus nodes. The 
second is the correctness of the local information. 
Finally, it is the total number of messages overhead 
in the system. 

Fig. 2 shows how the node determines the local 
consensus status. Y-axis presents the number of 
consensus nodes, while X-axis present the number of 
cycles. At the first cycle, every node will distribute 
their local information on how much carbon credits 
they trade with others. After several cycles, all nodes 
are set the status to consensus. According to the 
figures, the speed of consensus mechanism is directly 
related to parameter h. At cycle 50th, a node transfers 
some of its carbon credits to another. As a result, the 
new transactions are created, and the information is 
distributed. 

 
Fig. 2 Number of consensus nodes 
 
Fig. 3 shows the correctness of the local 

information. Y-axis presents the standard deviation of 
the information cache size in the network, while X-
axis presents the number of cycles. The result shows 
the accuracy of the algorithm when the parameter is 
changed. At the first cycle, every node starts to 
distribute the information and the information is fully 
distributed after several cycles. The effect of the 
parameter h can be noticed at cycle 50th when the 
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carbon credit is transferred. When parameter h is 4, 
the result shows that some nodes are not being able to 
receive the information because more effort is 
required to switch the consensus status and distribute 
the information. So the parameter h has to be set with 
the condition to provide the enough time for the 
information distribution. 

 
Fig. 3 Correctness of the local information 
 
Table 2 shows the number of messages overhead 

in the network. The results show that parameter h has 
a strong relation with messages overhead. The higher 
number of h, the higher messages overhead. 

 
 

Table 2 Message Overhead 
 

Setting of parameter h Message overhead 
h = 4 4512 
h = 5 5784 
h = 6 6960 
h = 7 8190 

 
CONCLUSION & FUTURE WORKS 

 
Though the use of carbon trading to trim out GHG 

emissions, understanding the maximization of the 
profitability of the carbon trading project was an 
objective of this study. This study demonstrates the 
blockchain technology together with epidemic 
protocols as a smart carbon transaction platform. 

Blockchain technology has recently gained 
popularity as a potentially effective solution for 
financial transactions. In an epidemic algorithm, the 
reliability of carbon trading information delivery will 
then be proved by participants included in the carbon 
market system without any third parties. In other 
words, each participant can interact or transfer carbon 
credit through the blockchain technology with a 

generated address in which users do not need to reveal 
their real identity. In addition, regulators who are 
approving or controlling the carbon trading are no 
longer needed in blockchain. 

In general, it can be concluded that blockchain 
technology together with epidemic protocols provide 
the innovative solution for the carbon trading over the 
present forms of “cap-and-trade” system. The 
protocol with different network conditions should be 
considered and recommended for future work. The 
evaluation of the proposed algorithm with other 
consensus algorithms is one of the interesting 
challenges in this work. 
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ABSTRACT 

 
Due to rapid urbanization in developing countries, the generation of construction and demolition waste (CDW) 

and industrial by-products (IBPs) are increasing. In this study, we aimed to utilize the recycled materials from 
CDW and IBPs as the road base materials for improving the water retention capacity of the pavement structure 
especially for the water retentive pavement system, which can be expected to contribute to the mitigation of urban 
heat island (UHI), reducing the road surface temperature due to subsequent water evaporation. In order to improve 
the water retention capacity, testing samples graded recycled concrete aggregates (RC) from CDW blended with 
autoclaved aerated concrete (AAC) grains (size: 0.106-2 mm) made from AAC scrap at different proportions, i.e., 
RC 100%, RC 80%+AAC 20%, RC 60%+AAC 40%, and AAC 100%, were prepared. The water retention curves 
(WRCs), which represent the relationship between volumetric water content and matric potential were measured 
using a combination of hanging water, pressure chamber, and potentiometer methods in the laboratory. The 
measured WRCs were fitted by either sigmoidal or bimodal water retention model and the equivalent pore size 
distribution (PSDs) of tested samples were compared. The results showed a significant improvement of water 
retention capacity was found by blending AAC grains and the saturated volumetric water contents for 20 and 40% 
AAC blended RC samples increased approximately 1.8 to 2.2 times compared to that of RC 100%. Based on the 
results from estimated PSDs, the blending of AAC grains increased significantly fine pores ranging from 0.03 to 
1 µm. 

 
Keywords: Construction and Demolition Waste, Autoclaved Aerated Concrete, Water Retention, Pore Size 
Distribution 
 
 
INTRODUCTION 

 
It is well known that the urban heat island (UHI) 

effect is one of crucial issues in urban areas because 
of the generation of a large amount of heat from 
building environments and solar reflectance of paved 
surfaces. Water retentive pavements have been 
developed to mitigate UHI effect and reduce the 
temperature of the paved surface using water 
evaporation due to the heat energy from the sun 
[1][2][3][4] and its application in the road 
construction is becoming popular these days and 
industrial by-products (IBPs) have been recycled as 
water retentive materials [5][6][7]. Kinoshita et al [8] 
and Misaka et al [9] pointed out that the surface 
temperature of water retentive material decreases 
with increasing of evaporation efficiency and water 
retention. Therefore, if a long-term drought event 
occurs by continuous sunny weather especially 
during the summer period, water retention capacity is 
needed much more. Kato et al [10] used road base 

materials made from graded recycled concrete 
aggregates (RC) blended with autoclaved aerated 
concrete (AAC) grains to improve the water retentive 
property. They reported that AAC grains themselves 
had high water retention capacity because of meso 
and micro-pores of AAC, and improved water 
retentive property of RC. However, it is required to 
collect more data for applying the developed 
materials to the road construction works. 

On the background of recycling of IBPs and 
construction and demolition waste (CDW), the 
generation of IBPs and CDW have been increasing 
worldwide, especially in developing countries due to 
rapid urbanization and population explosion, a few 
researchers attempt to utilize the recycled materials 
from IBPs and CDW to develop road pavement and 
base materials [5][6][7][11]. However, most of the 
studies are mainly examining the hydraulic and 
mechanical properties of testing materials and very 
limited studies have been done to improve the water 
retention capacity of testing materials. Compared to 
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developed countries, the recycling rate of CDW and 
IBPs is very small in most of developing countries 
including Vietnam [12][13]. In order to promote the 
recycling of CDW and effective use of IBPs, 
therefore, we aimed to develop the road base 
materials utilizing both recycled materials from CDW 
and IBPs, especially targeting Vietnam in this study. 
A series of laboratory measurements to determine 
water retention curves for graded RC blended with 
AAC grains at different mixing proportions were 
carried out using the materials taken from Vietnam. 
Then, the effects of blending of AAC grains on the 
water retention capacity and pore size distribution 
were examined based on the measured water retention 
curves. 

 
MATERIALS AND METHODS 

 
Materials 

 
Types of materials collected in Hanoi, Vietnam 

were used in this study. Graded recycled concrete 
aggregates made from CDW masonry which was 
recovered from the CDW dumping site in Hanoi (20° 
59' 21.6" N, 105° 53' 58.1" E), Vietnam and crushed 
in Japan (Jaw crusher machine), and the graded RC 
(size: 0.075-25 mm) were blended with AAC grains 
(size: 0.106-2 mm), which was from Viglacera Joint 
Stock Company in Bac Ninh province (21°11'50.8"N, 
106°00'42.8"E), Vietnam as shown in Figs. 1a and 1b. 
The basic physical and chemical properties of RC and 
AAC were measured in the laboratory as outlined in 
Table 1. As shown in Table 1 AAC grains have not 
only a higher water content at air-dried condition but 
also a higher water absorption than those of RC, 
indicating that AAC grains are beneficial to water 
retention capacity. RC was first sieved with a 25-mm 
sieve according to Vietnamese standard TCVN 8859-
2011 [14], while AAC was sieved with a 2-mm sieve. 
Particle size distributions of tested materials are 
shown in Fig. 2. RC was used as base material, and 
AAC was mixed with RC as water retentive material 
to be 40% and 20% of mixing proportion. There were 
total of 4 tested samples: RC 100%, RC 60% +AAC 
40%, RC 80% + AAC 20%, and AAC 100% in this 
study. 

Table 1 Basic physical and chemical properties of RC 
and AAC samples used in this study 

Test 
samples Gs WAD Wabs

 (%) pH EC 

  % <4.75 
mm 

>4.75 
mm 1MKCl mS/cm 

RC 2.63 0.9 8.5 5.2 11.0 4.8 
AAC 2.51 2.1 61.4  9.0 0.9 

Gs: Specific gravity, WAD: Water content at air-dried condition, 
Wabs: Water absorption, and EC: Electric conductivity. 

(a) 

 

(b) 

 

Fig. 1 Tested materials (a) Graded recycled 
concrete aggregate (RC), and (b) Autoclaved 
aerated concrete (AAC) grains. 

Compaction test (ASTM D1557-2012 [15], TCN 
333-06 [16]), California bearing ratio test (CBR) (JIS 
A 1211, 2009 [17], TCN 332-06 [18]), and constant 
head permeability test (ASTM D2434 – 68 
(Reapproved 2006) [19], JIS A1211-2009 [20]) were 
carried out to assess maximum dry density (MDD), 
CBR value, and saturated hydraulic conductivity (Ks). 
The tested results were summarized in Table 2. CBR 
values increased with increasing of MDD. Inversely, 
the measure Ks decreased with increasing of MDD as 
discussed in [21]. 

 
Table 2 Mechanical and hydraulic properties 

 
Test samples MDD CBR (K98) Ks 

 g.cm3 % cm/s 

AAC 100% 0.73 31 1.14×10-3 
RC60%+ AAC 40% 1.21 55 1.85×10-4 
RC 80%+AAC 20% 1.52 113 8.78×10-5 

RC 100% 1.96 173 2.80×10-6 
Reference >1.78a >100b > 3×10-3 c 

CBR(K98): California bearing ratio value at dry density of 98% 
degree of compaction. 
References: [22]a, [18]b, and [23]c. 
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Fig. 2 Particle size distributions of tested materials 
 

Measurement of the water retention curve and 
pore size distribution 
 
First, the water content of the tested sample was 
adjusted to become at optimum water content mixed 
with distilled water. Then, the water adjusted sample 
was compacted in a stainless mold (120 mm height, 
150 mm inner diameter based on [15][16]. The 
compacted sample was soaked subsequently in water 
for 1 week to saturate before draining to the desired 
water matrix potential (ψ, -cm H2O) values using by 
a hanging-water column method (0 to - 60 cm H2O), 
a pressure chamber  method (-100 to -10000 cm H2O). 
The ψ value for the air-dried sample was measure by 
a dewpoint potential meter (WP4-T, Decagon 
Devices Inc., WA, USA). 

The measured water retention curves (WRCs) 
were fitted by the Durner model [24] based on the van 
Genuchten model [25] as the following equation: 
 
𝜃𝜃−𝜃𝜃r
𝜃𝜃−𝜃𝜃s

= ∑ 𝑤𝑤ik
i=1 � 1

1+(𝛼𝛼i|𝜓𝜓|)𝑛𝑛i
�
𝑚𝑚i

  (1) 

 
where θ (cm3/cm3), θr (cm3/cm3), θs (cm3/cm3) are the 
volumetric water content, residual volumetric water 
content, and the saturated volumetric water content, k 
is the number of the peak of pore-size density or 
subsystems which form the total pore size distribution 
(in this study is 2), wi are the subcurves weighting 
factors, αi, ni, and mi are the parameters of the 
subcurves (mi = 1 – 1/ni ) indicate fitted parameters.  

The equivalent pore size distributions (PSDs) of 
tested samples were obtained by using the following 
equation, which was defined by 

 
 

𝒅𝒅𝒅𝒅(𝒓𝒓)
𝒅𝒅𝒍𝒍𝒍𝒍𝒍𝒍𝒓𝒓

= 𝒅𝒅𝒅𝒅
𝒅𝒅 𝒍𝒍𝒍𝒍𝒍𝒍 |𝒅𝒅|

𝒅𝒅𝒅𝒅(𝒅𝒅)
𝒅𝒅|𝒅𝒅|

= [𝐥𝐥𝐥𝐥(𝟏𝟏𝟏𝟏)]|𝒅𝒅|𝑪𝑪∗ (2) 

 
where r is equivalent pore radius (µm), C*is specific 
moisture capacity (r = 1500/|ψ| [26]). The equivalent 
pore radius can be calculated from the water retained 
capacity (θs – θr) in this study. 

 
RESULTS AND DISCUSSION 

 
The measured WRCs and estimated PSDs are shown 
in Figs. 4a and 4b. The fitted parameters for WRCs 
were summarized in Table 3. 

The WRCs showed clearly that measured θs 
increased with increasing of mixing proportion of 
AAC grains. The θs values for 20% and 40% AAC 
blended samples became approximately 1.8 to 2.2 
times higher than that for RC 100%, indicating the 
water retention capacity of RC was improved by 
blending AAC grains. The θ decreased unimodally 
with increasing water matric potential for RC 100%, 
on the other hand, the θ of AAC 100% and AAC 
blended samples decreased bimodally with two 
different fields of water retention. Especially, a sharp 
drop in θ (water drainage) at around ψ = -1.0×104 cm 
H2O was observed in WRCs for AAC 100% and AAC 
blended samples. 

As shown in Fig 4b, the blending of AAC grains 
had a great effect on PSDs of tested samples. By 
blending AAC grains, not only fine pores (micro to 
meso-pores) ranging from 0.03 to 1 µm but also large 
pores (macro-pore) ranging from 5 to 300 µm 
increased compared to RC 100%. The observed 
results in this study fairly related to the reported study 
in Lam et al. (2018) [27]. They characterized the 
PSDs of AAC samples using a mercury intrusion 
porosimetry and reported that the main peak of pores 
for AAC samples ranged from 0.02 to 0.08 µm and 
the second peak ranged around 40 µm.  

 
Table 3 Fitting parameters for WRCs 
 
Tested 

materials 
AAC 
100% 

RC 60% + 
AAC 40% 

RC 80% + 
AAC 20% 

RC 
100% 

θs 0.70 0.52 0.42 0.24 
θr 0.15 0.14 0.11 0.09 
α1 0.07 0.11 0.36 0.06 
n1 1.20 1.33 1.23 1.20 
w1 0.70 0.61 0.57  
α2 9.0×10-5 1.3×10-4 3.1×10-4  
n2 4.01 3.22 2.41  
w2 0.30 0.39 0.48  
R2 0.98 0.97 0.99 0.93 
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Fig. 4 (a) WRCs as a function of ψ, and (b) pore size 
density as a function of equivalent pore radius, r. 
 

 
CONCLUSIONS 
 

The laboratory experiments were carried out to 
evaluate water retention curves and pore size 
distributions for RC blended with AAC grains. The 
blending of AAC grains improved clearly the water 
retention capacity of RC and corresponding pore size 
distributions. Especially, it was observed that the 
blending of AAC grains gave a significant increase in 
both fine (ranging from 0.03 to 1µm) and large pores 
(ranging from 5 to 300 µm), implying that the AAC 
grains have a high potential for developing water 
retentive pavements. However, the blending of AAC 
grains simultaneously causes a reduction in CBR 
(typically, AAC blending with ≥ 40%). Therefore, 
further studies are needed to improve both water 
retention and mechanical property to satisfy technical 
requirements for road base materials. 
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ABSTRACT 
 

The conventional extended aeration (EA) method and its modifications have been considered as a routine, user-
friendly method in wastewater treatment plants around the world. The membrane bioreactor (MBR) method has been 
promoted by membrane manufacturers over the past decade as the most efficient treatment method in the industry. 
Research has shown the higher quality of MBR effluent compared with that of EA, but the comparison has seldom 
included the financial aspects. If the quality of the effluent from both methods is acceptable for a given reuse 
application, then a major consideration in adopting either method must be financial (i.e., the capital expenditure 
(CAPEX) and operating expenses (OPEX) involved in their deployment). Simulation of both methods is conducted 
for domestic wastewater treatment plants using the biological and financial models of CAPDETWorksTM. The CAPEX 
and OPEX findings from the simulation are interpreted to their present unit values by employing global market price 
indices as of October 2019. Hydraulic loads from 500 to 5,000 m3/d were considered for three influent strengths: 
weak, medium and strong. It is found that the EA method is less costly in meeting the effluent-quality requirements 
of certain reuse applications, while the MBR is recommended for the extra strong-strength influent especially for units 
smaller than 500 m3/d, due to both effluent quality and lifetime cost.    
 
Keywords: Wastewater treatment, Extended aeration, Membrane bioreactor, Capital expenditure (CAPEX), 
Operating expenses (OPEX). 
 
 
INTRODUCTION 

 
In recent decades, engineered wastewater 

treatment methods have been progressively 
developed for various environmental aspects of reuse, 
such as agricultural, industrial, urban, groundwater-
recharge, etc. [1], [2]. These treatment methods could 
be tailored, modelled and simulated to achieve the 
required level of quality for both effluent-water and 
solid-waste for a given influent with the help of 
proven, reliable Computer Aided Design programs. 
The process of selecting a method to be implemented 
and the adaptations required in order to comply with 
a certain environmental criterion of reuse has a 
commercial impact from the CAPEX and OPEX 
perspectives that needs to be considered, as well, 
which is the aim of this paper. 
 
Environmental Aspect 
    

Current advances in membrane manufacturing 
technology make the membrane-based methods 
increasingly attractive solutions for wastewater reuse 
applications [3], [4]. Mohammadi, Sabzali, Gholami, 
Dehghanifard, and Mirzaei [5] compared the 
performance of the EA and MBR methods for the  
treatment of high-strength wastewater under similar 
influent conditions, as COD was adjusted in the range 

of 500 to 2700 and 500 to 5000 mg/L, respectively. 
The results showed that in the addition to the better 
effluent quality in terms of COD, BOD5, and TSS of 
the MBR method than that of the EA, despite the 
higher organic load, the BOD5/COD ratio of the 
effluent was 0.708 ±0.18 and 0.537 ±0.106, 
respectively. This means that more stabilized effluent 
could also be a benefit of the MBR method of 
treatment. Meanwhile, the study recommended that 
special attention be given to cleaning the periodical 
scaling and biofouling on the MBR membrane due to 
the high influent strength. 

 Hatami, Nadali, Roshanaei, and Shokoohi [6] 
evaluated the possibility of reuse of the treated 
effluent from the EA wastewater treatment plant of 
Bojnoord City, Iran, for the agricultural applications. 
The results showed that the removal efficiency of 
BOD5 and COD was 88% and 89%, respectively, 
with an average residual concentration of 27.0 and 
61.0mg/L, respectively; while Chloride and Sodium 
Adsorption Ratio (SAR) residual values were 3.89 
milliequivalents per liter (meq/L) and 221 milligrams 
per liter (mg/L), respectively. It was concluded that 
the said effluent could be valuable for agricultural 
applications, but due to its high chloride 
concentration, it has been recommended for semi-
sensitive plants only. 
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Commercial Aspect 
 

As it could be captured from the cited literature, 
in addition to other published papers, the relevant 
CAPEX and OPEX of the same were have not been 
addressed. Some of the literature has addressed the 
power consumption per unit flow rate of treated 
influent, but only very limited commercial 
comparative studies between the MBR wastewater 
treatment method and other conventional activated 
sludge methods, including EA, have been conducted.  

Iglesias, Simón, Moragas, Arce, and Rodriguez-
Roda [7] compiled the documented data from the 
public wastewater management institutions in 
Catalonia and Murcia (ACA and ESAMUR), Spain 
for fourteen full scale MBR units and compared them 
with those installed conventional activated sludge 
plants. Iglesias, Simón, Moragas, Arce, and 
Rodriguez-Roda [7] reported that Spain has one of the 
highest numbers of MBR-based municipal 
wastewater treatment plants (WWTPs) in Europe. 
The results showed that the CAPEX for the treatment 
plants of a conventional secondary treatment 
followed by a tertiary treatment of physical, chemical, 
sand-filtration and disinfection is approximately 30% 
less than those plants adapted MBR method; but, if 
the said tertiary treatment is replaced with an 
advanced membrane filtration (e.g. an ultra-filtration 
membrane followed by a disinfection unit) to achieve 
the same quality of the MBR effluent, the CAPEX is 
approximately 10% higher than that of the MBR 
plants for capacities less than 10,000 m3/d. In terms 
of the OPEX, the study showed that OPEX are similar 
for both systems, within the limitations of the study. 

There are some limitations of the cited 
commercial comparative study. It did not consider the 
geographical difference in the cost of the equipment 
and construction material, nor the monetary value of 
the land, which represents a significant weight of the 
CAPEX of both methods, as MBR always requires a 
smaller foot-print than EA; while the OPEX did not 
consider the membrane replacement. 
 
Aim and Method of the Study 

 
On the trail to address the said limitations and help 

select the best option from the subject methods, 
especially for decentralized wastewater treatment 
plants of 500 m3/d to 5,000 m3/d hydraulic load, the 
following pages reveal an environmental and 
financial comparative study for the same. The 
environmental aspect is presented by the efficiency-
of-treatment for each method in terms of 
characteristics of the treated effluent, while the 
financial aspect is presented by the method 
economics in terms of the equivalent CAPEX and 
OPEX for the same in USD, considering the updated 
global market price as of October 2019. The said 
study is conducted sequentially for three types of 

organic loads: weak, medium and strong, to cover the 
potential loads from both developed and developing 
communities. 

The method was selected to be of a proven, 
commercially available nature for the sake of ease 
replication of the study. Specialized software 
developers, such as Hydromantis Environmental 
Software Solutions Inc. (Hydromantis), EnviroSim 
Associated LTD (EnviroSim),  AQUIFAS, etc. have 
produced powerful mathematical engines capable of 
running the most sophisticated, implicit mathematical 
models of wastewater treatment with minimal 
discernible error. The same have been presented in 
the form of software packages (e.g. GPSXTM and 
BioWinTM of Hydromantis and EnviroSim, 
respectively) that come with various features such as 
steady state and dynamic simulations, estimation of 
chemical and power consumption, etc. Hydromantis 
has further produced CAPDETWorksTM, a software 
package for the simulation of wastewater treatment 
plant performance while predicting the life-cycle cost 
of the same. CAPDETWorksTM version 04 2018 is 
used as a methodological, experimental tool for the 
subject study. The mathematical models used for both 
performance simulation and cost estimation are 
elaborated under ‘METHOD’. 
 
METHOD 
  
Performance Modelling 
 

Henze, Gujer, Mino, and Loosdrecht [8] have 
developed the Activated Sludge Model No. 1 (ASM1) 
which is a dynamic wastewater treatement model. 
ASM1 is adopted by most of the simulation programs 
(e.g. GPS-XTM & BioWinTM) in their library of 
models. According to Hydromantis 
CAPDETWorksTM version 04–User’s Guide [9], the 
relevant adapted mode is based on the University of 
Cape Town (UCT)  algorithm and is consistent with 
ASM1. For proper replication, the Solids Retention 
Time (SRT) shall be substituted with a sufficient time 
to allow for both biological oxygen removal and 
nitrification, considering the recommended operating 
SRT range for both EA and MBR methods, as well as 
the actual winter temperature and the recommended 
operating range of the Mixed Liquor Suspended 
Solids (MLSS). The said model is an accurate 
preliminary design tool, while for a more detailed 
design and consideration of dynamic simulation over 
an extended period of time, GPS-XTM, BioWinTM, 
AQUIFASTM etc., should be used. The 2018 
CAPDETWorksTM version 04 is used as a computer-
based simulation tool for the performance modelling. 
Details of the algorithm for the influent speciation, 
nitrifier growth/ decay rates, minimum aerobic SRT, 
reactor solid mass, effluent BOD, etc. are elaborated 
at the Hydromantis CAPDETWorksTM version 04–
Supplemental Technical Reference [10]. 
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 CAPEX and OPEX Modelling 
 

In 1973, the Environmental Engineering Division 
of the U.S. Army prepared a cost estimation model 
for wastewater treatment systems for benefit of the 
U.S. Environmental Protection Agency (EPA). The 
algorithm was called CAPDET, which stands for 
‘process design and estimating algorithms for the 
Computer Assisted Procedure for Design and 
Evaluation of wastewater Treatment systems’. It was 
revised in 1982 to overcome the original version’s 
limitation of not reflecting the regional cost 
differences or accommodating site-specific design 
requirements [11], [12]. Hydromantis has since 
developed the model further and presented it to the 
market in a user-friendly software package called 
CAPDETWorksTM. The 2018 version 04 is used as a 
computer-based cost estimation tool for life-cycle 
modelling.  

The default unit rate cost of the program’s library 
can be overridden with available local prices, or 
updated in consideration of globally recognized cost 
indices that are regularly published in the relevant 
trade publications, such as Marshall And Swift 
(MAS), Engineering News Record (ENR), or 
Chemical Engineering Magazine (CEM). Further, 
Hydromantis has developed a compilation of cost 
indices called HECI, HCCI and HPCI (Hydromantis 
Equipment Cost Index,  Hydromantis Construction 
Cost Index and Hydromantis Pipe Cost Index,  
respectively). For an easy global replication of the 
study, the local Dubai market prices are not 
considered, and the compiled cost indices of 
Hydromantis are considered instead. The same is 
updated to October 2019 and kept in USD. Table 1 
shows the considered financial modelling 
assumptions that shall be revisited on a case-by-case 
basis. The OPEX over the plant lifetime is converted 
to its present value and added to the relevant CAPEX, 
the sum is divided by the plant capacity to calculate 
the unit lifetime cost in ($/m3).    

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1 Process flow diagram for EA plant 

Table 1 Financial modelling assumptions 

Items Assumed Value 
Interest rate 8.0% 
Construction period 3 years 
Operating life of the plant 40 years 
Electricity 0.1 USD/kWh 
Land cost 20,000 USD/acre 
Design and engineering fees 15% 
Technical fees 2% 
Administration/legal fees 2% 
Inspection fees 2% 
Miscellaneous 5% 
Contingency reserve 10% 
Profit and overhead 15% 

 
Simulation Procedures 
 
Extended aeration method 
 

On the trail to simulate the actual operation of an 
EA bioreactor, the reactor is placed in a complete 
plant that treats solid-waste as well, as illustrated in 
Fig.1. The process flow diagram is summarized as 
follows: 
1- Preliminary Treatement: coarse mechanical bar 

screen followed by a grit and FOG (Fat, Oil & 
Grease) removal chamber. 

2- Primary Treatement: a primary clarifier. 
3- Secondary Treatment: an EA bioreactor followed 

by a secondary clarifier with Return Activated 
Sludge (RAS) and Waste Activated Sludge (WAS) 
streams to adjust the operating SRT and  MLSS. 

4- Tertiary Treatment: a multilayer sand filter. 
5- Solids Treatment: a gravity thickener followed by 

an aerobic digester, then a belt-filter press. 
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Membrane Bioreactor (MBR) method    

In case of the MBR, both the aerated bioreactor 
and the secondary clarifier of the secondary treatment 
stage are replaced with an aerated membrane 
bioreactor. For the sake of equivalent comparison, the 
preliminary, tertiary, and solids treatments 
considered for EA plant are kept without change in 
the MBR plant; while the primary treatment was 
modified to an equalization tank followed by a fine 
screen to comply with the recommendations of 
membrane manufacturers. 

 
Design Factors and Operating Parameters 
 

For the sake of a traceable replication, the default, 
design factors and operating parameters at 
CAPDETWorksTM database library are used without 
change. The same can be overridden as needed. 
 
RESULTS 
 
Weak-Strength Influent Case  

 
An influent of 500 m3/d is considered as a typical 

hydrological load for both plants. Table 2 shows 
higher removal efficiency of the EA method for the 
biological load in the form of BOD5 and COD, in 
addition to better nitrification of the ammonia-
nitrogen (NH3-N) than the MBR method, and vice 
versa for the influent total suspended solids (TSS). 
Both reactors demonstrated high concentrations of 
nitrate-nitrogen (NO3-N), as the process design did 
not address denitrification.  It worth saying that for 
proper replication of the study, the actual local 
environmental conditions, such relative humidity, 
temperature, etc. shall be revisited. 
 
Table 2 Performance comparison in terms of effluent 
quality (Eff.) for weak-strength influent (Inf.) 
 

Items Inf. 
(mg/L) 

EA  Eff. 
(mg/L) 

MBR Eff. 
(mg/L) 

BOD5 110 0.979 2.2 
COD 250 1.47 4.13 
TSS 100 8 1 
TKN 20 0.095 1.21 

NH3-N 12 0.095 1.13 
NO3-N 0 15.5 9.1 
 
A sensitivity analysis was conducted for a change 

in hydraulic-load from 500 m3/d to 5000 m3/d for the 
same weak-strength influent; two main findings were 
observed, as shown in Table 3: the dramatic decrease 
in the cubic meter cost as the plant capacity increases, 

and the dramatic increase in the difference in the 
cubic meter cost as the plant capacity increases. 
Table 3 Lifetime cost comparison in terms of ($/m3) 
for weak-strength influent (Inf.) 
 

Influent 
Flow 

(m3/d) 

EA 
Lifetime 

Cost ($/m3) 

MBR 
Lifetime 

Cost ($/m3) 

Difference 
in Lifetime 
Cost (%) 

500 24,600 28,000 14% 
1,000 13,500 16,200 20% 
1,500 9,933 11,933 20% 
2,000 8,050 9,850 22% 
2,500 6,800 8,480 25% 
3,000 5,933 7,567 28% 
3,500 5,371 6,943 29% 
4,000 4,925 6,625 35% 
4,500 4,556 6,178 36% 
5,000 4,260 5,920 39% 
 
Attention should be given to the process design 

itself, as various installed EA plants have reported 
acceptable performance without primary clarifier, 
while both the tertiary and solids treatments vary 
from one plant to another to maintain the required 
level of compliance with local regulations. 
 
Medium-Strength Influent Case 
  

Like the weak-strength influent case, Table 4 
shows that the EA method has a higher reduction in 
the biological load along with better nitrification, 
while the MBR method shows better removal of the 
TSS. 
 
Table 4 Performance comparison in terms of effluent 
quality (Eff.) for medium-strength influent (Inf.) 
 

Items Inf. 
(mg/L) 

EA Eff. 
(mg/L) 

MBR Eff. 
(mg/L) 

BOD5 220 0.979 2.2 
COD 500 1.47 4.13 
TSS 220 8 1 
TKN 40 0.095 1.21 

NH3-N 25 0.095 1.13 
NO3-N 0 30.7 19.2 
 
The same findings for the weak-strength influent 

case are noticed with the medium-strength influent 
case, but with smaller differences in the unit lifetime 
cost between the two methods, as shown in Table 5. 
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Table 5 Lifetime cost comparison in terms of ($/m3) 
for medium-strength influent (Inf.). 
 

Influent 
Flow 

(m3/d) 

EA 
Lifetime 

Cost ($/m3) 

MBR 
Lifetime 

Cost ($/m3) 

Difference 
in Lifetime 
Cost (%) 

500 24,800 28,400 15% 

1,000 14,300 16,200 13% 

1,500 10,400 11,933 15% 

2,000 8,550 10,150 19% 

2,500 7,360 8,960 22% 

3,000 6,467 7,967 23% 

3,500 6,029 7,286 21% 

4,000 5,575 6,900 24% 

4,500 5,156 6,444 25% 

5,000 4,860 6,140 26% 
 
Strong-Strength Influent Case 
 

Results were like the weak and medium-strength 
influent, while the sensitivity analysis shows a much 
smaller difference in lifetime cost between the two 
methods, as illustrated in Tables  6 and 7 respectively. 
 
Table 6 Performance comparison in terms of effluent 
quality (Eff.) for strong-strength influent (Inf.) 
 

Items Inf. 
(mg/L) 

EA Eff. 
(mg/L) 

MBR Eff. 
(mg/L) 

BOD5 400 0.979 2.2 
COD 1000 1.47 4.13 
TSS 350 8 1 
TKN 85 0.095 1.21 
NH3-N 50 0.095 1.13 
NO3-N 0 68 43.3 

 
Table 7 Lifetime cost comparison in terms of ($/m3) 
for strong-strength influent (Inf.) 
 

Influent 
Flow 

(m3/d) 

EA 
Lifetime 

Cost ($/m3) 

MBR 
Lifetime 

Cost ($/m3) 

Difference 
in Lifetime 
Cost (%) 

500 26,600 28,400 7% 
1,000 15,400 17,000 10% 
1,500 11,467 12,933 13% 
2,000 9,800 10,900 11% 
2,500 8,520 9,520 12% 
3,000 7,600 8,633 14% 
3,500 6,943 7,829 13% 

4,000 6,600 7,525 14% 
4,500 6,178 7,000 13% 
5,000 5,860 6,780 16% 

 
The results of sensitivity analysis for difference in 

lifetime cost (%) between the EA and MBR of the three 
cases are represented in Fig. 2. 

 
Fig. 2 Difference in unit lifetime cost for all strengths 
 
DISCUSSION 
 
Environmental Findings 
 

The results show that the MBR method yields        
a much better effluent quality in terms of suspended 
solids (1.0 mg/L) compared to 8.0 mg/L from the EA 
method, due to the inherent filtration nature of its 
structure, a key merit introduced the MBR method to 
several areas of reuse-applications, as highlighted in 
[3]. Meanwhile, the EA method demonstrates a 
relatively higher removal efficiency for the BOD5 and 
COD, and better nitrification than the MBR method, 
due to the higher SRT of 25.0 days compared to 10.0 
days, respectively. The results that make the study in  
[6]  appreciated in the use of EA effluent for the 
irrigation application for semi-sensitive plants. It is 
reasonable to find that the results agree with the study 
in [5] from the point of efficient removal of both 
methods for the biological load being treated, while 
not from the point of percentage of removal, as the 
said study was dedicated to the extra strong-strength 
influent that encountered in special applications 
where the COD ranges from 500 mg/L to 5000 mg/L 
with a corresponding SRT of 13 to 34 days, while the 
subject study considered the usual municipal influent 
ranges from 250 to 1000 mg/L with a corresponding 
SRT of only 10 days. Although we can benefit from 
the inherent advantage of the MBR method of 
maintaining a high operational MLSS in the 
bioreactor with minor limitation from the relevant 
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Hydraulic Retention Time (HRT), attention should be 
given to the disadvantage of the associated production 
of non-filterable inorganic compounds that could 
harm the microbial population and/or the membrane 
structure, as illustrated in [13]. 

 
Financial Findings 
 

The results could be financially interpreted as 
follows: 
- A dramatic decrease in the unit cost as the plant 

capacity increases for both methods, as expected. 
- A dramatic increase in the difference in the unit 

cost as the plant capacity increases as in [7].  
- The said observed difference in the lifetime unit 

cost decreases as the influent strength increases, 
shown in Fig.2, which makes the MBR method 
more attractive for strong-strength influent, 
especially for units smaller than 500 m3/d, leading 
to the conclusion that the MBR method is not only 
recommended for the extra-strong influent as 
concluded in [5], but it is also more cost 
competitive than other conventional methods of 
biological treatment, including the EA method. 

 
CONCLUSION AND RECOMMENDATIONS 

 
The MBR method of municipal wastewater 

treatment should not generally be specified for any 
development project, as the EA method is still an 
optimum solution economically, which complies with 
the effluent quality required for some reuse 
applications, such as irrigation of non-sensitive plants 
and landscapes. If MBR effluent quality is required 
for a specific area of application, the financial impact 
of the same should be addressed from the  perspective 
of both CAPEX and OPEX. The MBR method is 
found to be more attractive for the strong-strength 
influent, especially for units smaller than 500m3/d, 
and is recommended for the extra strong-strength 
influent due to both effluent quality and lifetime cost.    

For replication of the study, it is recommended 
that the following points be addressed: 
- The local environmental conditions (relative 

humidity, temperature, etc.) shall be considered. 
- If a pilot plant or lab model can be furnished, the 

actual values of the biological reaction(s) shall be 
verified accordingly. 

- High consideration should be given to the process 
design (train of treatment) that varies from one 
plant to another to maintain the required level of 
compliance with local regulations.   

- Globally updated unit prices are considered to 
widen the scope of benefit from the study; however, 
for the sake of accurate local monetary values, the 
local unit prices shall be considered instead. 

- The financial modelling assumption should be 
revisited against the market and project conditions. 
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ABSTRACT 

 

A damage estimation by the Cabinet Office of the Japanese Government examines an earthquake directly 

beneath the Tokyo Metropolis as an earthquake disaster that will cause enormous damage. The economic losses 

are made clear in this damage estimation; however, the effects of financial support systems such as housing 

restoration funds, support grants for reconstructing the livelihoods of disaster victims, and earthquake insurance 

payments, which are insufficient throughout the region, are not clarified. In an urban structure such as Tokyo, 

where there are many apartment buildings, various financial support systems that were established according to 

lessons learned from previous disasters may not be effective. Therefore, this research performed a stochastic 

seismic analysis of the Tokyo Metropolis, and clarified trends in necessary restoration costs and various financial 

support funds for each category of damage (from partial destruction to complete destruction) according to the 

housing category. The AAL and VaR for the necessary restoration costs after a disaster were also estimated. To 

this end, individual building and households were modeled and a damage simulation was performed in order to 

understand the restoration costs required in the entire disaster area and to examine the effects of various financial 

support systems for procuring restoration costs. By showing AAL and VaR respectively, the costs required 

routinely and the costs needed when a major earthquake occurs were clarified. This research also showed 

quantitatively the extent to which these costs and support funds can be reduced by the ex-ante measure of making 

buildings earthquake proof. 

 

Keywords: Disaster risk management, Housing restoration costs, Earthquakes in Japan, Stochastic seismic 

analysis, Ex-post compensation 

 

 

INTRODUCTION 

 

In recent years, numerous earthquakes caused by 

inland active faults have occurred in Japan, including 

the Kumamoto Earthquakes in April 2016, the 

Northern Osaka Prefecture Earthquake in June 2018, 

and the Hokkaido Eastern Iburi Earthquake in 

September 2018. These earthquakes caused serious 

damage to buildings, and many victims were forced 

to live as evacuees because they were unable to 

procure housing restoration costs. Even more 

households are expected to suffer damage as a result 

of an earthquake predicted to occur directly beneath 

the Tokyo Metropolis. For rapid restoration, it is 

necessary to understand the housing restoration costs 

and implement measures in advance. To address this 

issue, the national and local governments in Japan 

have conducted damage estimations to understand the 

building property damage and economic damage and 

taken disaster prevention/mitigation measures 

accordingly. However, there is also an economic loss 

due to the physical damage of completely or partially 

destroyed buildings that is not included in the cost 

required to restore them. These damage estimations 

are not considered to fully comprehend the restoration 

costs required in a disaster area. Considering past 

earthquake damage, in some cases, buildings judged 

to be completely destroyed were repaired, while in 

other cases buildings judged to be partially destroyed 

were reconstructed. Therefore, the cost of the damage 

is not necessarily consistent with the restoration cost.  

Housing restoration is an important component 

that supports livelihoods, and thus greatly influences 

the recovery and reconstruction of a disaster area. To 

plan rapid post-disaster recovery and reconstruction, 

it is important to understand the housing restoration 

costs in the entire disaster area and to implement 

measures on how these costs should be procured. 

Among previous research on restoration costs for 

rebuilding housing in disaster areas, Okada (2012) [1] 

stated that the funds provided through systems of 

support for reconstructing the livelihoods of disaster 

victims are insufficient compared to the costs of 

newly constructing or repairing housing. Okada 

(2012) conducted an earthquake damage estimation 

in the city of Sapporo and showed that, if the Sapporo 

City Government were to cover the shortfall in the 

amount of money required for housing reconstruction, 

a considerable reserve fund far exceeding the finances 

of the local government would be required. In 

addition, Inui (2012) [2] compiled housing damage 

and rebuilding support in Ibaraki Prefecture after the 

Great East Japan Earthquake. The ratio of the support 

funds relative to the housing restoration costs was less 

than 20% for 41.2% of households, showing that the 

benefits under the current system are extremely 
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inadequate for rebuilding homes. This study 

suggested that the support funds provided by the 

various financial support measures are inadequate 

relative to the necessary restoration costs. However, 

the targets of this study were the city of Sapporo and 

one area of Ibaraki Prefecture, as well as that the 

numbers of households that suffered damage were not 

high. More households will suffer damage as a 

consequence of the predicted earthquake directly 

beneath the Tokyo Metropolis because it is a densely 

populated area. Accordingly, the necessary 

restoration costs and financial support systems are 

expected to be different. 

Regarding previous research on restoration costs 

and measures, Okada et al. (2016) [3] and Nakashima 

et al. (2018) [4] identified as an issue the fact that the 

current framework of housing reconstruction support 

is uniform throughout the country. By performing 

damage estimations taking account of regional 

differences in home rebuilding costs and annual 

incomes, they showed quantitatively that the 

difficulty of reconstruction and the economic burden 

on households differ greatly across regions. They 

stated that a system of economic assistance that 

considers regional inequalities will reduce household 

debt after an earthquake disaster and improve the 

speed and quality of reconstruction. Nagamatsu et al. 

(2003) [5] presented the problem that all of the 

housing restoration costs cannot be procured under 

existing ex-post compensation systems. They 

proposed linking ex-ante damage mitigation 

measures and ex-post compensation systems and 

suggested that reducing housing restoration costs will 

lead to improved support. These findings are useful 

as examinations of financial support systems relative 

to necessary restoration costs. However, in an urban 

structure such as that of Tokyo, where there are many 

apartment buildings, existing financial support 

systems may not be sufficiently effective. Future 

measures must be implemented after clarifying trends 

in restoration costs by housing category (apartment, 

detached house, among others) and damage category. 

In Tokyo, seismic retrofitting plans have been 

drawn up as efforts towards earthquake disaster 

prevention/mitigation [5]. As of 2003, the earthquake 

proofing rate was approximately 75%, while as of 

2018 this had increased to approximately 80%3). 

However, the question of how to cover the cost, 

which ranges between several hundred thousand and 

several million Japanese yen per house, is a major 

issue. Considering the life of a housing unit of 

between 30 and 50 years, it is not inevitable that a 

large earthquake will occur during that time. 

Therefore, earthquake proofing is not likely to be 

profitable for many households. Earthquake proofing 

that is left to the autonomy of households may not 

progress. In contrast, the US National Flood 

Insurance Program (NFIP) can be cited as an example 

of promotion of aggressive ex-ante measures. A 

characteristic of this program is that it integrates aid 

for the victims of flood damage and mitigation of 

flood damage. In addition, by taking ex-ante 

measures, it reduces destabilization of insurance 

when a major disaster happens (large insurance 

payouts leading to destabilization/collapse of the 

insurance system). Promoting ex-ante measures also 

makes it possible to reduce compensation amounts 

and allows a portion of the surplus funds that arise in 

the ex-post compensation to be invested in ex-ante 

measures. To implement this type of system linking 

ex-ante measures and ex-post measures, it is 

necessary to understand quantitatively the effects of 

the ex-ante measures. In particular, a quantitative 

evaluation of the extent to which promoting 

earthquake proofing will reduce restoration costs and 

support funds or stabilize support systems is desired. 

To address this issue, this study conducts a 

stochastic seismic analysis of the Tokyo Metropolis 

and estimates expected values and Value at Risk 

(VaR) for the necessary restoration costs after a 

disaster. Trends in necessary restoration costs and 

various financial support funds are clarified for each 

category of damage (from partial destruction to 

complete destruction) according to the housing 

category (apartment, detached house, among others). 

By showing the Average Annual Loss (AAL) and 

VaR, respectively, this study clarifies the costs 

required routinely and the costs needed when a major 

earthquake occurs. This study also shows 

quantitatively the extent to which these costs and 

support funds can be reduced by the ex-ante measure 

of making buildings earthquake proof. 

 

METHODS: DISASTER RISK MANAGEMENT 

 

With the aim of integrating ex-ante measures and 

ex-post compensation, this study evaluates the extent 

to which ex-post compensation can be reduced when 

the ex-ante measure has been taken. Assuming that 

housing units are made earthquake proof to a 

performance equivalent to the standard since 1981, 

the analysis is performed with the earthquake 

proofing rate at the current level (apartments 82%, 

detached houses 71%), 85%, and 95%. AAL and VaR 

are compared for the necessary restoration costs and 

various financial support systems at each earthquake 

proofing rate. The funds required per year can be 

understood from AAL, and the funds required after a 

small to medium earthquake and a major earthquake 

can be understood from VaR. The surplus funds that 

can be used for ex-ante measures are determined from 

the extent to which each fund has been reduced 

compared to the current situation. The following 

equation is used as an indicator of stabilization of the 

financial support system. 

 

ROR=
AAL

Risk Amount
=

AAL

99%VaR-AAL
 (1) 
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Here, ROR represents “return on risk,” and it is an 

indicator showing the extent to which an annual 

reserve fund has been maintained relative to the risk 

amount. The risk amount shows the amount in excess 

of the annual reserve fund. A higher ROR indicates a 

more stable system. 

 

METHODS: EVALUATION METHOD FOR 

RECOVERY COST ANALYSIS 

 

 To understand the restoration costs required in 

the entire disaster area and to examine the effects of 

various financial support systems for procuring 

restoration costs, individual building and households 

are modeled and a damage simulation is performed. 

By accumulating the restoration costs of each 

household and various financial support funds, trends 

in restoration costs and various financial support 

funds are evaluated quantitatively for each category 

of damage (from partial destruction to complete 

destruction) and each housing category (apartment, 

detached house, among others). 

The damage simulation used in this study is 

divided into the following evaluation processes: 

exposure model evaluation, seismic hazard 

evaluation, damage function evaluation, and building 

asset evaluation. The results of the estimation of 

restoration costs in the entire disaster area are 

uncertain because there are evaluation errors in each 

process. However, this study verified the method with 

property damage caused by the Kumamoto 

earthquakes [6] and confirmed that the model’s 

predicted values and the actual damage values show 

good correspondence. The Kumamoto earthquakes 

differ from the earthquake directly beneath Tokyo 

that is considered in this study, and the target regions 

also differ. However, the accuracy is considered 

sufficient for examining future measures. The 

following paragraphs describe each of the evaluation 

methods in the damage simulation. 

 

Exposure Model Evaluation 

 

An exposure model is created taking the Tokyo 

Metropolis as the target evaluation area [6]. Here, the 

exposure model shows households and buildings 

exposed to the seismic hazard. First, using census 

mesh data, data on the number of households by 

housing type and structure are created in 500-m mesh 

units. Next, the data on the number of households are 

divided proportionally based on Japan’s Housing and 

Land Survey data on the number of housing units by 

housing type and construction period according to 

prefecture or municipal district, in order to create data 

on the number of households by housing type, 

structure, and age in 500-m mesh units. 

Fig. 1 show the distributions of households by 

housing type that were created. Apartments are 

concentrated in the eastern part of Tokyo, while 

detached houses are distributed evenly across Tokyo. 

Next, Fig. 2 shows the proportions of households by 

structure and construction period according to 

housing type that were created. Sixty-eight percent of 

the apartments are non-wooden structures built from 

1981 onwards, while 69% of the detached houses are 

wooden structures built between 1981–2000 and from 

2001 onwards. Apartments are typified by non-

wooden structures and detached houses by wooden 

structures, and, in both cases, many households reside 

in buildings with strengths equivalent to new 

earthquake proofing standards. 

 

Seismic Hazard Evaluation 

 

The Source model was based on published data 

from the HARP 2014 [7]. In this study, only inland 

earthquakes are included in the map. The earthquake 

prediction equation is adopted from Morikawa and 

Fujiwara (2013) [8]. The shallow and deep 

geotechnical structures are based on the data available 

 
(a) Apartments 

  
(b) Detached houses 

Fig. 1 Distribution of Households 
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Fig. 2 Proportion of households by building age, 

and construction material 
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in J-SHIS [9]). The distribution of seismic intensity 

by return period is shown in Fig. 3. 

 

Damage Function Evaluation for Housing 

Restoration 

 

Since this study aims to estimate building 

restoration costs rather than the economic damage to 

buildings, the necessary housing restoration costs are 

calculated using the damage function proposed by the 

authors [10]. This damage function is defined as 

seismic intensity on the horizontal axis and necessary 

restoration cost ratio (ratio of restoration cost to 

replacement cost) on the vertical axis. Fig. 4 shows 

the damage function used in the analysis. This 

damage function is categorized into apartments and 

detached houses, and into wooden and non-wooden 

structures. The construction period is divided into 

1970 or earlier, 1971–1980, and 1981 or later. 

Wooden structures built in 1981 or later are further 

divided into 1981–2001 and 2002 or later. 

 

Building Asset Evaluation 

To calculate the cost of restoration, building assets 

are set using new values rather than market values.  

The building assets of each household are calculated 

following Japan’s National Tax Agency’s 

“Reasonable Method of Calculating Losses” [11] by 

multiplying the construction cost per floor area 

according to structure by the total area of exclusive 

space per household [12]. However, apartment 

building assets include both common and exclusive 

space. Since there is no data available on the total area 

of common space per household, this is calculated 

based on the proportion of assets in exclusive and 

common spaces. Generally, fire insurance for 

condominium management associations takes the 

assessed value of common spaces as between 40% 

and 60% of the building’s total assessed value. In this 

study, the standard that uses the inner (painted) 

surface of walls, ceilings, and similar construction 

elements to determine boundaries between exclusive 

and common spaces is adopted, and asset value is 

estimated taking exclusive space as 40% and common 

space as 60%. On this basis, the total area of common 

space per household is calculated by multiplying the 

ratio of assets in exclusive and common spaces by the 

area of exclusive space. Table 1 shows the value of 

building assets for each household, and Table 2 shows 

the total value of building assets in Tokyo. The table 

reveals that the apartments account for the majority 

of building assets in Tokyo. 

 

Evaluation of the financial support system for 

housing rehabilitation 

 

Housing Reconstruction Assistance Program 

 

Housing reconstruction support programs provide 

funds to those whose livelihoods have been severely 

damaged by a natural disaster to help them rebuild 

their lives. They use funds contributed by the national 

 

 

 
Fig. 3 Distribution of Seismic intensity by EP 

 

 

 

 

 

 
Fig. 4 Damage function of restoration cost 
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and prefectural governments from the perspective of 

mutual aid. The funds set in this study are shown in 

Table 3. 

 

Earthquake insurance system 

 

Earthquake insurance is a type of non-life 

insurance that compensates for losses caused by 

disasters, such as earthquakes, volcanic eruptions, 

and tsunamis. It is operated jointly by the government 

and private non-life insurance companies. Earthquake 

insurance is purchased together with fire insurance, 

and the insurance amount is specified as between 

30% and 50% of the amount of fire insurance. In 2014, 

some changes were made to the system, and partial 

destruction was divided into the two categories of 

small-scale partial destruction and large-scale partial 

destruction. The earthquake insurance money set in 

this study is shown in Table 4. Next, the earthquake 

insurance take-up rate for each household is set. Here, 

the take-up rate is the proportion of all households 

that have earthquake insurance. The earthquake 

insurance take-up rate for detached houses and 

exclusive space in apartments is set at 36.7% [13]. 

Since no data is available for the earthquake 

insurance take-up rate for common space in 

apartments, this is set using the attachment rate shown 

in [14]. Here, the attachment rate represents the 

percentage of households with earthquake insurance 

attached to their fire insurance contracted during the 

relevant financial year. By multiplying the ratio of the 

attachment rate for exclusive space (71.9%) to the 

attachment rate for common space (38.1%) in 2015 

by the earthquake insurance take-up rate for exclusive 

space, the earthquake insurance take-up rate for 

common space is set at 18.2%. 

 

RESULTS AND DISCUSSION 

 

Analysis of the Subject of Evaluation 

 

First, the left-hand side of Fig. 5 shows the 

necessary restoration costs for each earthquake 

proofing rate and each return period. The respective 

Table 1 Building assets per household 

 

Category Construction area Construction cost Building assets 

Apartments Non-wooden 51+77m2 220K JPY / m2 28,050K JPY 

 Wooden 39+59m2 174K JPY / m2 16,965K JPY 

Detached houses Non-wooden 126m2 220K JPY / m2 27,720K JPY 

 Wooden 107m2 174K JPY / m2 18,618K JPY 

 

Table 2 Building assets in Tokyo 

 Unit: 1M JPY 

Category Non-Wooden Wooden Total 

Apartments Pre 1980 100,727,746 12,855,517 113,583,264 

 Post 1981 100,727,746 12,855,517 113,583,264 

Detached houses Pre 1980 1,837,420 34,418,929 36,256,349 

 Post 1981 1,837,420 34,418,929 36,256,349 

Total  102,565,167 47,274,446 149,839,613 

 

Table 3 Settings disaster victims' life reconstruction funds 

Unit: 1K JPY 

Damage State Reconstruction Base support Additional support Total 

Completely destroyed Rebuilding 1,000 2,000 3,000 

 Rehabilitation 1,000 1,000 2,000 

Largely destroyed Rebuilding 1,000 2,000 3,000 

 Rehabilitation 500 1,000 1,500 

Half destroyed Rebuilding 1,000 2,000 3,000 

 

Table 4 Settings earthquake insurance 

 

Damage State Insurance amount Payment rate Total 

Completely destroyed 

50% of 

building assets 

100% 50% 

Largely destroyed 60% 30% 

Half destroyed 30% 15% 

Partial destroyed 5% 2.5% 
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graphs show the results for apartments and detached 

houses. The figure reveals that the necessary 

restoration costs were reduced at all return periods as 

a result of promoting earthquake proofing. By 

promoting the earthquake proofing rate from 80% to 

95%, the necessary restoration costs for apartments at 

a return period of 2,000 years were reduced by 

approximately 1,019,997 million Japanese yen (from 

7,273,176 million to 6,253,180 million Japanese yen). 

For detached houses, the costs were reduced by 

approximately 1,350,551 million Japanese yen (from 

4,532,159 million to 3,181,608 million Japanese yen). 

The current earthquake proofing rate for detached 

houses is low, and therefore there was a large 

reduction in the necessary restoration costs when 

earthquake proofing was promoted. Next, the center 

and right-hand side of Fig. 5 show breakdowns of the 

extent of damage by return period. The figure reveals 

that the restoration costs differ for each return period 

and each damage extent. The shorter the return period, 

the greater the percentage of partial destruction and 

the smaller the percentage of total loss. The fact that 

the damaged households requiring restoration funds 

differ greatly with each return period suggests that the 

form of the financial support system will also differ 

depending on the focused return period. 

 

Effectiveness of earthquake-resistance for 

necessary restoration costs: the financial support 

system 

 

In the next section, we evaluate the extent to 

which the ex-post compensation could be reduced by 

proceeding with the ex-ante measures. Table 5 shows 

the results of AAL, 99% VaR, and ROR of various 

financial support programs, as well as the cost of 

recovery from the earthquake disaster. It can be seen 

that the amount of financial assistance provided by 

the disaster relief and reconstruction assistance and 

earthquake insurance both decreased as a result of 

seismic retrofitting. AAL decreases by about 19-24% 

for both multifamily and single-family dwellings 

when seismic retrofitting is increased from 85% to 

95%. 99% VaR decreases by about 29-36% for 

multifamily dwellings and 21-27% for single-family 

dwellings. The impact of seismic retrofitting is 

greater for VaR than for AAL than for the reduction 

in aid contributed in the event of a disaster. The effect 

of seismic retrofitting is to reduce the amount of aid 

paid out in the event of severe damage. In particular, 

the Livelihood Reconstruction Assistance Program 

will reduce the amount of aid paid out in comparison 

to the earthquake insurance program. The Life 

Reconstruction Assistance Program for disaster 

victims includes payments to households that are at 

least half destroyed, so the number of households 

 

 

 
 (a-1) EP Curve (a-2) Proportion of restoration costs by Damage State  
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 (b-1) EP Curve (b-2) Proportion of restoration costs by Damage State  
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Fig. 5 Necessary restoration costs 

 

0.0001

0.0010

0.0100

0.1000

0 4,000,000 8,000,000

E
x

c
e
e
d

a
n

c
e
 P

r
o

b
a

b
il

it
y

Restoration Costs (1M JPY)

0%

20%

40%

60%

80%

100%

0%

20%

40%

60%

80%

100%

0.0001

0.0010

0.0100

0.1000

0 4,000,000 8,000,000

E
x

c
e
e
d

a
n

c
e
 P

r
o

b
a

b
il

it
y

Restoration Costs (1M JPY)

0%

20%

40%

60%

80%

100%

0%

20%

40%

60%

80%

100%

Earthquake Proofing Rate 85% Earthquake Proofing Rate 95% 

Earthquake Proofing Rate 85% Earthquake Proofing Rate 95% 

Earthquake Proofing Rate 80% 

Earthquake Proofing Rate 85% 
Earthquake Proofing Rate 95% 

Partial  

Half  

Largely 

Completely 

Earthquake Proofing Rate 80% 

Earthquake Proofing Rate 85% 
Earthquake Proofing Rate 95% 

Partial  

Half  

Largely 

Completely 



GEOMATE – Melbourne, Australia, 11-13 November 2020 

698 

 

whose houses are at least half destroyed is expected 

to decrease as a result of seismic retrofitting. 

Next, promoting earthquake proofing from 85% 

to 95% increases ROR by between approximately 

19% and 24% for apartments and between 

approximately 2% and 5% for detached houses. ROR 

is an indicator showing the extent to which an annual 

reserve fund has been maintained relative to the risk 

amount, and a higher ROR indicates a more stable 

support system. In this discussion, earthquake 

proofing results in a large decrease in 99% VaR. This 

means that the expenditure after a major disaster is 

stable relative to the reserve fund. The ROR shows 

that the system of support for reconstructing the 

livelihoods of disaster victims and the earthquake 

insurance system became more sustainable. 

 

CONCLUSIONS 

With the aim of integrating ex-ante measures and 

ex-post compensation, this study evaluated the extent 

to which restoration costs and financial support 

system funds can be reduced when the ex-ante 

measure of earthquake proofing has been taken. The 

study revealed that restoration costs and financial 

support system funds can be reduced by promoting 

earthquake proofing. The fund reducing effect was 

particularly noticeable for major earthquakes, such as 

99% VaR, and was shown to contribute significantly 

to improving ROR. The results of this research will 

be used to in developing a social system for disaster 

prevention that combines disaster prevention 

measures such as seismic retrofitting, systems of 

support for rebuilding the lives of disaster victims, 

and financial support measures such as earthquake 

insurance. 
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ABSTRACT 
 
Egypt is one of the most consuming markets for tires all over the world. There is an urgent need to get rid of 

them by an economic and environmental way since it is considered as a harmful waste if burnt. The worldwide 
trend is directed towards development of new techniques to transform the rubber into useful products to maximize 
the benefit of recycling. This research deals with development of novel techniques for rubber powder recycling 
for various purposes in robust construction. Recycled rubber particles (RRP) treated by two different types of 
chemical treatment and mixed with cement pastes (CP) using different water to binder ratio (w/b) with water to 
cement ratio (w/c) kept constant at 0.3. The Fourier transform – infrared (FT-IR) spectra measured for untreated 
and treated rubberized cement pastes. The compressive strength investigated for the treated and untreated samples 
for 1, 3, 7, 14 and 28 days. The results aimed to enhance the compressive strength of rubberized cement pastes 
through improving the bonding strength between RRP and CP. Maintaining the compressive strength in the highest 
levels with different RRP percentages in addition to vibrational damping property of RRP give rubberized cement 
pastes the advantage to replace ordinary concrete in most of construction applications. 

 
 
Keywords: rubber particles, Waste management, cement paste, mechanical Properties  
 
INTRODUCTION 
 
 At the end of the 20th century, sustainable 
development and environmental protection became 
key goals of modern society. Civil engineering, 
especially the construction materials industry, has an 
important role in the sustainable development of 
buildings, in the reduction of pollution, and in 
conservation of natural resources and energy savings. 
In this context, the main problems that industry of 
construction materials faces are mainly related to high 
consumption of Portland cement and the associated 
high emission of carbon dioxide. With reference to 
the first point, concrete has been for decades the most 
used construction material in the world, and the 
global production of concrete has reached a value of 
more than 1 ton of concrete per person on the planet. 
Overall, cement companies are producing nearly 3 
billion tons/year [1] . This led to the emission of 
almost 2 billion tons of CO2 (6-7% of global CO2 
emissions) in the process [2, 3]. In order to reduce the 
greenhouse effect of cement production, several 
studies have identified the improvement of process 
efficiency and the increase in the use of various waste 
materials as a cement replacement. 
 According to a recent report, tire marketplace in 
Egypt is anticipated to cross USD 1 billion through 
2020. Egypt automotive marketplace is one of the 
conspicuous markets in African mainland because of 
its huge market size and its geological area which is 
spanned to Asia. In 2013, Egypt was the third biggest 
vehicle creating market in Africa, after South Africa 

and Morocco[4].The possible increase by 2030 in the 
Egyptian tires market for different kinds of vehicles 
is illustrated in Figure 1. Egypt produces 20 million 
waste tires/ year and barely 10% of those are recycled 
[5]. 
 

 
 

Figure 1 Egypt Tire Market Size, By vehicle type, 
By Volume [ 5 ] 

 
 Utilization and disposal of used tires represent an 
enormous challenge to industrialized countries 
worldwide because of their three dimensional-
crosslinked structure which renders them 
nonbiodegradable, raising serious disposal concerns 
[6, 7]. The most obvious hazard associated with the 
uncontrolled disposal and accumulation of a large 
number of tires is the potential for large fires which 
are extremely detrimental to the environment. The 
environmental issues from the global disposal of 
these tires have led to increasing interest in economic 
recycling of tire rubber [8-10]. The rubber in tires is 
vulcanized and cannot be melted or dissolved, which 
makes recycling challenging [11, 12]. As a result, a 
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large number of used, worn out tires are ground for 
the benefits of expanding their applications [13, 14]. 
The application related to the ground or powdered tire 
rubber includes outdoor flooring and pavements, 
sports tracks, road construction, etc., which fall into 
the sectors with limited demanding and added value. 
Various construction industries have used rubber 
elements as a fundamental part of structure. This 
material has been used in the construction of concert 
halls as an acoustic absorber, in the construction of 
bridges (buffer), among others  as waterproofing and 
filling in roads [15]. Research to date on the so-called 
Rubcrete has provided contradictory findings. There 
are some properties that are enhanced in Rubcrete 
compared with conventional concrete, including 
damping ratio, ductility, energy dissipation, impact 
resistance and toughness [16-18]. Conversely, the key 
mechanical properties of compressive strength, 
modulus of elasticity, and tensile strength are reduced 
[19, 20]. While there are many ways of recycling tires, 
in the structural materials area, a significant amount 
of research has recently focused on using crumb 
rubber from recycled tires as partial replacement of 
coarse aggregates. It is determined that a waste 
material like worn out tires may enhance the basic 
properties of concrete. The data presented in this 
research showed that there is great potential for the 
utilization of tires as aggregates. It was considered 
that used tires would provide much greater 
opportunities for value adding and cost recovery, as it 
could be used as a replacement for more expensive 
material such as rock aggregates. Rubber had great 
capability of becoming a permanent member of the 
concrete family because of its wide variety of decent 
properties like better flexibility, light weight and easy 
availability. Using rubber aggregates decreased the 
workability of the resultant mix, but this problem can 
be dealt with the use of the certain plasticizers 
[21].The effect of partial replacement of coarse 
aggregates in concrete is studied by untreated tire 
rubber aggregates. It was observed that the specific 
gravity and bulk density of rubber aggregates are less 
as compared to natural coarse aggregates. The 
concrete density decreases when utilization of rubber 
aggregates in concrete increased. Due to this the 
lightweight concrete was acquired which assists to 
decrease the weight of structure. Using rubber 
aggregates in concreteresulted in decreasing the 
compressive strength but increasing toughness of 
concrete. It was found that optimum percentage of 
replacement of rubber aggregates can be up to 15%. 
It was observed that such type of concrete cannot be 
used in structural elements where high strength is 
required [22]. When the properties of concrete are 
evaluated with crumb rubber replacing fine 
aggregates, the results showed that up to 15 % of fine 
aggregates can be replaced with an equal volume of 
crumb rubber with a slight improvement of the 
concrete workability. The crumb rubber improved the 

compressive strength by over 5 %. The splitting 
tensile strength decreased with an increase in the 
quantity of crumb rubber, and the modulus of rupture 
was decreased by an average of 12 %. However, 
increased strain at failure, good energy absorption, 
improved modulus of toughness, and ductility were 
observed in rubberized concrete[23]. It is studied that 
the partial effect of particle size of crumb tire as a fine 
aggregate replacement on compressive strength and 
time dependent deformations of structural concrete. 
Based on the compressive and preliminary time-
dependent results, rubberized concrete had lower 
compressive strength than the control concrete mix 
for all crumb rubber sizes. Crumb rubber size has an 
effect on the strength of concrete, as the crumb rubber 
became smaller compressive strength decreased [24]. 
As mentioned before most of researches used rubber 
particles in form of fine or coarse aggregates In some 
cases it was used as an additive in concrete 
application but  was limited to be used as replacement 
of cement percentage in a mix design. The novelty of 
this work is studying the effect of using fine rubber 
particles as partial replacement of cement on 
compressive strength of different hardened cement 
pastes at different water to binder ratio (W/B ratio = 
0.3 and 0.4). This was coupled by an extensive ESEM 
micrographic study  
 
EXPERIMENTAL WORK 
 
MATERIALS AND ITS 
CHARACTERIZATIONS 
 The materials used in sample preparation were: 
(i) Ordinary Portland Cement (OPC) (Type 42.5N) 
was provided by Torah Co., Helwan, Egypt and (ii) 
the untreated recycled rubber particles (RRP) which 
was delivered from Egypt local market and extracted 
from car tires by grinding then sieving. The chemical 
composition of OPC was determined by elemental 
analysis using wavelength dispersive X-Ray 
Spectrometry (standard less) as shown in Table 1 . 
Particle Size Distribution tests (PSD) for both OPC 
and RRP were performed by laser diffraction 
technique using volume-based results of Malvern 
Mastersizer 2000 (Dry method). As shown in Figure 
3,   the volume weighted Mean of the OPC and RRP 
are 55.9 and 944.5 µm respectively. 
 FTIR test was performed for RRP by 
PerkinElmer instruments spectrum one. As Figure 2 
indicates, the various transmittance peaks observed in 
the spectrum are related  to specific functional 
groups; stretching vibration band of C-H bond at 
2820 – 2970 cm-1 and C = C at 1540 – 1690 cm-1 . 
Also, at 960- 1190 cm-1, the peak is assigned to C-S 
bond resulted from presence of Sulfur which is used 
in the vulcanization process of rubber. 
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Figure 2 FTIR spectra for RRP 

 

 
Figure 3 Particle size distribution (PSD) for a) OPC 

b) RRP 
 
Methods of investigation 
 
Dry mixing 
Firstly, OPC and RRP at different weight ratios 
(100/0, 95/5, 85/15, and 75/25 OPC/RRP) were 
carefully dry blended using a mechanical stirring for 
30 min, to assure complete homogeneity, 
 
Preparation of cement paste  
The different cement pastes were made by mixing the 
rubberized cement with tap water. The water 
consistency of each paste should be in a reasonable 

level to get the optimum properties. Each paste was 
stirred continuously for three minutes by electric 
mixer and assuring the homogeneity of the mixture 
by visual inspection. The dosage of recycled rubber 
particles (RRP)  were 0 %, 5%, 15%, 25% by the 
weight of cement. 
  
The resulting mixes were designated as shown in 
Table 2. The control samples are C-0.3 and C-0.4 for 
the cement pastes free from the RRP mixed at 
different w/b ratio 0.3 and 0.4 respectively. The 
rubberized cement mixtures are defined as “R5-0.3, 
R15-0.3 and R25-0.3” for the cement pastes 
containing 5, 15 and 25% by weight of cement and 
w/b = 0.3 and also in the same way for w/b =0.4.  
 

Table 2 Mix design of the prepared rubberized 
cement mixtures 

Sample w/b 
ratio 

OPC 
Wt. 
(gm) 

RRP 
Wt. 
(gm) 

Water 
Wt. 
(gm) 

C-0.3 0.3 3250 0 975 
R5-0.3 0.3 3087.5 162.5 975 
R15-0.3 0.3 2762.5 487.5 975 
R25-0.3 0.3 2437.5 812.5 975 
C-0.4 0.4 3250 0 1300 
R5-0.4 0.4 3087.5 162.5 1300 
R25-0.4 0.4 2437.5 812.5 1300 

 
Molding  
The pastes were molded immediately after the mixing 
was finished in 2 ̏ inch or 50 mm cubic steel mold 
according to ASTM Designation: C-109/C 109M-07) 
[25]. Each cube was filled gradually then compacted 
using a mechanically vibrating machine for two 
minutes to remove any air bubbles in order to achieve 
better impaction of the paste.  
 
Curing 
According to BS EN 4551-1 [26] immediately after 
molding, the mold was cured in a humid chamber 
during the first 24 hours at room temperature and then 
demolded. The demolded cubes were immersed in a 
container filled with tap water for the required curing 
periods  of 1, 3, 7, 14 and 28 days. 
 
Mechanical properties  
Compressive strength measurements were carried out 
on the hardened cement paste using 30 Ton 
compressive machine manufactured by Lloyd 
Instruments Ltd, United Kingdom. 
Three cubes were tested for compressive strength 
measurements at the various ages of hydration 1, 3, 7, 

Table 1 Chemical composition of Ordinary Portland Cement (OPC) 
Constituents SiO2 TiO2 Al2O3 Fe2O3

tot. MgO CaO Na2O K2O P2O5 MnO Cl LOI 
Constituents 

(wt %) 13.4 0.46 2.95 4.08 1.57 64.2 0.574 0.275 0.191 0.075 0.202 5.01 

a 

b 
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14 and 28 days and for different w/b ratio at 0.3 and 
0.4. 
Stopping of hydration  
 The stopping of hydration of all the pastes was 
performed on the crushed paste cubes after the 
compressive strength determination.   
  
This process was performed by rinsing about 20 
grams of the grounded cement pastes from the core of 
the specimen  with about 150 ml of  a mixture of 
acetone and methanol (1:1 by volume) using a 
magnetic stirrer for at least one hour. The solvent 
mixture was then removed by decantation and 
filtration. Finally, the sample was dried at 80ºC in the 
drier overnight to remove the moisture. 
 
ESEM Study  
The morphology and microstructure of hardened 
cement pastes (0% and 25% RRP by weight of 
cement) prepared by two different w/b ratios (0.3 and 
0.4) at 28 days curing time  were investigated using 
environmental scanning electron microscopy 
(ESEM). Surface images were recorded using Quanta 
FEG 250 scanning electron microscope (FEI 
Company, USA) available at EDRC, DRC, Cairo. 
Samples were mounted onto SEM stubs. Applied 
SEM conditions were a 10.1 mm working distance, 
with in-lens detector with an excitation voltage of 20 
kV. 
 
RESULTS AND DISCUSSION 
 
Compressive behavior of Untreated Rubberized 
Cement Paste 
 The hydration process after one day is 
characterized by two stages as shown in Figure 4. The 
first stage has a sharp increase in the strength due to 
the presence  of pores which can accumulate the 
formed hydration products. This stage followed by a 
slight increase in the strength due to the limited pores 
available for new hydration precipitates. 
 Generally, it is observed that the compressive 
strength increases with increasing curing time as 
shown in Figure 4&Figure 5 and Table 3. This is 
mainly due to the increase in the amount of 
tobermorite like gel (calcium silicate hydrates 
“CSH”) and calcium aluminate hydrate (CAH) which 
accumulated in the open pores leading to a decrease 
in the porosity of the pastes [27, 28].  
 Also, it is indicated that the rate of hydration of 
the Rubberized cement pastes is lower than the 
control sample. This is attributed to dilution of 
cement by RRP which resulted in decreasing the 
amount of CSH responsible for gaining strength.  
As graphically represented in Figure 5, increasing the 
w/b ratio from 0.3 to 0.4 leads to decreasing 
compressive strength by 46.9% and 36.2% in case of 
control and 25% of RRP replacement, respectively.  
This can be explained by the fact that when the w/b 

ratio increases, the initial porosity increases and then 
the compressive strength decreases. 
Interestingly, in case of R25-0.3 and R25-0.4 the 
specimen gains about 83% of its full strength at the 
first stage of hydration up to 7 days rather than 
gaining only about 17% at the later stage. This means 
that most of unreacted cement is already hydrated in 
the first stage due to further dilution as illustrated 
above. 
 The strength results seem to be dependent on the 
nature and the physical state of the hydration products 
formed within the pore system of the hardened 
cement pastes; this achievement will receive further 
support from the results of the microstructure of the 
formed hydrates as will be discussed later in this 
investigation. 
 

Table 3 Compressive strength of the control and 
Rubberized cement mixtures samples 

Curing 
Days 

Control Rubberized 

C-
0.3 

C-
0.4 

R5-
0.3 

R15-
0.3 

R25-
0.3 

R25-
0.4 

0 0.0 0.0 0.0 0.0 0.0 0.0 

1 6.6 5.7 5.5 2.1 1.4 0.4 

3 26.9 7.7 17.6 8.4 4.0 2.0 

7 40.9 17.3 24.1 9.2 5.9 4.0 

14 44.5 19.0 31.2 11.6 5.0 3.0 

28 47.8 25.4 33.2 14.2 7.1 4.5 

 
 

 
Figure 4 Compressive strength values of the 
hardened cement pastes containing different 

percentages of RRP at W/B = 0.3 versus curing 
times 
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Figure 5 Effect of w/b ratio on the compressive 

strength of hardened cement pastes 
 
Environmental scanning electron microscope 
(ESEM) 
 The ESEM micrographs obtained for the 
control and rubberized cement pastes are shown in 
Figure 6 (a-d) obtained after 28 days of hydration. 
The micrographs for the pastes displayed the 
formation of both microcrystalline and fibrous 
crystals of cement hydration products, mainly as 
calcium silicate hydrates (CSH), calcium hydroxide 
and calcium aluminate hydrate[29, 30]. These 
hydrates are formed around and in-between the 
cement grains and appears as clear binders between 
the partly hydrated cement grains. A denser structure 
of the formed hydrates could be clearly distinguished 
in C-0.3 than C-0.4, as a high w/b ratio leads to high 
porosity then lower strength. 
The role of RRP as a filler appears clearly in case of 
R25-0.3 and R25-0.4 micrographs. The high 
reduction in the strength by 25 Wt. % RRP 
replacement resulted from decreasing the amount of 
hydration product and the agglomeration of RRP as 
illustrated in Figure 6 (b&d).  
 

  

  
Figure 6 ESEM micrographs for hardened cement 

mixtures after 28 days: a) C-0.3 b) R25-0.3 c) C-0.4 
d) R25-0.4 

 

 
CONCLUSIONS  
 It is concluded from this study that the cement 
replacement with RRP causes deterioration in the 
strength. However the new rubberized cement 
mixture (R5-0.3) can be used in different applications 
instead of cement type 32.5N. As the w/b ratio 
decreases, the initial porosity decreases then 
compressive strength increases. Through utilizing 
non-biodegradable and recycled materials like rubber 
as a cement replacement a new approach is developed 
g to produce a sustainable construction material.  
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ABSTRACT 
 
Rice husk is considered an agricultural waste in most countries, but recently studies have shown that by burning 

this waste product in a controlled environment can produce rice husk ash (RHA), which is a very useful product 
due to its high SO2 percentage. Because of the high SO2 percentage, RHA has great potential to improve soil 
properties. In this paper three types of RHA ratio additive mixtures is investigated, 5%, 10% and 15% in 
comparison with the control soil. The strength of each of the RHA mixtures is determined by conducting the 
California Bearing Capacity (CBR) test for all the mixtures with curing periods of 1 and 7 days. The objective of 
the paper is to determine the optimum RHA ratio in which sandy soil reaches its peak bearing capacity. 
 
Keywords: Rice husk ash; Ground improvement; Optimum moisture content; California Bearing Capacity  
 
 
INTRODUCTION 

 
Soil ground improvement is the alteration of soil 

to enhance its physical properties. Altering the 
properties can increase shear strength of a soil and 
improve load bearing capacity of a subgrade to 
support structures. Various innovative techniques 
have been investigated by geotechnical engineers 
over the years. An example is the influence of using 
lime piles on improvement of bearing capacity and 
failing slope stabilization of clay soils was 
investigated by Rogers and Glendinning [1]. 
Investigators Gidley and Sack proposed several 
methods for utilizing some industrial wastes in 
engineering construction [2]. 

Rice husks in many countries is considered to be 
agricultural waste and is unnecessarily dumped or 
burned in open heap areas [3]. According to recent 
study in 2014 the amount of rice husk generated 
globally was estimated to be 1.482 x 108 tons [4][5]. 
Rice husks if utilized correctly has immense potential 
to create many different products such as utilization 
for bioenergy as well as various industries that will 
use the amorphous silica (i.e. ceramics, glass making, 
steel production. Pharmaceuticals, rubber, etc.).[6]  

The rice plant has the unique ability to take silica 
content from soil and eventually the silica 
accumulates into its structure as it grows [7]. The part 
of the plant with the highest silica content is the rice 
husk. When burned at high temperatures within an 
enclosed chamber, rice husk ash is produced. Rice 
husk ash has high percentage of siliceous minerals 
and so it has potential pozzolanic properties. 
Pozzolanas are siliceous and/or aluminous materials 
[8]. Pozzolanas have little or no cementitious value, 
but which will in finely divided form and in the 
presence of moisture, chemically reacts with calcium 
hydroxide liberated during the hydration of Portland 
cement to produce stable, insoluble cementitious 
compound which can be used to stabilize soils[9][10].  

This paper aims to investigate the bearing 
capacity of soil when mixed only with RHA at 
different percentages. The reaction of the amorphous 
silica within the RHA is observed as it reacts with 
water and soil both for 1 and 7 days. Ultimately, the 
optimum RHA mixture that gives the highest bearing 
capacity is determined. 
 
MATERIALS AND METHODS 
 
Materials 
 
Soil 
 

The soil used for this paper was collected from the 
Handa area, Tsu City, Mie Prefecture. The physical 
properties of the soil are shown in Table 1. According 
to the graph of particle size distribution curve in Fig. 
1 it was determined that the coefficient of gradation 
(Cu) and the coefficient of curvature (Cc) are 9.275 
and 0.906 respectively. Moreover, in regulation with 
the United Classification of Sand soil by ASTM D-
2487, the soil was classified to be well-graded sand 
with silt (SW-SM). 
 
Table 1. Physical properties of soil 

 
Parameters Values 
Specific gravity 2.74 g/cm3 
Maximum dry density 1.696 g/cm3 
Optimum moisture content 17.50% 
Liquid limit, LL 37.52% 
Plastic limit, PL 28.87% 
Plasticity index, PI 8.55% 
Sand (75 μm - 2 mm) 89% 
Silt (5 - 75 μm) 9% 
Clay < 5 μm 2% 



GEOMATE – Melbourne, Australia, 11-13 November 2020 

707 
 

 
 
Figure 1. Particle size distribution curve for soil and 
RHA 
 
Rice husk ash (RHA) 
 

The RHA used was provided by Make Integrated 
Technology (MIT) Co., Ltd, Osaka Japan. By burning 
rice husks, itself at high temperature within an 
enclosed industrial machine, MIT company has been 
able to successfully convert high amounts of rice 
husks into a valuable material. The RHA used had 
SO2 percentage of generally 85-90% as certified by 
Japanese Agricultural Standards (JAS). The chemical 
composition of the RHA is shown below in Table 2. 
The RHA also had a loss ignition of 85% and general 
composition of particle sizes ranging from 0.1-0.3μm, 
refer to Fig.1. 
 
Table 2. Chemical composition of RHA 

 
Element compound Mass percentage 

SiO2 91.1013 
CO2 4.3490 
K2O 2.4031 
CaO 0.5723 
P2O5 0.5178 
SO3 0.3784 
Cl 0.1867 

MgO 0.1646 
MnO 0.1414 
Na2O 0.0696 
Fe2O3 0.0536 
Al2O3 0.0350 
ZnO 0.0172 
Rb2O 0.0072 
SrO 0.0016 
Br 0.0015 

 

Laboratory Test 
 
California Bearing Ratio (CBR) Test 
 

The California Bearing Ratio (CBR) test was 
conducted in accordance with Japanese Industrial 
Standards (JIS A1211). The test used a standard CBR 
testing machine with a 5.08cm piston that penetrated 
the soil sample at a velocity of 1.27mm/min by means 
of a screw jack. Recordings were then taken at 
penetration depths of 0.5mm, 1mm, 1.5mm, 2mm, 
2.5mm, 3mm, 4mm, 5mm, 7.5mm, 10mm and 
12.5mm.  

After three separate recordings were taken for 
sample, each data was then plotted on a load-
penetration graph, but first load was needed to be 
calculated by taking into account the conversion 
factor of the CBR machine and multiplying it with 
each of recordings to get the loads. The best graph 
showing an accurate curve that runs convexly 
upwards was then chosen. If  

The final step is to calculate the CBR percentage 
value by using Eq. (1). The load strength obtained 
from 5mm penetration was divided by the standard 
load strength of 5mm which is 19.9kN and then 
multiplied by 100 to get the final CBR value in 
percent. 
 
𝐶𝐶𝐶𝐶𝐶𝐶 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 (%) = 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆ℎ

𝑆𝑆𝑆𝑆𝐿𝐿𝑆𝑆𝐿𝐿𝐿𝐿𝑆𝑆𝐿𝐿 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆ℎ
 × 100          (1) 

 
Rice husk ash mixtures and curing period 
 

The soil mixture types and Optimum Moisture 
Content (OMC) of these mixtures are given in Table 
3. Three types of RHA mixes were used; 5%, 10% 
and 15%. The control or regular soil was also tested 
to have a baseline to determine whether RHA 
additives change the composition of the soil mixture. 
The samples were prepared first by mixing in of RHA 
to the soil and water was added. The amount of water 
added was 1% below the OMC of each individual 
sample. Afterwards, the specimen was placed into a 
CBR mold and compacted with an automated 
hammer. The CBR mold was wrapped airtight and 
placed to cure for 24 hours and 7 days. The CBR 
molds were then tested on each of their respective 
days. Note that each soil mixture was tested three 
times and the most accurate data was collected from 
the three tests.  
 
Table 3. All the soil mixtures tested  
 

Mixture sample RHA  OMC Symbol 

Control 0% 17.5% - 
1 5% 21.0% 5R 
2 10% 25.0% 10R 
3 15% 29.0% 15R 
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RESULTS AND DISCUSSION 
 
Penetration Curve 

The Fig.2 shows the penetration curve after 1 day 
of curing. It was observed that there was significant 
increase in applied load once the RHA was added to 
the soil. But as the RHA ratio increased over 5%, the 
applied load started to decrease.  
 

 
 
Fig. 2. Penetration curve for 1-day curing 
 

From Fig.3 after 7 days of curing, the penetration-
load curve increased to some degree when comparing 
to 1-day curing period. The trend is of the ratio 
percentages was still maintained with 5% RHA has 
the highest applied load. 
 

 
 
Fig. 3. Penetration curve for 7-day curing 
 
CBR value  
 

The CBR values obtained for both 1 and 7 days 
are shown in Fig.4. The 5% RHA showed highest 
CBR value out of all the mixtures, with the lowest 
being 15% RHA which was even lower CBR value 
than the soil control. The initial increase of CBR 
value with 5% RHA mixture may be because the ratio 
between soil and RHA gives a good plasticity index, 
but as RHA is added to the soil the plasticity index 

increases thereby decreasing the CBR values. Also, 
this approves that RHA has little to no cementitious 
value and is not suitable to be a soil stabilizer alone. 

 

 
 
Fig. 4. CBR values for each specimen type both 1-day 
and 7-day  
 
 
CONCLUSION 
 

In summary, when working with RHA it is good 
maintain the mixture to be around 5% which will give 
the best bearing capacity for sandy soils. Additionally, 
excess of RHA within a sample will only worsen its 
properties and make the soil unsuitable. To conclude, 
I recommend in the future further work be done 
investigating the pozzolanic reaction between RHA 
and Portland cement to find out a suitable mix ratio 
for Geotechnical engineering purposes, and how the 
amount of time affects the soil mixtures properties. 
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SURFACE SHAPE MEASUREMENT AND EVALUATION OF 

MECHANICAL STABILITY BY DEM SIMULATION FOR DAMAGED 

TRADITIONAL STONEWALLS 

Satoshi Sugimoto1, Maho Yamaguchi1 and Minoru Yamanaka2

1Faculty of Engineering, Nagasaki University, Japan; 2Faculty of Engineering, Kagawa University, Japan 

ABSTRACT 

Kumamoto Castle has constructed about 400 years ago, and now the Cultural Affairs Agency of Japan treats it 

as an important historical spot. The 2016 Kumamoto Earthquake was damaged a lot of stone walls of this castle. 

Authors continue to investigate the deformation of unstable stonewalls by high accuracy laser module for 

measuring distance. And these stonewalls should be monitored continuously for evaluation of mechanical stability, 

so we developed and established the wireless network system for measuring the changing angle of some stonewalls 

surface in this castle. When installing this system in the future, the results of shape measurement of the surface of 

these stone walls will be important in identifying the locations to be installed and setting priorities. 

 The authors also carried out making a simulation model and calculation for evaluation of stonewalls stability 

by the distinct element method under the several conditions of stonewall shape and interface of materials. The 

failure area of stone walls and backfill are estimated by these results of DEM simulation, and it is discussed that 

these areas should be reinforced under the repair of damaged stonewalls.  

Keywords: Damaged stone wall, Stability, Wireless sensor network, Monitoring and DEM simulation 

INTRODUCTION 

The 2016 Kumamoto earthquake caused 

enormous damage to ground structures such as 

buildings and stone walls at Kumamoto Castle. 

Besides, many stone walls in Kumamoto Castle 

collapsed and overturned, and tensile cracks occurred 

in the back of the embankment. The 2016 Kumamoto 

earthquake is characterized by the fact that 

Kumamoto Castle was damaged by a foreshock with 

a seismic intensity of 5+ and the main shock of 6+. 

Although the stonewalls of Kumamoto Castle 

escaped deformation during the foreshock, many 

cases were found to have been deformed or collapsed 

due to the mainshock (S.Sugimoto et al., 2018 & 

2017). And the stone walls that have undergone 

deformation will be examined for restoration work 

and appropriate management in the future. However, 

it is very difficult to distinguish whether the stone 

wall originally had a deformation or if the 

deformation was caused by the earthquake. Therefore, 

when considering the priority of restoration from the 

degree of deformation, it is required for the 

administrator to perform simple measurements daily. 

Besides, it is necessary to elucidate the mechanism of 

the stone wall collapse so that similar damage will 

never occur again in the future when another large-

scale earthquake will occur. In this study, we used a 

simple method to quantitatively measure the 

deformation of the stonewall and used data collection 

and the distinct element method (analysis code: 

UDEC) to support the selection of remote monitoring 

points (Y. Katsuda et al., 2018 & 2017). Based on the 

research, we will build a model of stone walls. Then, 

numerical analysis of dynamic behavior was carried 

out, and factors affecting the stone wall were 

examined by comparing the collapse patterns under 

various conditions. 

TYPE OF STONEWALL STRUCTURE 

The stone walls of Kumamoto Castle can be 

roughly divided into three types according to the 

internal structure of the stone walls. In this study, the 

three types of shapes were named "stone base type", 

"half stone base type", and "stoneless base type" by 

adding the distance to the literature. Figure 1 shows 

the three types of internal structure, shape 

characteristics, and constituent materials. The stone 

base type is a stone wall with a low height, so many 

are made around the gate. The half stone base type is 

often made in the stone walls around the moat or the 

main enclosure. Since the northwestern part is not 

along the mountains, it is thought that many stone 

walls on this side were made of soil embankments and 

rubble. Many stoneless base types are made from 

south to southeast of Kumamoto Castle. This is 

probably because it was possible to pile up stonewalls 

on a steep slope. After all, the southeast side is along 

Mt. Chausu.  

MEASUREMENT WITH A PORTABLE LASER 

RANGEFINDER  

The Leica Geosystem's DISTO D510 is a portable 
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laser rangefinder that is mainly used to measure the 

shape of land plots and buildings. As shown in Figure 

2, it is easy to measure linear distances and elevation 

angles. This instrument has an accuracy of 1.0 mm 

per 10 m and is available at a measuring distance of 

up to 200 m. Furthermore, it has been shown that 

there is a variation of about 0.3% when the angle 

between the measuring instrument and the horizontal 

plane exceeds 45 degrees. Therefore, in this study, it 

is necessary to fix the portable laser range finder 

(DISTO D510) to a tripod, measure the vertical 

distance and the horizontal distance, and to measure 

the shape within the range of 45 degrees. The 

condition was set. 

Fig. 1   Shape features of each stonewall. 

Measuring method 

The measurement was performed according to the 

following procedure. Install a measure parallel to the 

surface of the stone wall to be measured. At this time, 

either the left or right end is set as the measurement 

origin. A marker is set at the point set as the origin so 

that it can be easily compared in future measurements. 

Determine the distance between survey lines 

according to the length and size of the stone wall. 

After determining the measuring line, install the 

measure so that it intersects with the measure 

installed parallel to the stone wall. Install a portable 

laser range finder (DISTO D510) on the tripod and 

measure the measurement point. At this time, one 

point will be measured for each stone wall on the 

survey line, and the center of the stone wall will be 

measured. 

There are two ways to organize the data in the 

measured stone wall cross-section: top reference and 

bottom reference. 

The top reference is the uppermost stonewall as 

the origin of the X-axis and the Y-axis, and the 

bottom reference is the measured data with the 

lowermost stone wall as the X-axis and the Y-axis 

origin. By setting a standard, it is easy to judge the 

characteristics of the deformation and collapse of the 

stone wall when the surface shape of the stone wall 

changes. Moreover, based on the bottom of the stone 

wall, the measured lateral position, height, and depth 

were input into the graph drawing software to create 

a shape distribution map. As shown in Fig. 2, a laser 

range finder fixed on a tripod is installed in front of 

the target stonewall, and the distance and angle of 

each stone wall are measured in the vertical direction. 

After the measurement, find the vertical and 

horizontal coordinates of each stone wall based on the 

distance and angle and plot the cross-section. If the 

ground where the stone wall is built inclines, it is 

difficult to create an accurate surface shape 

distribution map if measured normally. Therefore, 

when performing the measurement, we decided to use 

the bottom of the slope as the origin of the coordinate 

axis and use the two poles to measure the step. The 

distance between poles can be found by using two 

poles. Therefore, by adding the vertical distance 

between poles to each survey line, the standard can be 

unified and a surface shape distribution map can be 

created. Photo 1 shows the measurement using a pole. 

Fig. 2 Measurement schematic diagram and photo. 

Photo 1  State of pole installation. 

SURFACE SHAPE MEASUREMENT 

A portable laser range finder was installed in front 

of the target stone wall, and the distance and angle of 

each stone wall were measured in the vertical 

direction. After the measurement, the vertical and 

horizontal coordinates of each stone wall were 

calculated based on the distance and angle, and the 

cross-section was plotted. This time, the measured 

data of 1984 and 2018 were used for comparison. The 

Type name Stone base type Half stone base type Stoneless base type 

Style 

State at the 

time of 

collapse 

Materials 
Stone 

Cobblestone 

Stone 

Cobblestone 

Embankment 

Stone 

Embankment 

Height Low A little high High 

Slope steep A little lenient A little lenient 
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1984 data is the newest data measured by Prof. 

Kuwahara (1984) before the Kumamoto earthquake. 

In selecting the measurement points, in addition to the 

points measured in the past, we newly measured the 

points with large deformation. Up to now, the 

measurement has been performed in 8 steps, and a 

total of 150 points have been measured as shown in 

Fig. 3. 

Fig. 3   Overall view of measurement points. 

One case of the measurement result 

STONEWALL OF "CHAYAGURA" TRACE 

It is a stone wall located on the south side of 

Kumamoto Castle. Photo 2 is a panoramic view of the 

western surface of the stone wall at "Chayagura" trace. 

A total of 8 lines were measured at 1m intervals. 

Figure 4 shows the surface shape distribution map of 

the western surface of the stonewall. At around 5m, 

the surface shape is protruding. The possible reason 

for this is considered to be a phenomenon caused by 

the reduction of the gap between the stones, which is 

caused by the movement of the stones accumulated in 

the rear part of the stone wall due to the influence of 

external force such as vibration. It was confirmed at 

the site that the deformed parts were the same with 

this figure. This deformation seems to reflect the 

result of active earth pressure in the central part of the 

stone wall during the earthquake. 

Photo 2   Stonewall of "Chayagura" trace. 

Fig. 4   Surface shape distribution map. (unit: m) 

DYNAMIC ANALYSIS BY DISTINCT 

ELEMENT METHOD 

The stone base type among the three types of 

stone walls was modeled by the distinct element 

method program (analysis code: UDEC) and the 

dynamic analysis was performed. In this research, the 

distinct element method (analysis code: UDEC), 

which is suitable for analyzing discontinuous 

structures such as stone walls and stone bridges, is 

used to reproduce individual movements of stone 

walls and stones. The stone base type consists only of 

chestnut stone and stone wall stone, and the damage 

was the largest of the three types, and more than half 

of the total collapsed, so this paper describes the 

results of this type.  

Analysis model 

Figure 5 shows a “stone base type” analytical 

model with a stonewall slope of 70°. Since the stone 

base type is built in a place where there is no 

background, stones were piled up on the left and right, 

and the inside was packed with a quarry stone block, 

as in the previous literature. The sandy ground 

represented by elasto-plastic elements was installed 

under the stone wall, and in the actual stone wall, the 

lower stone wall was buried in the ground, so the 

lower three steps were fixed as the foundation.  

Boundary condition 

In this study, the boundary conditions shown in 

Fig. 5 were set to properly reproduce the transmission 

of seismic waves from deep underground. A dashpot 

was provided on the boundary surface of the sandy 

ground at the bottom of the individual element model 

to make the bottom viscous boundary. The bottom 

viscous boundary is a boundary condition that 

evaluates the semi-infinite ground below the model 

bottom, and it is possible to absorb the wave energy 

dissipated at the bottom boundary and input only the 

rising wave component of the seismic wave. As a 

result, the transmission characteristics of seismic 

waves from deep underground can be satisfied. A free 

rock mass region was set up on both boundary 
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surfaces on the side of the distinct element method 

model as energy transfer boundaries. The energy 

transfer boundaries allow wave energy to be 

dissipated laterally in the model and absorbed in the 

free rock region. As a result, the lateral boundary can 

be evaluated as a semi-infinite ground area, and the 

actual foundation rock area can be reproduced. 

Fig. 5   Cross-section of the analysis model. (unit: m) 

Input parameter 

Table 1 shows the characteristic values of the 

surface of each block, and Table 2 shows the 

characteristic values of each joint. In this study, we 

focused on the stone base type that caused the most 

damage. To compare with the existing literature, the 

characteristic value was analyzed with the same value 

as the previous research. And the density of stones 

and cobblestones are applied each 2.5 kg/cm3 and 2.2 

kg/cm3. 

Model creation 

Figure 6 shows a drawing of the stone base type 

with a stonewall slope of 70°. The left figure is a 

model before cutting the stone. We made two blocks 

inside the stonewall and one block above the stone 

wall and cut the block into 40 cm square. Since it is 

harder to create a gap when dropping one block than 

dropping it separately, we created blocks separately. 

In order to get closer to the actual construction 

procedure, rubble stones were made at a certain 

height and allowed to fall freely and packed inside the 

stonewall. Based on the reflections of previous 

studies, a gap was created in the corner of the 

stonewall just by free fall, so acceleration was applied 

in any direction to the model with the stone wall and 

the base fixed. From this, as shown in Fig. 8, it can be 

confirmed that the stones are sufficiently clogged. 

Earthquake motion input 

The input ground motion is given to the bottom of 

the individual element model. The input waveform 

had a frequency of 10 Hz, an amplitude of 1 m/sec, 

and an excitation time of 2 seconds, after which the 

gravity analysis was performed for 1 second. 

Table 1     Characteristic value of block surface. 

Table 2 Shear resistance angle value between 

different materials. 

Fig. 6   Schematic diagram of the stone base type 

model creation. 

Relationship between stone wall height and 

collapse range 

In order to clarify the relationship between the 

height of the stone wall and the collapse range, the 

condition of the physical properties of each block was 

not changed, and only the height was set to half the 

value of the previous studies. The height of the 

stonewall used in the previous research is 12.0 m, and 

the height of the stone wall used in this research is 6.0 

m. Figure 7 shows the analytical model of 12.0m and

6.0 m with a shear resistance angle of 15° on the 

surface of each block with a stone wall slope of 70°. 

 Figure 8 shows the displacement vectors of the 

12.0 m high model and 6.0 m high model during 

deformation. As the height of the stone wall became 

lower, a difference appeared in how it collapsed under 

the same conditions. The slope of the slip surface 

varies depending on the height of the stone wall. This 

is because when the height is 12.0 m, the earth wall 

pressure is relatively small and the earth cover 

pressure is relatively small. Therefore, the horizontal 

force acting by the inertial force of the seismic motion 

is larger than the earth's cover pressure. It is 

considered that the surface inclination is steep. When 

the height is 6.0 m, the height of the stone wall is low, 

so the force exerted by the overburden pressure does 

not change much depending on the place, and the 

horizontal force acting by the earthquake motion is 

Stones and 

cobblestones 

(deg) 

Stones and 

sandy ground 

(deg) 

Cobblestones 

and sandy 

ground  (deg) 

15 15 15 

Case 1 Case 2 

Normal stiffness 

(N/mm) 
3000 3000 

Shear stiffness 

(N/mm) 
3000 3000 

Cohesion (kN/m²) 0 0 

Shear resistance 

angle (deg) 
15 30 
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larger than the overburden pressure. It is considered 

that the slope of the slip surface is gentle. 

Figure 9 shows a comparison of the horizontal 

displacement of the stone wall at the top of the crown 

when a ground motion is applied, based on the height. 

When the height was 12 m, the horizontal 

displacement was larger than that when the height 

was 6 m. In both cases, although the stone wall has 

collapsed, the height of the stone wall is higher than 

that of the lower stone because it is taller, and it is 

thought that the stone wall was more susceptible to 

the influence of the stone. In addition, it is considered 

that the movement of the upper area also differs 

depending on how the clogs are clogged. 

Fig. 7   Two kinds of models of stonewalls. 

Fig. 8   Displacement vector diagram after the start of 

earthquake motion. 

Fig. 9   Horizontal displacement of the top of the 

stonewall compared with height. 

Relationship between shear resistance angle and 

collapse range 

In order to clarify the effect of the size of the shear 

resistance angle on the cobblestone surface on the 

collapse of the stone wall, the other parameters were 

constant, the stone wall slope was 70°, the height was 

6.0 m, and the shear resistance value of each block 

was The calculation was performed under the 

conditions of 30° and 15°. The results are shown in 

Figure 10. When Case 1 and Case 2 are compared, the 

inclination of the slip surface is significantly different 

because the shear resistance angle is different even if 

the height is the same. The distinct element method 

was used to express that the larger the shear resistance 

angle, the more difficult the stone wall is to collapse. 

Fig. 10    Slip surface compared with each shear 

resistance angle. 

Fig.11   The horizontal displacement of the top of the 

stonewall is compared with the shear resistance angle. 

Figure 11 shows a comparison of the horizontal 

displacement of the stonewall at the top of the crown 

when a ground motion is applied, based on the value 

of the shear resistance angle. When the shear 

resistance angle is 15°, the upper stone wall is 

displaced from 0.25 seconds after the start of 

vibration, whereas when the shear resistance angle is 

30°, the vibration is observed from 1.75 seconds after 

the start of vibration. It is considered that the larger 

the shear resistance angle is, the larger the force to 

resist when the earthquake motion is applied becomes, 

and it becomes difficult to transmit the force to the 

upper stone wall. 

CONCLUSIONS 

In this study, the simple method is used to 

quantitatively measure the deformation of the stone 

Height : 12.0 m Height : 6.0 m 

=15° =30° 

Height : 12.0 m Height : 6.0 m 

=15°, 1.25 sec =15°, 1.75 sec 

=30°, 1.5 sec =30°, 2.0 sec 
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wall, data collection and stone base type stone wall 

are used as the basis for the selection of the remote 

monitoring target, and the distinct element method (A 

dynamic analysis was performed using the analysis 

code: UDEC) to reproduce the collapse behavior of 

the stone wall. The results and considerations 

obtained in this study are described below. 

1) Using a portable laser rangefinder, the surface

shape of stone walls at various places in Kumamoto 

Castle was measured easily. In the stone wall with a 

height of about 5 m, many deformations were 

observed, which seemed to be extruded by the stones 

on the back. It is highly probable that a temporary 

active earth pressure condition was caused by the 

earthquake motion. Although it is necessary to verify 

the consistency with the 3D measurement results, it is 

a simple measurement method, but it is possible to 

quantitatively grasp the characteristics of the surface 

shape. 

2) The damage situation at each height of the stone

wall was collapsed in all cases when the height was 

12 m. On the other hand, when the height was halved 

to 6 m, no collapse occurred when the shear resistance 

angle of the stonewall and the stone was 30°. From 

this, it can be confirmed that not only the slope of the 

stone wall but also the height of the stone wall 

contribute to the collapse. 

3) It was found that the higher the height of the stone

wall, the greater the depth of the stone, and the lower 

the height, the gentler the slope of the slip surface. 

4) It was found that the stone-base type collapse

factor in which the stone is composed is the active 

earth pressure generated when the stone is destroyed 

by the earthquake. However, it was confirmed that if 

the shear resistance angle of the stones exceeds a 

certain value, the active earth pressure is not 

generated enough to collapse the stone wall. 

5) Even with the same height model, if the shear

resistance angle is different, the displacement of the 

stone wall in the upper stage when vibration is applied 

is different. It is thought that this is because the larger 

the shear resistance angle, the greater the force that 

tries to resist when an earthquake motion is applied, 

and the more difficult it is to reach the upper 

stonewall. 
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