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Preface

On behalf of the GEOMATE 2021 Organizing Committee, we would like to welcome you in attending the
International Conference on Geotechnique, Construction Materials and Environment held at Kyoto Research
Park, Kyoto, Japan in conjunction with The GEOMATE International Society, Useful Plant Spread Society,
Glorious International, AOI Engineering, HOJUN, JCK, CosmoWinds and Beppu Construction, Japan.

On Friday 11 March 2011, at 14:46 Japan Standard Time, the northeast of Japan was struck and severely
damaged by a series of powerful earthquakes which also caused a major tsunami. This conference was first
dedicated to the tragic victims of the Tohoku-Kanto earthquake and tsunami disasters. The Geomate 2021
conference covers three major themes with 17 specific themes including:

Advances in Composite Materials
Computational Mechanics
Foundation and Retaining Walls
Slope Stability

Soil Dynamics

Soil-Structure Interaction

Pavement Technology

Tunnels and Anchors

Site Investigation and Rehabilitation

Ecology and Land Development
Water Resources Planning
Environmental Management

Public Health and Rehabilitation
Earthquake and Tsunami Issues
Safety and Reliability

Geo-Hazard Mitigation

Case History and Practical Experience

Due to COVID-19, this year we have received less humber of paper submissions from different countries.
The participated countries are Australia, Bangladesh, China, Germany, India, Indonesia, Iraq, Israel, Japan,
Philippines, Saudi Arabia, Singapore, South Korea, Thailand, and Vietnam. The technical papers were
selected from the vast number of contributions submitted after a review of the abstracts. The final papers in
the proceedings have been peer reviewed rigorously and revised as necessary by the authors. It relies on the
solid cooperation of numerous people to organize a conference of this size. Hence, we appreciate everyone
who supports as well as participate in this joint conferences.

Last but not least, we would like to express our gratitude to all the authors, session chairs, reviewers,
participants, institutions and companies for their contribution to GEOMATE 2020. We hope you enjoy the
conference and find this experience inspiring and helpful in your professional field. We look forward to
seeing you at our upcoming conference next year.

Best regards,

Prof. Zakaria Hossain, m

Mie University, Japan
Chairman (General)

Dr. Dr. John V. Smith e
RMIT University, - 2
Australia Chairman
(Vice-chairman)
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DEVELOPMENTS IN SLOPE STABILITY IN ENGINEERING
PRACTICE: A REVIEW OF RESEARCH PUBLISHED BY GEOMATE

John Victor Smith

RMIT University, Australia and CMW Geosciences, Australia

ABSTRACT

Many papers have been published in the International Journal of GEOMATE making some contribution to the
topic of slope stability. A selection of these papers have been reviewed with the aim of classifying the types of
contributions made. Three main areas of application focus have been identified: 1) Context, 2) Mechanics and 3)
Techniques. Context refers to papers which address the risk posed to people or infrastructure in the location and
also refers to papers which are identified as case studies of a particular slope failure event or slope region.
Mechanics refers to papers which focus on the mechanism of failure or on the properties of the materials in which
failure has occurred. Techniques refers to papers which focus on presenting methods of data collection, modelling
and methods of stabilization and protection for slopes. Each of these different focus areas is shown to be a
distinctive way that papers have contributed to the integrated knowledge of slope stability.

Keywords: Slope Stability, Risk Assessment, Case Study, Mechanism, Stabilization

INTRODUCTION

The International Journal of GEOMATE “aims to
become an efficient mean of publishing and
distributing  high quality information  from
researchers, scientists and engineers.” The journal
scope covers the main areas of Geotechnique,
Construction Materials and the Environment.

This contribution has been prepared as a Keynote
presentation to the 11" annual conference held in
Kyoto, Japan in 2021. The paper presents a review of
selected papers from the journal which have a focus
on slope stability. A framework of studies will be
presented to assist future researchers and practitioners
to recognize the diverse types of investigations and to
assist in identifying opportunities for future research
and improvements to engineering practice.

METHODOLOGY

The review covers papers in the journal from
Issues 1 to 85. Papers were initially selected for the
review based on the title containing some reference to
slopes or slope stability. It is possible some papers
with relevance to slope stability have been omitted.

As the list of relevant references was compiled,
each paper was assigned to a grouping based on the
main aspects of the paper. The nature of the
groupings emerged as the examples were compiled.
This process was subjective according to this author’s
interpretation. It is possible that other authors and
authors of the original papers may choose a different
categorization for individual papers.

It is not suggested that any paper is restricted to a
particular category. The categories are intended to
recognize the main way in which each paper

contributes to the broad field of slope stability
research and practice.

As categories of studies emerged from the review
these categories were arranged into a hierarchy. A
three-level hierarchy has been developed. It is
intended that this hierarchy may be a useful tool for
future studies to recognize their main area of
contribution to the field.

RESULTS

A summary of the categories of studies identified
in the review is provided in Fig.1.

e

// All investigations can have impact on \\\
[ aud o sz satlliyy \
!I// Slope stability studies \\i

Context
Hazard — risk (13) Case studies (8)
‘ Mechanisms (13) b e Materials (17)

Techniques

Data collection | | Modeling (4) Stabilization/

techniques (5) Protection (8)

(#) Approx. number of papers in ] GEOMATE
Fig.1 Framework of the review (from papers
published in J. GEOMATE lIssues 1-85)

The outer boundary of Fig.1 acknowledges that
slope stability is not an isolated field. Many other
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fields of study are relevant to slope stability or benefit
from the outcomes of slope stability research.

The first level of categories identified as the main
areas of application focus are: 1) Context, 2)
Mechanics and 3) Techniques (Fig.1). Context refers
to papers which address the risk posed to people or
infrastructure in the location and also refers to papers
which are identified as case studies of a particular
slope failure event or slope region. The context
includes the application of susceptibility mapping
methods. Mechanics refers to papers which focus on
the mechanism of failure or on the properties of the
materials in which failure has occurred. Techniques
refers to papers which focus on presenting methods
of data collection, modelling and methods of
stabilization and protection for slopes.

A third level of hierarchy was identified under
each category. These sub-categories are summarized
in Fig.2.

DISCUSSION

The research on slope stability published in the
journal is based on work in the field and laboratories
of many countries. The brief comments in this
discussion highlight only a small number of research
examples and opportunities.

Development Areas

Case Studies

The importance of case studies is a feature of
slope stability research. It is only through the on-
going study of field examples that new problems and
issues can be identified.

Where there is a significant historic or current
slope instability event it is essential that the context
and contributing factors are collated and published.
Each study not only makes a contribution to the
understanding of the location investigated but also
contributes the database of factual information which
is fundamental to future research.

A case study, as a secondary function, can also
address other categories of investigation including
those listed in Fig.2. However, these secondary issues
emerge in a case study as needed to understand the
conditions found in the location.

Rainfall and Water Infiltration

A significant number of papers were observed to
investigate the role of rainfall and water infiltration.
This field is constantly developing as the
understanding of unsaturated soil mechanics has
progressed in recent decades [23].

Rainfall is commonly observed to be a trigger for
slope instability so these studies also make significant
contributions to risk assessment [9-10]. It is also

Context

* Hazard —risk

* Susceptibility Mapping [1-7]

* Risk monitoring [8-10]

* Acceptance criteria [11-13]
* (Case studies

* General [14-18]

*  Mining [19-20]

* Climate Change [21]

Mechanics
* Mechanisms
* Rainfall / infiltration [22-29]
* Rock fall [30-32]
* Earthquakes [33-34]
* Toppling [35]
. Materials
* Vegetation [36-41]
* Rock mass [42-45]
* Clays [46-48]
* Sand/soils [49-50]
* Volcanic [51]

* Fill [52]
Techniques
* Data collection [53-57]
* Modeling

* Numerical [58-59]
* Physical [60-61]

» Stabilisation
* Physical [62-64]
* Biological [65-67]
* Protection [68-69]

Fig. 2 Categories of study focus in the review
framework, with the paper references listed

noted that probabilistic methods of analysis are
becoming more common in this field of study [22].

Integration of Soil and Rock Mechanics

Throughout much of the history of scientific and
engineering progress soil mechanics and rock
mechanics have remained separate disciplines.
However, these fields need to become integrated as
both material types contribute to slope instability.

Landslide scars often show that structures in the
bedrock have contributed to slope failure by planar
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sliding, wedge sliding or toppling [18], [27].

Use of material strength parameters from the field
of rock mechanics, such as the Hoek-Brown criteria
can be incorporated into the range of material
property models used in slope stability analysis [42].

The field of rockfall is an areas where rock
mechanics plays an important role. It is also a field
of investigation where numerical and physical models
have made a significant contribution e.g. [32].

Vegetation

Vegetation has long been recognized as a
stabilizing influence on slopes. Methods for
quantifying the strength improvement by field and
numerical studies of root strength and other aspects
of vegetation have the potential to influence
engineering practice e.g. [38].

Future Developments

This review framework can provide impetus to
guide future research in the field. For example,
researchers may recognize items in Fig.2 where they
could make a contribution based on their own
investigations. Alternatively researchers may observe
gaps in the items in Fig.2 and may seek out
opportunities to expand the range of topics.

Unstable and potentially unstable slopes are a
common feature of rural and urban settings (Fig.3).
Future research into the context, mechanics and
techniques for investigations are needed to inform
future developments in engineering practice.

Fig. 3  Photograph of an unstable slope in an urban
setting

CONCLUSIONS

A review of papers on slope stability published in
the International Journal of GEOMATE has been
conducted to develop a framework of investigation
categrories. The framework provides a scheme to

assist researchers to contribute to existing threads of
research or to identify gaps needing new research
contributions. The theoretical, laboratory and field
data in these papers and others provides a basis for
future developments in engineering practice with the
aim of improving the living conditions and safety of
communities in many parts of the world.
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ABSTRACT

Microbially induced carbonate precipitation (MICP) is relatively a new environmentally friendly soil
improvement method. In MICP process, the formation of calcium carbonate occurs within the soil matrix as the
consequence of biochemical process mediated by ureolytic bacteria. The objective of this preliminary work is to
evaluate the effects of adding polymers on MICP process. Basically, the polymers are organic macromolecules
and have potential to offer several benefits such as increasing solution viscosity, extending supply time,
localization of cementation reactions, reduction of harmful byproduct ammonium and enhancement of strength.
For the above-mentioned objective, two different types of polymers are studied: (i) Polyvinyl alcohol (PVA) and
(i1) Polyacrylic acid (PAA). Lysinibacillus xylanilyticus are cultivated in the standard medium with varying
contents of polymers. The growth and urease activity of the bacteria are determined with the incubation time. In
addition, set of test tube tests is performed to assess the precipitation characteristics of calcium carbonate at the
presence of polymers. The outcomes indicated that the polymers do not have any adverse effects on the growth
of bacteria. However, the PAA is found significantly enhance the urease activity compared with typical bacteria
culture medium, whereas it is not evidenced in PVA. Moreover, compared to the typical MICP process, the
addition of polymers produce more spherical-shaped calcium carbonate crystals, which highly differ from typical
rhombohedral-shaped crystals. With the above findings, future works are recommended on soil to investigate the
cementation efficiency and adsorption of ammonium by-products.

Keywords: Microbially induced carbonate precipitation (MICP), soil improvement, polymer, urease activity,
crystal morphology

INTRODUCTION xylanilyticus is one of such reliable species, and
which was previously isolated from Hokkaido
In recent years, the biological method has expressway slope, Japan [5]. Following the
attracted attention as an environmentally friendly demonstration by Japan MICP researchers, the
method of ground improvement. Microbial Induced species were repeatedly used in many MICP related
Carbonate Precipitation (MICP) is one of such kind works [6]-[7]. Due to their consistence performance,
of novel geotechniques. In MICP process, the Lysinibacillus xylanilyticus is used in this study
precipitation of CaCO; is induced by non- to evaluate the effects of polymers in MICP process.
pathogenic bacteria that mediate the hydrolysis of Use of additives such as polymers to improve the
the urea [1]. The sequential bio-chemical reactions weak soil is an alternative biological approach to the
that occur during the MICP process are listed in Egs. MICP process [8]. Number of researches has done
(1-3). previously to investigate the applicability of
hydrophilic polymers. Hydrophilic polymer solution
CO(NH: ) + H.O—= s H,NCOO™ + NH (1) Cail 1rest1rair(11 the (iliesilcl:cation of gle c;mentation
solution and extend the time window for MICP-
HNCOO™ +H20 — HCO; + NHs ) related reactions following one-shot injection, which
Ca’" + HCO; + NHs — CaCOs + NH} (3) can be critical for certain applications where the
treated surficial soils are exposed to air and sunlight.
Most of the MICP related research works attempt Owing to these favorable characteristics, hydrophilic
to involve Sporosarcina pasteurii which is a popular polymers have increasingly been utilized for
gram positive bacteria with high urease activity [2]- assisting mineral precipitation-based improvement
[4]. In due course, few researchers worked on and remediation approaches in the field of civil
identifying some other potential ureolytic bacteria engineering [9].
for MICP purposes. Their outcomes indicate that the Previously, the effect of polyvinyl alcohol (PVA)
use of indigenous bacteria, instead of popular on strengthening was investigated. Using PVA to
exogenous bacteria, offers numerous benefits in increase the surface erosion resistance of MICP
terms of reliability and bio-safety. Lysinibacillus treated soil also studied. Their outcomes indicats
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that the polymers provide additional cohesive forces
[10]. In another instance, polyacrylic acid (PAA)
was applied to not only improving the mechanical
strength of the loose soil but also mitigating
excessive ammonium contamination [11]. It is worth
mentioning, however, only a very few studies
focused on the effect of polymer on biological and
bio-chemical responses, providing insufficient
information in the scientific literature.

Thus, the objectives of this original work are to
evaluate the (i) effects of polymers on the biological
responses and (ii) efficacy of incorporating polymers
in MICP process. For the assessment, two popular
polymers: PVA and PAA, are chosen in this study.
The experimental program mainly involves urease
activity = measurements and  assessments  of
precipitation characteristics.

MATERIALS AND METHOD
2.1 Polymers used

The PVA used herein was obtained from Wako
Pure Chemical Industries Ltd., Tokyo, Japan. The
average degree of polymerization is between 400 to
600. The average molecular mass of PAA (Wako
Pure Chemical Industries Ltd., Tokyo, Japan) used is
25000. Chemical structures of the PVA and PAA are
shown in Fig. 1(a) and Fig. 1(b), respectively.

n
Fig. 1 Structures of the polymers (a) PVA (b) PAA
2.2 Preparation of bacteria culture

The gram-positive ureolytic bacteria
Lysinibacillus  xylanilyticus, previously identified
from the Hokkaido slope were used in this research
study. Firstly, to prepare the preculture, 5 mL of
NH4 -YE medium was inoculated by the stock
bacteria (preserved at -80 °C) and kept in the
shaking incubator at 25 °C and 160 rpm for 24 hours.
Secondly, 1 mL of the preculture was added into 100
mL of NHs+-YE medium with varying quantities of
PVA or PAA (hereinafter referred to as main
culture). The main culture was then kept in the
shaking incubator under the same condition as
preculture.

The culture mediums tested herein are all have
1.57 g of Tris buffer, 1 g of Ammonium sulfate and
2 g of Yeast extract per 100 mL. The additional
adding polymers clearly presented in Table 1.

From case V1 to V6, the content of PVA
increases. Similarly, from case Al to A6, the
content of PAA gradually increases. But for the
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case C, neither PVA nor PAA was added. It was
used as a control group to compare the effects of
additional polymers on microorganisms.

Table 1. The compositons of main culture

Case PVA PAA
No. (g/L) (g/L)
\'2! 5
V2 10
V3 20
V4 40 0
V5 60
V6 80

C
Al 2.5
A2 5
A3 0 7.5
A4 10
A5 12.5
A6 15

2.3 Urease activity test

Urease activity of the bacteria culture was
measured using indophenol spectrophotometry
method. 0.5 mL of bacterial culture was taken from
main culture and added in 50 mL phosphate buffer
solution with 0.1 mol/L urea. At the presence of
hypochlorite, the ammonium ions produced from the
urea hydrolyses react with phenol and produce the
blue colour indophenol dye in the alkaline medium.
The intensity of indophenol dye was measured via
the wave length of 630 nm (ODe30) at every 5 min
interval of catalyzation. Using a calibration curve
established between ammonium ion concentration
and intensity (ODs30), the rate of urea hydrolysis and
urease activity can be obtained [12].

2.4 Precipitation test

After 1 ml bacteria samples separately took from
each case in Day 3, centrifugated and removed
supernatant and each sample tube was added 10 mL
same concentration (0.3 mol/L) of CaCl> and Urea
solution. Samples were kept in the shaking incubator
under 25 °C and 160 rpm speed for 24 hours. Then
the reaction mixture was centrifuged to collect the
precipitate, and supernatant of tubes were removed
separately by using filter paper (11 pum).

Both of the filter papers and the tubes with the
precipitate were oven dried at 60 °C for 48 hours and
dry weights were measured. Weight of the
precipitate was calculated by subtracting the empty
weight of the tube and the empty weight of the filter
paper from the dry weight of the tube and the dry
weight of the filter paper.
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2.5 Scanning Electron Microscopy (SEM) ®7
analysis 6 |
The shape of calcium carbonate crystals can be 25 |
affected by many factors. In order to minimize g
interference from organic components in the culture =4 1
medium and different urease activities from different E
cases, using 1 ml of bacteria sample in the same 23
control case C in day 3. After centrifugation and g
supernatant removement, 3 groups both added with R 2 1

the 10 mL of same concentration (0.3 mol/L) of
Urea and CacCl; solution. One group was added with
1 g/L of PVA, and the other group was added with 1
g/L of PAA, one group left as control group.

Samples were kept in the shaking incubator
under 25 °C and 160 rpm speed for 24 hours. Then
the reaction mixture was centrifuged to collect the
precipitate. After 48 hours of 60 °C oven dry,
scanning electron microscopy (SEM) was performed
using Miniscope TM3000, Hitachi (Tokyo, Japan) to
identify the morphology of the precipitated calcium
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3.2 Urease activity

Figure 3 shows that different concentrations of
PVA have no obvious effect on the activity of
bacteria. The activities were almost similar to that
observed of the control. On the other hand, the low
concentrations of PAA have a very obvious
promotion effect on urease activity. For instance, at
the concentration of 10 g/L, the urease activity is
found to be relatively optimum, that exceeds of a
value over 11 U/mL. However, when the PAA
concentration further increases, the urease activity
dramatically diminishes.

3.3 Amount of CaCOs precipitation

Figure 4 shows the variation of the amount of
CaCOs for the different considered cases. In the
cases of adding PVA do not show any evident trend
(no significant changes). But, for the PAA cases,
when the concentration increases, the amount of
precipitation shows an increasing tendency.
However, when the concentration increases above
10 g/L, it suddenly drops very close to 0 g.

(@ 03
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0.2 -
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0.1 1

CaCOj precipitation (g)

0.05 A
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~
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Fig. 4 Variation of the CaCOs amount with
different polymer cases (a) PVA (b) PAA.
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3.4 Morphology of the precipitated crystals

According to Fig. 5, scanning -electron
microscope (SEM) images of various morphologies
are shown at the same scale.

(b)

2021/04/23 18:05 HL D15.7 x800 100 um

()

2021/04/23 17:53 HL D15.5 x1.0k

Miniscope9076 100 um

Fig. 5 Variation of the CaCO3; morphology under
different condition (a) no polymer adding (b) PVA
(c) PAA.

The calcium carbonate crystal morphology
without any polymers is shown in Fig. 5(a) (control),
indicating the formation of typical rhombohedral-
shape crystals. When the PVA is added to the
medium, relatively spherical-shaped crystals are
precipitated. At the same time, an accumulation of
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pallets-like calcium carbonate crystals could be seen
in the PAA added cases. It should be noted that the
morphology of the crystals seen in Fig. 5(a)
significantly different from that observed in Fig.
5(b). This suggests that the crystallization effects
highly rely on the intrinsic characteristics of
polymers.

DISCUSSION

From the outcomes, it is found that the PVA
does not inhibit both the growth and urease activity
of bacteria, regardless of its concentration in the
reaction medium. In contrast, the addition of PAA
was found to favor the urease activity of the bacteria,
which showed an increase over more than two-folds.
However, the concentration over 10 g/L strongly
inhibited the bacteria growth, urease activity and
precipitation efficiency. This could probably be
attributed to the characteristics of the polymer. The
PVA is a neutral polymer, while the PAA is an
acidic one; therefore, the low pH conditions caused
by high concentration of PAA (above 10 g/L) were
extremely unfavorable and harsh for bacterial
growth.

In consideration of both Fig. 3 and Fig. 4, there
were no considerable positive or adverse influences
observed from the PVA on the MICP process.
Interestingly, the lower concentrations of the PAA
(below 10 g/L) promoted the ureolytic performance
of the bacteria, hence the mineralization efficiency.
One possible explanation could be that the
preferential consumption of PAA by the bacteria that
aided to produce more amino acids. Nevertheless,
the clear mechanism for the incredible performance
is still unclear, needing further investigation (left for
the future work).

It was evident (from the SEM analysis) that with
the addition of polymer, the morphology of the
crystals transitioned from rhombohedral to round/
spherical-shaped crystals with more aggregation.
The morphology changes could possibly be due to
the adsorption of the polymers on the crystal surface,
which led to the formation of new crystal faces.

CONCLUSIONS

According to the obtained results, a moderate
amount of PAA has a significant positive effect on
urease activity, which has great significance to the
practical application of engineering and can be used
to achieve high strength cementation in the future
research. On the contrary, PVA does not promote or
inhibit MICP, even at high concentrations. It also
has potential application value which can be used to
adjust the viscosity of the cementation solution to
control the occurrence position of the MICP.

Morphology of the crystals changes from the
polyhedral crystals to agglomeration of round
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crystals with the attendance of polymer. The
relationship between the crystal morphology and
ground improvement is still not clear. However, this
is a quite important point in MICP. It thus should be
revealed in the future work by comparing the crystal
polymorph and the strength of cured soil.
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ABSTRACT

Peat soil is referred to as problematic soil that uniquely forms under anaerobic and water-saturated conditions.
It is usually characterized as organic soil of high compressibility, high water content, and low shear strength. To
reduce the environmental impact, instead of using cement products to stabilize it, a relatively novel technique
based on the bio-mineralization principle, microbially induced carbonate precipitation (MICP), was adopted to
improve the soil matrix. Besides, this study introduced wastepaper fibers from the paper recycling process onto
MICP treatment. The objectives were to investigate the effects of fiber reinforcement (0-50% addition) on the
undrained shear strength (USS) improvement and contributing factors to the MICP effectiveness. Furthermore, the
fiber-reinforced and MICP treated samples were subjected to dispersive crumb tests to examine their stability
under a water-logged environment. The results showed a significant improvement in USS up to 360 folds observed
when 50% of fibers were introduced onto MICP treatment. The dispersion tests revealed a stable state of MICP
treated sample with fiber reinforcement, while the fiber reinforcement alone showed a swelling behavior.

Keywords: Peat soil, Microbially induced carbonate precipitation (MICP), Wastepaper fiber, Fall cone test,

Dispersive crumb test

INTRODUCTION
This technique has broad application prospects,

According to the latest report on the global including soil stabilization, liquefaction prevention,
distribution of peatland, peat soil covers coastal erosion control, fugitive control, etc. [7, 8]. In
approximately 2.84% of the world land area [1]. this study, the focus is concentrated on soil
Formed under extreme conditions of high acidity and improvement, aiming to enhance one type of high-
waterlogging, this type of soil usually exists at high water content peat soil. The use of wastepaper fibers
organic and water levels [2]. Peat deposits possess recycled from a paper mill differs this research from
undesirable engineering properties, so improving this most other reports. Due to its excellent water holding
marginal land has been challenging for engineers [3]. capacity, the wastepaper fiber was expected to
For the past several decades, most conventional stabilize the excessive water in the peat. Globally, the
methods using many cement products have been recycling rate of wastepaper fibers keeps at a low
accused of contributing significantly to CO: level in developing countries. If these wastes could
emissions [4]. Nowadays, since we are facing an become useful materials in the construction industry,
unprecedented crisis due to global warming, the increasing recovery rate would contribute to
engineers now tend to consider more undesirable sustainable development.
consequences that may come with the improvement The objectives of this study are i) to investigate
than before, generating more and more novel the factors that determine the effectiveness of MICP
technologies of sustainability. on peat soil; ii) to examine the feasibility of

Microbial ~induced carbonate precipitation stabilizing high water content peat soil using
(MICP) is one of these techniques, and now it is wastepaper fiber-reinforced MICP technique; iii) to
increasingly described as a green and reliable evaluate the performance of the treated soil samples
alternative to conventional methods in many research in a water-clogging condition. Strength improvement
fields. Unlike conventional techniques, in MICP data were obtained using fall cone test. The
process, urease produced by living organisms plays a effectiveness of MICP was evaluated by the
vital role in controlling the reaction rate flexibly. The measurement of calcium carbonate content and
following equations explain  how the bio- dispersive crumb test. These experimental works
mineralization occurs [5, 6]: provide a fresh insight into the reuse of waste

Urease materials _and generate su_stainable ide_as that co_mbir_1e
CO(NH,), + 2H,0 — 2NH; + co% 1) wastes with novel techniques to achieve a win-win
2- 24 situation.
CO% + Ca?* — CaCOs| )
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MATERIALS AND METHODOLOGY
Peat Soil

Peat soil samples were collected from Iwamizawa,
Hokkaido, Japan. Table 1 presents the basic
characteristics of lwamizawa peat. The distinguishing
characteristics between Iwamizawa peat and normal
soils are its high water content (around 800%) and pH
lower than 5.

Table 1 Basic characteristics of Iwamizawa peat

Parameters Values
Water content 711-824 %
Density 1.821 g/cm?
Ignition loss 65.815 %
pH 46-438
k 104 -10°cm/s

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

Wastepaper Fiber

Wastepaper fibers (WPF) are a mixture of waste
materials produced in a paper mill, with cellulose
fibers, the basic structural constituent of all plant
fibers, and ash content as two dominant components.
Meiwa Seishi Genryo Company, Japan, provided the
fibers used in this study. The image captured by
scanning electron microscopy (SEM) illustrates the
appearance of WPF (see Fig. 1 below). Basically, a
wide range of fiber lengths from 20 to 500 um was
observed.

Long fibers

=

Ash content * J/
g _Short fibers

Fig. 1 SEM image of WPF
Bacteria

The ureolytic bacterium (as a source of urease)
used in this study is Lysinibacillus xylanilyticus, a
gram-positive species with a rod shape (8-10 um
long) which was previously isolated from Hokkaido
by Gowthaman et al. [9]. Its urease activity tends to
peak at around 3.5 U/mL at a neutral condition (pH 7-
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8) after 72 hours of cultivation at 25°C [9]. Since the
previous report has corroborated its reliability, the
bacterial preparation was done following the same
method, using NHz-YE (ATCC 1376) as the culture
medium and 25 °C as the cultivation temperature.

Table 2 Experimental Cases

Category Conc. of Fipgr
CaCl, & urea addition
0%
Set 1 Effect of fiber non 10%
addition 30%
50%
Effect of initial pH 4.5
pH pH7
Set2 Effect of conc. 1M non
of CaCl, & 2M
urea 3M
MICP 0%
treatment 10%
Set3 reinforced by M 30%
fibers 50%

Experimental Cases

Cases set in this experiment were depicted in
Table 2. In this study, considering the characteristics
of peat soil, MICP treatment was conducted by
mixing all the materials added in the following order:
0.5% of CaO,, for pH adjustment; WPF at different
ratios; CaCl, & urea; and bacterial culture solutions,
with an ODggg around 10. It should be mentioned that
all the ratios presented in this study refer to proportion
by the weight of soil. For each 182 g (100 cm?®) of peat
soil, 15 mL of bacteria were added. The concentration
of cementation materials was calculated based on the
volume of soil. Molded samples were sealed and then
put into an incubator with a constant temperature of
25°C for curing. Strength examinations were carried
out three times: right after the sample preparation, 24
hours, and day 7.

Evaluations

Fall cone test

The fall cone apparatus (release-stop type DH-
22NM, cone angle=60°) is provided by Seikensha,
Tokyo, Japan. The tests are conducted according to
the JGS 0142-2009 [10]. It has been reported that this
test could be a feasible and reliable method to
estimate the shear strength for soft clay materials. For
Iwamizawa peat, this test is a quick way to examine
the strength improvement over time. The estimation
is based on an approximate relation between the
undrained shear strength (s,) and the depth of
penetration (h), as presented in Eq. 3.
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s,=k(mg/h?) 3)

Where fall cone factor k=0.29, cone mass m=60 g,
and earth gravity acceleration g=9.81 N/kg.

Calcium carbonate measurement

The measurement of calcium carbonate is
achieved by using a sealed container equipped with a
pressure gauge, which was developed by Fukue et al.
[11]. It is based on a simple principle: the pressure
inside the container increases due to the carbon
dioxide produced by the reaction between calcium
carbonate and hydrochloric acid. This change in
pressure could be transformed into the mass of
calcium carbonate using an established calibration
curve. For each test, 2 g of dry samples were taken
from the sample and reacted with 20 mL of HCI
solution (2 mol/L).

RESULTS
Fiber Reinforcement

The first test was carried out to measure the
variation in strength with different fiber contents, as
shown in Fig. 2. It can be found that the addition of
WPF enhanced the USS significantly. When the fiber
content was up to 50%, an improvement ratio of 200
folds and a significant reduction of water content
were observed. It is considered that the water
reduction is responsible for the improvement since
the high water content controls the shear strength of
Iwamizawa peat.
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BEpH7

USS (kPa)
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Day-1
Curing time/day
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Fig. 2 Effect of fiber addition on undrained shear

strength (USS) improvement and the water
content

Contributing Factors of MICP Treatment

Effect of initial pH

Having an acidic condition (pH 4.5) makes it quite
challenging to improve the peat by MICP treatment
because it inhibits the urease activity of bacteria and
the precipitation of carbonate. Therefore, to tackle
this problem, the acidic peat was adjusted to a neutral
condition (around pH 7) by adding 0.5% of CaO:
(agricultural fertilizer). A comparison of the adjusted
and unadjusted strength is illustrated in Fig. 3(a),
revealing a significant difference in strength
improvement. What is striking here is that a doubled
improvement ratio when the acidic condition was
altered into a neutral one, which indicates a
significant enhancement in the effectiveness of MICP.

(b) 30 30
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25 {1 25 £
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(%] . o)
-] N =
10 N 41 10 S
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5 F 2, {5 35
\ ©
: 8

0 & | |

1M 3M

Con. of cementation materials (mol/L)

Fig. 3 Contributing factors of MICP: (a) effect of initial pH; (b) effect of concentration of cementation materials
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Fig. 4 MICP treatment reinforced by different fiber content (10%, 30%, 50%), with carbonate content shown by

the dash-dotted line

Concentration of CaCl, & urea

To investigate the effect of different
concentrations of cementation materials, a set of
MICP treated samples with 1 mol/L, 2 mol/L and 3
mol/L of CaCl, & urea were prepared. From the bar
chart in Fig. 3(b), it can be seen that samples with a
higher concentration appeared to be less improved by
the treatment. Strong evidence was found in the
results of calcium carbonate content. The 1 M case
yielded a calcium carbonate precipitation of 18%,
while only 1% of precipitation was obtained in the 3
M case. The concentration of 1 mol/L was the
optimum among three cases, with an improvement
ratio of more than 20 times.

Fiber Reinforced MICP Treatment

Figure 4 illustrates the enhanced strength by
WPF (10%, 30%, 50%) reinforced MICP treatment
during 7-day curing. It is apparent from this figure
that a small amount of fiber addition did not enhance
the effectiveness of MICP, which can be explained by
the similar calcium carbonate precipitation obtained
from 0% case and 10% case. However, when the
addition was up to 30%, one-week strength increased
by six folds compared to the 0% case. What stands
out in this figure is that 50% of fiber addition
contributed an improvement ratio of 15 times.
Meanwhile, the calcium carbonate content was
increased by 25% compared to the 0% case.

The enhancement observed in this figure can be
compared with the results shown in Fig. 2. As
mentioned before, fibers enhanced the strength
significantly by holding the water. Incorporated with
MICP treatment, a nearly doubled enhancement was
obtained in cases with high fiber content.
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Fig. 5 Turbidity-time curve in crumb tests conducted
on untreated peat, fiber-reinforced samples,
and fiber-MICP treated samples

Dispersive Crumb Test

Since the peat was formed in conditions with
excessive water, investigating how the stabilized peat
performs under water-clogging is essential. Therefore,
both untreated and treated peat samples were
subjected to crumb tests. The results were presented
both in pictures and statistics. As shown in Fig. 5, the
quantified turbidity of treated samples verified the
remarkable improvement in dispersive properties.
Pictures in Fig. 6 illustrate the samples kept in a
water-logging condition after 6 hours. High water
content peat collapsed immediately when samples
were subjected to water immersion (Fig. 6(a)). It is
evident from Fig. 6(b-h) that samples became more
stable with the increasing fiber addition, with less
crumbled material observed at the bottom of the
beaker. Remarkably, almost no crumb was found in
the MICP case with 50% of fiber addition. It is worth
noting here that the fiber-reinforced samples
exhibited a swelling behavior during the 7-day curing
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period, as shown in Fig. 6(c), which accelerated the
damaging process when soaking into water. Closer
observation on the crumb settled at the bottom of the
beaker suggests that fiber-reinforced MICP treated

samples are more stable in water for the reason that
suspended particles in peat were connected by the
bio-cementation.

Fig. 6 Demolded samples in a water-clogging state with a 6-hour duration: (a) untreated peat soil; (b) 10%, (c)
30%, and (d) 50% of fiber-reinforced peat; (¢) MICP treated sample (1 mol/L); (f) MICP treatment

reinforced by 10%, (g) 30% and (h) 50% of fibers

DISCUSSION

A previous experimental study on improving
Iwamizawa peat combined bamboo fibers and MICP
treatment [12]. Due to the limited urease activity of
the native bacteria, the treated soil remained weak.
Overall, it has been confirmed that fiber materials
could stabilize high water content soil, which further
aids the MICP treatment.

500
<O WPF
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= O Bamboo fiber /
E 300 @ Bamboo fiber-MICP ,/
(] U4
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(] 4
§ 200 | /’ e
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Fiber content, %

Fig. 7 Improvement ratio by fibers and fiber-MICP
[12]

Similarly, in this study, bacteria of higher urease

activity and fibers (finer) with a larger specific
surface area were used to enhance the strength
further. What stands out in this study is that the
improvement ratio by wastepaper fibers was more
than 5-fold as that by bamboo fibers when the
addition was up to 50%. It can be explained by their
difference in the capacity of moisture reduction.
Compared to bamboo fibers, wastepaper fibers
possess a larger specific surface area, thus holding
more water, which leads to a significant enhancement
in the shear strength.

The results of the dispersive crumb test
illuminate a significant improvement in peat soil's
stability. As generally known, cellulose fibers hold
water and expand, which explains why a relatively
poor performance was observed in fiber-reinforced
samples. However, it seems that fiber-reinforced
MICP treatment could overcome this obstacle since
the precipitation functions as a cementitious material
that binds the loose fibers.

Considering the organic matter, mainly humic
substances in the peat soil, the addition of CaO, might
have affected the solubility of some substances since
the pH condition was greatly altered. Furthermore,
when mixing the calcium carbonate and urea, there is
a severe fluctuation in temperature. Both these
chemical and physical changes disturbed the original
structure of the soil, which might inhibit the MICP to
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some extent. As reported in the previous study, the
humic substances are of great cation exchange
capacity (particularly humic acids), which could be
the most challenging part of MICP treatment
considering the indispensable role of calcium ions
[12]. In soil humus science, these substances,
unfortunately, are remained elusive to scientists.
Therefore, to obtain a deeper understanding of these
substances' role in the MICP process, more efforts
need to be made.

CONCLUSIONS

The present study was designed to investigate the
effect of fiber-reinforcement on high water content
peat improvement, two contributing factors of MICP
treatment on peat, and evaluate the effectiveness of
fiber-reinforced MICP treatment. The first set of
experiments conducted in this research has identified
a remarkable enhancement in soil strength when
reinforced by wastepaper fibers. The second set
confirmed a favorable condition for effective MICP
treatment. The results of the third set revealed a
doubled improvement in shear strength when fiber
reinforcement was combined with MICP treatment,
followed by dispersive crumb test, which indicates an
essential finding of the treated samples' stability. A
discussion of samples' durability lies beyond the
scope of this study, which is recommended for future
work.

In general, this study suggests an essential role for
wastepaper fibers in amending high water content
peat and highlights the feasibility of MICP treatment
on soil improvement.
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ABSTRACT

Tetrahedral wedges in rock slopes can have symmetric and asymmetric shapes. Asymmetry is commonly
recognized as differences in dip angles of the sliding planes. This form of asymmetry is known to influence the
kinematic feasibility and stability of a wedge. Asymmetry also influences the appearance of wedges and therefore
the ability to recognize wedges in rock faces and in data from rock masses. The relative orientation of the sliding
planes in relation to the lower and upper slope faces is also part of the asymmetry system. In particular, the
direction of the line of intersection which determines the sliding direction of two planes, relative to the direction
of the slope of the rock face introduces an additional type of asymmetry. This form of asymmetry is defined here
as off-center wedges. A detailed terminology for asymmetric tetrahedral wedges is presented and the implications
for kinematic feasibility, sliding mechanism and stability analysis are discussed. A field example from Auckland

New Zealand is presented.

Keywords: Wedge, Kinematic stability, Rock slope, Sliding

INTRODUCTION

The stability of a tetrahedral wedge exposed in a
rock slope has been shown to be influenced by its
shape in both static [1-3] and dynamic [4-6]
conditions. Wang et al. [7] demonstrated limit-
equilibrium and numerical solutions to wedge
stability including comparison of symmetrical and
asymmetrical examples. In a probabilistic analysis of
wedge stability it was found that the reliability results
were very sensitive to variations in the shape and
therefore symmetry of the wedge [8].

Large amounts of discontinuity orientation data
need to be investigated in field and synthetic rock
mass characterization projects [9]. Stereographic
methods form the initial step in wedge stability
assessment in many rock engineering investigations
[10-17]. In a summary of conventional stereographic
methods, Wyllie and Mah [18] indicated that wedge-
forming poles are restricted to inside the daylighting
envelope of the slope face plane. However, the limits
to wedge-forming poles has been shown to be more
complex and defined by limits to the orientations of
great circles on which wedge-forming pole pairs can
lie [19].

Stereographic methods have also been used to
distinguish between mechanisms of single-plane and
two-plane sliding mode of wedges using the line of
intersection [20] or the poles and daylighting
envelope [21].

This paper is focussed on tetrahedral wedges
defined by two sliding planes and an upper and lower
slope face. The presence of tension cracks or basal
sliding planes is not considered. Asymmetry is
developed by the relationship between all four faces.
The typical distributions of planes which can form
kinematically feasible wedges are considered in terms
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of the shape and symmetry of a tetrahedral wedge.
The typical shapes of feasible wedges are illustrated
on a stereograph. Examples of applications of the
approach are given for data from jointed and faulted
sedimentary rock in Auckland, New Zealand. The
feasibility and factor of safety are shown to be related
to the shapes of the wedges, including the off-center
asymmetry of some wedges.

TERMINOLOGY
Angle Between Sliding Planes

The angle between sliding planes is an important
geometric parameter of wedges. The term dihedral
angle can be used to specifically identify the angle
measured in a plane perpendicular to the line of
intersection of the planes. The terms thin and thick
were applied by Hudson and Harrison [3] up to a
dihedral angle of 90°. They did not extend their
analysis beyond that value. When higher dihedral
angles are considered the wedges become thinner
with respect to the slope face. Therefore, the terms
narrow (for thin) and open (for thick) are adopted.
The term very open is applied to wedges where the
two sliding planes are approaching parallelism with
each other (Table 1). As wedges become increasingly
open, they can approach the dip direction of the slope
face and therefore approach the planar sliding case
which represents a minimum stability for that dip
angle. On a stereograph, that appears as poles to
sliding planes approaching the opposite direction to
the dip direction of the slope face. Lateral limits of
planar sliding are typically accepted as +/-20° [18].
These limits are a general reference only and do not
define a change in failure mechanism. As will be
shown below, the change in mechanism from single
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plane to two-plane sliding varies according to the
degree to which wedges are off-center.

Wedge Symmetry

The symmetry of a tetrahedral wedge must be
considered in two ways. First, the symmetry of the
two sliding planes relative to each other. Second, the
symmetry of the sliding planes relative to the slope
face also needs to be considered. These aspects of
symmetry can be considered to be related to the
sliding plane dip and dip directions, respectively. If
the two sliding planes have the same dip then a plane
halfway between them would be vertical. If the two
sliding planes have the different dips then a plane
halfway between them would be dipping. Hudson and
Harrison [3] refer to this as upright and inclined,
respectively. For simplicity, the dip angle of each
plane will be compared and will be termed equal or
unequal. An arbitrary 10° difference in dip between
the planes is applied here to separate the two terms.

Regarding the influence of dip direction, if a
wedge is oriented such that its sliding direction
(intersection line) is the same as the dip direction of
the slope face that will be described here as a centered
wedge. Other sliding directions will be referred to as
off-center. Therefore, the symmetry of the tetrahedral
wedge is a combination of its centered or off-center
characteristics and its equal wversus unequal
characteristics (Table 1). A symmetrical wedge must
be both centered and equal. Note that the sliding
direction can be directly observed as the pole to the
great circle on which the wedge-forming poles lie
[19].

Off-center Wedges

Poles lying in other locations other than on a
centered great circle are capable of forming a wedge.
Such poles will typically lie on a great circle which
has a different strike to the strike of the slope face.
An off-center example has a pole (equivalent to line
of intersection of wedges) trending northeast (Fig. 1).
For simplicity, a southeast trending example is not
shown, as the principle can be applied in a mirror
image for comparison. On this basis, a wide range of
wedge-forming possibilities can be considered for
example, the eight general locations of poles shown
as numbered stars on Fig. 1.

Location 1 represents a pole close to the lateral
limit of planar sliding near where the centered and
off-center great circles intersect. Location 2 and
location 3 occur on the same side of the stereograph,
between the lateral limit and the primitive circle
(outer edge of the stereograph) on the off-center great
circle. Locations 4 and 5 occur on the same side of the
stereograph as location 1, between the lateral limit
and the primitive circle on the off-center great circle.
Location 5 lies close to the primitive circle on the
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Table 1 Terminology used to describe features of
tetrahedral wedges observable on a stereographic
representation

Application Term Comment/
Quantification
Describes the ~ Narrow <60° (>120° pitch
(dihedral) angle on stereograph
between two between poles on
sliding planes opposite sides of
forming a the slope face)
wedge Open 60°-120° (60°-
120° pitch angle
on stereograph)
Very open >120° (<60° pitch
on stereograph
between poles on
opposite sides of
the slope face)
Describesthe ~ Symmetric Only possible for
overall shape centered, equal
of a tetrahedral wedges
wedge (defined  Asymmetric ~ Asymmetry of a
by four planes)  or Non- tetrahedral wedge
symmetric can be due to off-
centered
orientation of the
great circle
joining the
sliding plane
poles and/or
unequal dip of
sliding planes
Describes the  Centered Great circle
direction of joining sliding
two-plane plane poles dips
sliding relative 180° from slope
to the slope face direction
direction Off-center Great circle
joining sliding
plane poles dips
180° +/- <30°
from slope face
direction
Highly off- Great circle
center joining sliding
plane poles dips
180° +/- >30°
from slope face
direction
Describes the  Equal Difference of dip
difference in <10°
dip of the Unequal Difference of dip
wedge sliding >10°
planes




GEOMATE - Kyoto, Japan, 3-5 November 2021

off-center great circle and is distinguished by dipping
back into the slope face. The numbering of these
locations is entirely arbitrary and they have been
selected for the purpose of illustrating general
examples of shapes of kinematically feasible wedges
according to the position of poles on a stereograph.

Any combination of poles from great circle
distribution (e.g. any pair of poles form locations 1-5
forms a wedge with the same intersection plunge (red
star on Fig. 1). The shape will differ greatly for each
pair of planes. For example, the wedge formed by
poles at locations 1 and 2 are very open whereas a
wedge formed by poles at locations 3 and 5 would be
narrow.

Great circle for
poles of off-center
wedges (e.g.)

Single plane
sliding zone

Fig.1 Stereograph of potential wedge-forming poles
(black stars) illustrating off-center wedges

Wedge Sliding Mode

The lateral limits of planar sliding are recognized
as an arbitrary range for practical purposes [18]. The
occurrence of single plane sliding wedges and two-
plane sliding wedges depends on other geometric
relationships [20,21]. For centered wedges, the single
plane sliding mode cannot occur. Even two planes
one degree either side of the plane perpendicular to
the slope face will form a two-plane sliding pair, in
the centered case. Where a pair of planes (poles) are
joined by an off-center great circle the zone of single
plane sliding is defined by the difference between the
strikes of the slope face and the off-center great circle.
The example in Fig. 1 has a 30° difference and
therefore the range of the single plane sliding zones is
30° as shown on Fig. 1. A wedge formed by a pair of
poles with one of those poles being in that zone will
have the mechanism of single plane sliding on that
plane. A wedge formed by a pair of poles both of
which are outside that zone will have the mechanism
of two plane sliding.
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FIELD EXAMPLE: AUCKLAND, NEW
ZEALAND

The rocks in the field area are interbedded
sandstone and siltstone of the Miocene age
Waitemata Group. Weathered rock and soil
approximately 2 m thick is present at the top of the
cliff. Coastal retreat in sedimentary rocks north of
Auckland, New Zealand is controlled by bedding,
joints and faults [22]. A report on a fatal rockfall at
Rothesay Bay, in the northern suburbs of Auckland
New Zealand by Hancox [23] concluded that the
failure occurred by joint-controlled sandstone block
failure related to erosional undercutting of a
sandstone bed with heavy rain two weeks prior and a
low to moderate earthquake 16 hours prior was likely
to have influenced the timing.

Bedding dips very gently to the west (into the cliff
face). Joints are close-spaced and clustered in two
main sets with vertical to steep easterly dipping and
northeasterly dipping orientations (Fig. 2, Table 2).
Faults are also present with moderate to steep dips.
Kinematic analysis shows that wedges can form with
combinations of joints with faults and faults with
other faults (Fig.3, Table 3).

Table 2 Structural readings from Rothesay Bay,
Auckland, New Zealand

Dip Dip Dir.  Structure Notes
78 013 Joint set 1 N=41, SD=12.4
86 100 Joint set 2 N=40, SD=9.5
81 310 Fault 1a
54 140 Fault 1b
79 320 Fault 2a
69 140 Fault 2b
68 110 Fault 3
49 290 Fault 4a
55 076 Fault 4b
Slope face orientation 70-063, height 30 m.
N=number of points, SD=Angular standard

deviation based on Fischer dispersion
DISCUSSION

The common practice of assessing wedge
kinematic stability according to the line of
intersection of the sliding planes fails to provide
information on the shape of the wedges.

The method of assessing kinematic stability from
the poles of sliding planes allows the shape of the
wedges to be observed concurrently. This approach
allows symmetrical and non-symmetrical wedges to
be distinguished on the stereograph. Symmetry of
wedges is observable according to the two factors: (1)
the dip directions of sliding planes relative to the



GEOMATE - Kyoto, Japan, 3-5 November 2021

@ %,
Auckland /

Fig. 2 Location maps (a-b) and satellite Image (C) Of the rocky CIITTs south of Rothesay Bay, Aucklanu, New
Zealand (Google Earth). Star shows approximate location of rockfall reported by Hancox [29]. Dashed line shows
the strike of bedding on the rock platform. (d) Cliffs approximately 30 m high (person circled for scale) and slope
of approximately 70° (dashed line). (e) Typical jointing pattern on the surface of a bed (backpack is approximately
30 cm wide. (f) Location near top of cliff where a joint-block in a bed has fallen from the cliff (arrow). (g) Joint
surface dipping out of the slope face. (h) Conjugate faults (dashed lines). (i & j) A sea cave formed in the
hangingwall of a fault

¢ Joint set 1

¥ (n=41)
(e) Single plane
T sliding zone

Range of the single
plane sliding zone
measured between
180° from slope face
and dip direction of
wedge great circle

Fig. 3 Stereographic representations (equal angle, lower hemisphere) of structural data from the coastal cliff south
of Rothesay Bay, Auckland. (a) Stereograph with joint sets and faults labelled F1-4 with conjugate pairs labelled
aand b. The northeast facing slope is shown as a great circle and its daylight window (pink lines). The great circle
(black line) between joints does not pass through the daylight window indicating stability. (b) Wedges between
joint set 1 and east-southeast-dipping faults. (c,d) Single plane sliding on F4b forming a wedge with joint set 1 and
faults. (e-g) Wedges formed by F4b, joint set 2 and other faults
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Table 3 Potential wedges, Rothesay Bay, Auckland,
New Zealand

Wedge Wedge FoS Mech Fig.
angle
©)
W(J1-J2) 95 NW 5a
W(J1-F1b) 68 1.0524 1&2 5b
W(J1-f2b) 61 0.7515 1&2 5b
W(J1-f3) 88 0.386 1&2 5b
W(J1-f4b) 59 0.4043  slide 5¢
on f4b
W(F1b-F4b) 53 0.4043  slide 5d
on f4b
W(J2-fla) 32 NW 5e
W(J2-f2a) 43 NW 5e
W(J2-F4b) 38 2.5318 1&2 5e
W(F2a-F4b) 75 0.7825 1&2 59
W(F3-F4b) 32 0.9316 1&2 5f
W(F2b-F4b) 57 0.4043  slide 5¢
on f4b
W(Fla-F3) 36 29526 1&2 5¢
W(F2a-f3) 44 1.766  1&2 59
30 - .
25 A [ ]
£ 20
“‘?:: L [ ]
g 10 1 w(F3-Fab) > @ g
ZZ ] W(F1b-Fab) " ® ® *wiF2b-Fab® *

0 10 20 30 40 50 60 70 80 90 100 110 120 130
Wedge angle (degrees)

Fig.4 Stability and shape of wedges in Table 3.
Anomalous low FoS cases are labelled

slope face and (2) the similarity dip of the sliding
planes.

The factor of safety is closely related to the wedge
shape and symmetry (Fig. 4). The factor of safety has
been calculated by the limit-equilibrium method in
the software ‘Roscience SWedge’ which is based on
methods developed by Evert Hoek and colleagues [1].
Wedges with one or more of the planes close to the
planar sliding direction (e.g. F4b) have lower factors
of safety than the general trend (Fig. 4). This situation
occurs in both single plane and two-plane sliding
cases.
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CONCLUSIONS

The relationship between wedge sliding compared
to a rock slope face dip direction is described here as
centered or off-center. This feature can be observed
by the position of the poles of the sliding planes along
their shared great circle. Only off-center wedges can
slide with a single plane sliding mechanism.

The shapes of wedges are defined in terms of
narrow, open and very open. This property can also
be readily observed on a stereograph using the circle
method of wedge analysis. The further apart are the
poles along the great circle, the more narrow is the
wedge. The closer the poles are located to each other
the more open the wedge is. The more open a wedge
is, the lower the factor of safety tends to be.
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IMPACTS OF SUFFUSION FACTOR ON HETEROGENIZATION OF
SOILS

Koji Nakashima?!, Katsuyuki Kawai' and Takayuki Fumoto!
! Department of Civil and Environmental Engineering, Kindai University, Japan
ABSTRACT

In recent years, embankment structures have often failed due to extreme weather events, such as typhoons and
torrential rains. Suffusion, in which finer particles within the soils are transported by seepage flow, causes
heterogenization of the soils and may lead to deterioration of the embankment. Various suffusion factors, such as
material properties and hydraulic conditions, have been confirmed. However, the impact of these factors on the
degree of heterogenization is uncertain. In this study, repeated seepage tests on cylindrical specimens with different
relative densities were conducted. X-ray CT scans of the specimens during the test were also performed. A greater
erosion rate was observed in the first seepage flow experience, and a decreasing trend during seepage was observed
to differ depending on the hydraulic gradient. It was confirmed that the relative density had a larger impact on the
occurrence of suffusion compared to the hydraulic gradient or the number of seepage events. Investigation of CT
images demonstrated that heterogenization of soil had occurred by the formation of lower density zones within the

samples.

Keywords: Seepage, Erosion rate, Hydraulic gradient, Relative density

INTRODUCTION

In recent years in Japan, embankment structures,
such as levees and earth dams, have often failed due
to the torrential rain and devastating flood events that
accompany climate change. Causes of levee failure,
such as overtopping, increasing pore water pressure
and piping, have mainly been mentioned.
Furthermore, the existence of deteriorated areas
within the structures also proves critical in terms of
operation and maintenance and should be carefully
considered.

Natural soil materials are used for construction of
the embankment structures; hence, it is thought that
they have irregular homogeneity in terms of material
(e.g. particle size distribution, density) and
mechanical (e.g. permeability, strength) properties.
Internal erosion, which is the migration of soil within
the embankment, also has a large impact on the
heterogenization of the soil materials and may lead to
deterioration of structures and, in the worst case,
catastrophic failure during a flood event. Internal
erosion can be classified into four types: suffusion,
backward erosion, contact erosion and concentrated
leak erosion [1]. This study focuses on suffusion, in
which finer soil particles are transported among the
voids of the coarse fraction following seepage flow
(Figure 1). Void change due to migration of fines
induces various geotechnical concerns. Several
laboratory experiments have previously revealed
suffusion factors, such as material properties and
hydraulic conditions [2]. However, the impact of
these factors on the degree of heterogenization is
uncertain. Understanding them is vital to improving

the resilience of the embankment structure against
extreme rain and flooding events.

On the other hand, suffusion is a microscopic
phenomenon; hence, it is quite difficult to visually
understand the deterioration of the structures derived
from it. Internal visualization using X-ray CT images
is useful for investigating the mechanical behavior of
engineering materials, and several laboratory
experiments have previously utilized this method in
the geotechnical engineering field as well. Nguyen et
al. [3] captured CT images during a suffusion test and
investigated the microstructural changes during the
suffusion process, such as strain fields, spatial
distribution and fines content.

In this study, repeated seepage experiments on
cylindrical specimens with different relative densities
were conducted. X-ray CT scans of the specimens
during the test were also performed.

-, D, Pore water
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L) Fine grain
. ’M* Voids increasing — * Flow localization
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3
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Clogging — * Lower permeability
* Increasing water pressure

Soarce oral
Coarse grain - _

Fig. 1 Schematic illustration of suffusion
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EXPERIMENTAL STUDY
Test material

The test material was prepared by mixing No.3
and No.7 silica sands, in equal portions by weight.
The particle size distribution curve of the test material
is shown in Figure 2. The test material is generally
classified as gap-graded soils, which are often
internally unstable. Chang and Zhang [4] proposed
the criterion of internal instability by applying gap
ratio Gy, as illustrated in Figure 3. This is defined as
the ratio of the maximum particle size dmax and the
minimum particle size dmin. Soils which have fines
content of less than 10% are classified as stable when
the gap ratio is smaller than 3.0. The gap ratio of the
test material was G=4.72  (dmax=1.18mm,
dmin=0.25mm). Alternatively, the criterion proposed
by Kenny and Lau [5] is well known for classifying
internal stability of soils and can be defined by two
parameters, H and F, which are obtained from particle

100 »

—~ —— Silica No.7
§ ~~ Silica No.3
= 80 -o— Mixture
2
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>
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=
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Grain size (mm)

Fig. 2 Particle size distribution curve

100

dmin dmax

F

Percent finer by weight (%)

D 4D
Grain size

Fig. 3 Definition of parameters for internal
instability

Table 1 Material properties

Specific | Uniformity | Maximum | Minimum
gravity coefficient void ratio void ratio
Gs Uc Emax €min
2.60 8.81 0.83 0.48

size distribution curves (Figure 3). Soils which have
minimum H/F of more than 1.3 are classified as stable.
From the particle size distribution curve of the test
material, minimum H/F was calculated as
(H/F)min=0.05. According to both of these criteria, the
test material can be interpreted as having the potential
for instability to internal erosion. The material
properties are presented in Table 1.

A constant head permeability test of the test
material was conducted for 24 hours. Figure 4 shows
the fluctuation of the coefficient of permeability k
during the permeability test. The results indicate that
permeability slightly decreased with time.
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Fig. 4 Results of constant head permeability test

Test procedures

The prepared unsaturated test material was
installed into a cylindrical acrylic column, and the
specimen was constructed by compaction of five
layers at a target relative density. Figure 5 illustrates
an overview of the test equipment. A 0.23mm mesh
filter was set to allow the washing away of finer
particles. Water from the upper tank was supplied to
the bottom of the specimen. A hydraulic gradient was
constantly maintained by the water level difference
between the upper tank and top of the specimen.

The repeated seepage tests were conducted to
investigate heterogenization of the soils due to cyclic
hydraulic power, as shown in Figure 6. The
cylindrical column was installed into the X-ray
testing apparatus (Figure 7), and CT scans were also
performed at points (a)~(f) shown in Figure 6. CT
images were captured under the acquisition
conditions explained in Table 2. After specimen
preparation, the specimen was saturated with water
for 24 hours. The upper tank was then lifted to the
target position where the hydraulic gradient would be
the critical hydraulic gradient ic. This position was
maintained for 0.5 hours. Drainage water from the top
of the specimen was collected every 6 minutes, for 5
collections in total; flow rates and turbidity were
measured. After seepage, the water supply was
stopped, and the CT images of the specimen were
captured. Next, the upper tank was lifted so that the
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Fig. 5 Overview of test equipment
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Fig. 6 Test condition
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Fig. 7 X-ray testing apparatus

Table 2 Acquisition conditions of CT images

Voltage | Current F::Ztrze Projection | Resolution
kv A views mm/pixel
(kV) (LA) (fps) ( p )
180 100 3.0 2000 0.0615

hydraulic gradient would be 2ic, and measurements
and X-ray CT scans were conducted. After the CT
scan, the water within the specimen was temporary
drained by gravity. The soil was again saturated with
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water, and the seepage test was performed in the same
manner as in the first cycle described above.

In this study, the seepage tests were performed on
specimens with relative densities of D,=60% and 80%.
The theoretical critical hydraulic gradient ic is 0.98 for
the specimen of D=60%, and 1.03 for D,=80%.
Hereinafter, in the test results section below, the
graph legend is displayed as ‘“relative density”-
“hydraulic gradient”-“cycle”. For example, d60-i2-c2
means the result of the test at 2i. of the second cycle
for the specimen compacted at the relative density of
60%.

TEST RESULTS

The following sections explain the test results in
terms of erosion response, fluctuation of permeability,
and CT images. For the soil specimen with relative
density of 60%, boiling failure was immediately
observed at 2i. of the first seepage cycle, as displayed
in Figure 8. Because of this, the seepage test was then
finished at this point.

Fig. 8 Failure state of the specimen

Erosion and permeability response

Figure 9 shows the results of turbidity during the
seepage tests. The turbidity tended to gradually
decrease in each case. Greater turbidity was
confirmed in the results for D,=60% compared to
those for Dy=80%. As shown by the results for
D=80%, the greatest turbidity was observed at the
beginning point of ic in the first seepage cycle. It is

100
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-8 d80-i2-c1

-O- d80-il-c2
10 o d80-i2-c2

Turbidity (degree)
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Elapsed time (min)

Fig. 9 Turbidity during seepage
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presumed this was because the sands had never
experienced an erosion history. Hence, less turbidity
was observed at the beginning point of the second
seepage cycle compared to the first seepage cycle. It
was also confirmed that the turbidity of the beginning
point of the second cycle was greater than that of the
terminate point of the first cycle. This is probably
because soil structure changed due to the downward
drainage by gravity after the first cycle.

Turbidity of the artificial suspension was
measured in advance. The relationship between the
turbidity and the density of the soil in the suspension
was then investigated, and can be approximated by a
linear function, as shown in Figure 10. Using this, the
values of the turbidity measured from each test can be
converted into density. As an example, the result of
d60-i1-cl is shown in Figure 11. The eroded soil mass
can be obtained by applying a non-linear
approximation, as follows, and integrating it.

M, (t)=—a[1-exp(-bt)]+c 1)

Where, a, b and c are the constant determined by
fitting, and t denotes the elapsed time. Subsequently,
an instantaneous erosion rate was calculated from the
following formula [6]
M. (t)
R (t)=—2-=~
0=V )

Where, Mq(t) is the eroded soil mass obtained from
Eqg. (1). M(t) is the total soil mass at a certain time.
The fluctuations of the instantaneous erosion rate are
shown in Figure 12. For the results of seepage with i,
the instantaneous erosion rate decreased linearly with
time; whereas, for the results of 2ic, the trend showed
a smooth curvature. The cause of this is uncertain, yet,
it implies that the seepage condition has some sort of
influence on erosion progression. Figure 13 shows the
relationship between the erosion rate and hydraulic
gradient. The erosion rate is plotted as the rate of total
eroded soil mass to initial total soil mass. In the figure,
the hydraulic gradient is shown as the value obtained
from the test condition. For D,=60%, greater erosion
rate was confirmed compared to results for D=80%.
Therefore, the relative density of soils have larger
impacts on the degree of suffusion compared to the
hydraulic gradient or the number of seepage events.

Marot et al. [7] proposed the expanded energy
equation, which is the time integration of the
instantaneous power dissipated by water seepage for
the experimental duration, as follows.

Eow(t) = Z[:QyWAhAt 3)

where, Q (m®/s) is the flow rate of water; % (KN/m?)
is the unit weight of water; 4h is the difference of
water level between the upstream section and the
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downstream section; and At is the time for a certain
duration. Figure 14 represents the relationship
between the total eroded soil mass and the expanded
energy. According to the previo column us results [7],
the eroded mass increased in agreement with an
increase in the expanded energy. The results obtained
from this study show approximately similar trends.

Figure 15 shows the fluctuation of the coefficient
of permeability during the seepage tests. The
coefficient of permeability tended to gradually
decrease with time in each case. The trend appeared
significant with the first seepage event, and the
magnitude decreased about a tenth. A similar trend
was also confirmed from the constant head
permeability test, as represented above. Moreover,
this trend roughly corresponded to the turbidity
fluctuation. It could be interpreted that the decreasing
turbidity implies a clogging of fine particles, thus
forming a poorly permeable area. It can be observed
that permeability at the beginning of the second
seepage cycle recovered compared to that of the
terminate point of the first cycle. This is because the
soil structure changed due to the downward drainage
of gravity between the cycles, as mentioned before,
and the permeable area could change.
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Fig. 15 Fluctuation of the coefficient of
permeability
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Heterogenization under seepage history

For investigating the heterogenization of soils due
to the seepage force, the gray values of the CT images
were analyzed. Figure 16 shows the results obtained
by subtracting the gray values of CT images at each
point in Figure 6. The white parts of the images
indicate the area where the density increases due to
seepage. The results for D,=80% explicitly show the
remarkable heterogenization of soil in the layer where
the density had potentially become loose. Less
heterogenization can be observed around the layer
boundary where the soils were densely compacted
during specimen preparation. Greatest variation was
confirmed at ic of the second seepage cycle, yet an
obvious variation related to the magnitude of
hydraulic gradient cannot be specifically observed.
Results for D=60%, as opposed to the results of
D=80%, seem to indicate that the heterogenization
of the entire soil dominates, rather than local
heterogenization; however, further investigation is
needed on this point.

r=60% (a)—(b)

Layer
49mm boundary
Scanning

62mm area

49mm

Dr=80% (d)—(e) Dr= 80% (e)—(f)

Fig. 16 Heterogenization due to seepage
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CONCLUSIONS

In this paper, repeated seepage tests on specimens
with different relative densities were conducted to
investigate the impact of suffusion factors on the
degree of heterogenization of soils. Visualization of
the progressive changes within the soils using CT
images of the specimen under seepage histories was
also performed. The following conclusions were
drawn;

1) Turbidity under seepage tended to gradually
decrease with time regardless of the test
condition. Greater turbidity was confirmed for
D=60% compared to D,=80%. The decreasing
trend of instantaneous erosion rate during
seepage differed depending on the hydraulic
gradient. In general, the relative density of soils
have larger impacts on the degree of suffusion
compared to the hydraulic gradient or the
number of seepage events.

2) The coefficient of permeability tended to
gradually decrease with time in each case. The
trend appeared significantly in the first seepage
event. Additionally, it was observed that this
trend roughly corresponded to turbidity
fluctuation.

3) Investigation of CT images demonstrated that
heterogenization of soil had occurred by the
formation of lower density zones within the
samples. An obvious variation related to the
magnitude of hydraulic gradient could not be
observed.
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ABSTRACT

In snowy and cold regions such as Hokkaido, ground anchor and soil nailing are damaged by frost heaves, and
their functions are considered to be degraded, which is a problem in maintenance. However, the relationship
between the degree of frost heaving power and the time of action and damage has not been clarified. For this
reason, a design method and a maintenance management method that take into account frost heave prevention
technology have not been established for slope structures. In order to understand the mechanism of damage caused
by frost heave and to study the technology for countermeasures against frost heave, a full-scale test and
construction was performed on the ground anchors and the soil nailings, and the applied load was measured. For
ground anchors, we focus on the free length, introduced tension load, and pressure receiving area, and for soil
nailings, we focus on the length of the reinforcing material and the area of the pressure receiving plate. As a result
of the measurement, the frost heaving force exceeding the design load was applied to the ground anchors and the
ground reinforcement soil works in the winter period. It was also found that the freezing depth could be reduced
by covering the ground with continuous fiber reinforced soil and rubber mat.

Keywords: Frost heaving force, ground anchors, soil nailings, frost depth, full size

INTRODUCTION countermeasure [2], [3]. This paper summarizes the
results.

In cold, snowy regions such as Hokkaido, frost
heave damages ground anchors and soil nailngs, TEST METHODS
reducing the functionality of these structures.
Administrators have considered this damage as an Basic data for the ground anchor systems and the
issue to be addressed in order to improve maintenance soil nailngs
and management techniques for these structures [1].
However, the relationship between the degree and the To measure the frost heave force that acts on
period of frost heave force acting on these structures ground anchor and earth reinforcement work using
and the resulting damage has not been clarified. soil nailings, we constructed these two types of
Therefore, design methods and maintenance and structures at an experiment site in Tomakomai,
management methods that consider frost heave Hokkaido, the northernmost prefecture of Japan. The
countermeasure technologies for slope retaining basic data for the constructed ground anchors and the
structures have not been established. To clarify the soil nailings are shown in Tables 1 and 2.
mechanism behind frost heave damage to ground The ground anchor and the soil nailing were
anchors and soil nailngs, we constructed full-scale installed at the locations shown in Fig. 1.
experiment models for these two types of soil nailngs Investigations were done comparing the target
and measured the loads acting on the structures. As parameters set for the 6 ground anchors. The
investigation items for ground anchors, we focused difference based on the free length was tested using
on the free length, the initial tension load, and the area GA-1 and GA-2. The difference based on the
of the pressure plate. For soil nailngs, we focused on tensioning strength was tested using GA-3, GA-4, and
the length of reinforcing materials and the area of the GA-5. The difference based on the area of the
pressure plates. We investigated a frost heave pressure plate was tested using GA-5 and GA-6.
countermeasure for ground anchoring and earth Comparison investigations were also done for the soil
reinforcement work. The pressure plates of the nailings. RB-1 and RB-3 were for comparison of
ground anchors and the soil nailngs were covered different lengths of reinforcement materials. The
with continuous fiber-reinforced soil or rubber mats, difference in the areas of the pressure plates was
which were the insulating materials, and we measured examined by using the pair of RB-1 and RB-3 and that
and compared the temperatures of the ground under of RB-2 and RB-4. The design area of the pressure
each insulation material to those without a plate is determined depending on the bearing capacity
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Table 1 The basic data for the constructed ground anchors

Allowable load (kN) Apparent Anchorin Area of
Tvpe Anchoring  0.6Tus(JIS) 0.9Tys(JIS) 0.9Tys free lenath g pressure
P load (kN) Ordinary During Test length (rr?) plate
condition  earthquakes table (m) (m?)
GA-1 PC steel 7.00 10.0
GA-2 wire 70 156.6 199.8 227 14.00 40 3.13
¢15.2
LBASB el
GA4 PCsteel ™5ag 18.85 5.62
""""""" wires T 4284 547.2 648 6.0
GA-5
-------------- ¢9.5%7 400
GA-6 18.71 4.14
Tus: Tensile load  Tys: Yield load
Table 2 The basic data for the constructed soil nailings.
Tvoe Anchoring Allowable Anchoring Avrea of pressure
yp load (kN) load (kN) length(m) plate(m?)
RB-1 7.0
RB-2 SD345- 20 137 5.0 0.16
RB-3 b Z .'.(.'). .............. 0.10
RB-4 5.0 '
N value
0 1020304050 )
0 __Surface soil
Coal ash lcanic ash Valcani
volcanic as olcanic
: ——= ash mixed with pumice
—>Soil mixed with
. peat and humus
= .
?5: 10 Volcamic ash
Tomakomai 2 -
—>{ Sand gravel
15 —
Fig. 1 Installation location of ground anchor and =
soil nail _9 Fine sand
20 S
) ) ) G< Sand mixed with gravel
of the ground (the bearing power of soil), on which —
the pressure plate is installed, and on the design load. o5

In the experimental installation in this study, pressure
plates with different areas were used to investigate the
possibility of reducing the frost heave force acting on
the pressure plates according to the differences in the
area. The pressure plates used with the ground
anchors were steel, and those used with the soil
nailing were glass fiber or carbon fiber composite
reinforced plastic grids

Construction method
We installed the ground anchors and soil nailings

in ground whose geologic columnar section is shown
in Fig. 2. To equalize the conditions for frost heaving
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Fig. 2 Columnar section of construction site.

force for the ground anchors and soil nailings, we
replaced the soil layer at the installation site. A 90cm-
deep soil layer was replaced with frost susceptible
material that has the basic physical properties shown
in Table 3. When ground anchors and soil nailings are
constructed on the slope, water supply from the back
of the structures affects frost heaving, depending on
the height of the structure on the slope. In this study,
we constructed the ground anchors and soil nailings
on flat ground to equalize the frost heaving conditions
for all structures. The replaced material had a high
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Table 3 Basic physical properties of the frost
susceptible material

Physical characteristics Value
Soil particle density ps (g/cm®) 2.678
Natural water content wy (%) 50.0
Grain size 2mm-(%) 256
characteristics 75um-2mm (%) 309
-75m (%) 435

Ground material classification SFG
Liquid limit wi(%) 63.3

Plastic limit wp (%) 42.4

Cone index gc (KN/m?) 667

Frost- Frost heave rate (mm/hr) 0.78
susceptible  Degree of compaction (%) 94.6
Max. dry density pamax (g/cm?) 1.125
Optimum maoisture content Wop: (%) 42.9

frost susceptibility, with a freezing rate of 0.78mm/h
[4]. The cone index of this material with natural water
content was 667kN/m2. Construction machines such
as bulldozers were able to travel on this material
safely; however, roller compaction machines such as
tier rollers were not [5]. Because of the strength
properties of the material, the test ground was
prepared by using a bulldozer. We considered that
installing these structures on the slope would not
result in equal the water supply conditions because of
the different installation heights of the structures.
Therefore, we constructed the ground anchors and the
soil nailings on flat ground. The covering materials
were a layer of 20cm-thick continuous-fiber
reinforced soil and a 2cm-thick rubber mat. Each
covering material is 2m long and 2m wide, and the
construction area is 4m?.

Measurement method

The load acting on the pressure plate was assumed
as the frost heaving force acting on the ground
anchors or soil nailing. This load was measured by
installing a hollowed load cell between the pressure
plate and the bearing plate of each structure. To
understand the freezing conditions of the ground, soil
temperatures were measured by using temperature
sensors installed at an interval of 10cm in the depth
direction from the ground surface. The air
temperature at the height of 1.5m was also measured.
The load and temperatures were automatically
measured every hour. The frost heave-induced
displacements for the ground anchors and soil
nailings were surveyed every two weeks at the
locations shown in Fig. 3. The snow depth was
measured at the same time as these measurements. To
measure the changes in height, concrete blocks were
placed as markers on the continuous fiber-reinforced
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Fiber reinforced soil

Rubber mat

Fig. 3  Measurement position.

soil and the ground without a reinforcing structure,
and marks were painted on the rubber mat.

TEST RESULTS

Deformation of the ground anchors and the acting
load

Fig. 4 shows the air temperature, snow depth, and
freezing conditions of the ground. Fig. 5 shows the
displacements of the ground anchors, and Fig. 6
shows the loads acting on the ground anchors. When
the ground started to freeze and the cumulative daily
average air temperatures were negative, the load
acting on the pressure plate started to increase. Which
indicated that the frost heaving force was starting to
act on the structure. After reaching the maximum, the
frost heaving force gradually decreased. When the
daily average air temperatures became constantly
above the freezing point, the frost heaving force of the
ground anchors became smaller than the fixing load.
The displacement of GA-2, whose free length is
greater than that of GA-1, was greater than the
displacement of GA-1. The load acting on GA-2 was
slightly lower than that acting on GA-1. The frost
heave force was thought to be controlled in GA-2,
whose free length was great. The greater
displacement of GA-2 is thought to have absorbed the
frost heave force. In the comparison among the
ground anchors with different tension strengths (GA-
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on the unit area of the pressure plate under the same
soil and freezing conditions is equal. For GA-5 and
GA-6, in which the areas receiving pressure were
different, the frost heave force acting on the ground
anchors, whose pressure-receiving area was small,
was considered to be small. In the measurement, we
found that the frost heave force at GA-6, whose
pressure-receiving area was small, was slightly
smaller than that of GA-5. The displacement in GA-6
was also smaller than that of GA-5. In constructing
ground anchors, if we only consider the frost heave
force, it is possible to control that force by designing
the pressure plate such that its area is small. We also
found that loads which were far greater than the
normal-time allowable load acted on five of the
pressure plates, excluding that for GA-3. When the air
temperature rose and the ground started to melt at
each ground anchor, the frost heave force became
small, even smaller than the original fixing load. The
displacement at this time indicated that the heights of
the markers were lower than the original heights. It is
considered that the real fixing load for the ground
anchor was smaller than the design fixing load
because the ground around the ground anchors at the
application of the initial tension was slightly frozen.
This initial state of ground is also considered to be
why the final heights of the markers were lower than
those at the start of the observation. The construction
and tensioning of ground anchors should be done
before the ground freezes.

Deformation of the soil nailings and the acting
load

Fig. 7 shows the displacement of the soil nailings,
and Fig. 8 shows the loads acting on the soil nailings.
There was almost no displacement due to frost
heaving in soil nailings. Similar to the load condition
of the ground anchors, the load acting on the pressure
plates of the soil nailings started to increase when the
ground around them started to freeze, and it became
small when the frozen ground melted. It is understood
that frost heave force acted on the pressure plates.

The loads acting on RB-1 and RB-2 (soil nailings
with greater areas) were compared with those acting

o
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o
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Fig. 7 Displacement amount of soil nailings.
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Fig. 8 Loads acting on the soil nailings.

on RB-3 and RB-4 (soil nailings with a smaller areas).
It was found that the loads acting on the pressure
plates with greater areas were slightly smaller than
those acting on the pressure plates with smaller areas.
When the areas of two pressure plates were equal but
the lengths of the reinforcement material were
different, the loads acting on them were nearly equal.

Deformation from frost heaving of the covered
structures, and control of the loads acting on the
structures

The displacement of the ground depending on the
difference in covering are shown in Fig. 9. The frost
penetration depth of the ground depending on the
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Fig. 9 Displacement of the covering part.

difference in covering are shown in Fig. 10. The
heights of the continuous fiber-reinforced soil and the
rubber mat started to increase at the same time that
the displacement of the ground without covering
started to increase from frost heaving, and these
heights started to decrease when the heaving from
freezing in the ground without covering started to
decrease. The two test structures with covering had
lower heights at the end of the measurements than
before the start of measurements. This is thought to
be because the ground was already frozen on the day
when the measurement was started. The
displacements of the soil nailings with covering were
about 2cm smaller than those of the soil nailing
without covering. The soil nailing covered with a
rubber mat returned to its original height about two
weeks earlier than the ground without covering did.
The continuous fiber-reinforced soil took longer than
the other two to return to its original height. The frost
penetration depth of the ground without covering was
the greatest, that of the rubber mat covering was next,
and that of the continuous fiber-reinforced soil was
the shallowest. In controlling the frost penetration
depth and the deformation from frost heaving, it
considered effective to cover the structures with
rubber mats or continuous fiber-reinforced soil.

SUMMARY
Ground anchors and soil nailings were
constructed on frost-susceptible ground, and

deformation of the structures from frost heaving was
investigated. The effects of covering on the structures
were also investigated. The findings are as follows.
[1] Frost heave force that exceeded the design load
(normal time) acted on the ground anchors. The
pressure plates of the ground anchors were lifted
with the increase in the frost heaving. The frost
heave force acting on the pressure plate was
greater for greater free lengths, greater tension
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Fig. 10 Freezing depth of the ground at the covered
area.

strengths, and greater areas of the pressure plate.

[2] The frost heave force of the ground acted on the
soil  nailing; however, no considerable
deformation from frost heaving was observed. For
the pressure plate of the soil nailing with a greater
area, the frost heave force was slightly greater.

[3] Covering the structures with rubber mats or
continuous fiber-reinforced soil was found to be
effective in controlling the frost penetration depth
and the deformation from frost heaving.
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ABSTRACT

Many cement stabilization techniques have been frequently applied for various types of infrastructures and
for various improvement purposes. The target strength of stabilized soil depends on the type of technique and
improvement purpose, but is usually of the order of a couple MPa. The cement stabilized soil is subjected to
large earthquakes, which may induce local failure in the stabilized soil even for stabilized soil with large strength.
As it is practically quite difficult to repair such a damaged soil after earthquake, it is desirable for stabilized soil
to have a sort of self-curing phenomenon where the damaged soil strength is recovered to same extent during the
further curing. And the cement stabilized soil is expected to have the self-curing phenomenon due to the cement
hydration. The self-curing phenomenon of the cement stabilized soil by the bio-chemical additives has been in-
vestigated. However, they are very limited. In this research, a series of laboratory direct shear tests was carried
out on the cement stabilized soil to investigate the effects of the initial shear and additives on the strength recov-

ery.

Keywords: Cement stabilization, Strength recovery, Direct shear strength test, Clay

INTRODUCTION investigate the effects of the initial shear and addi-
tives on the strength recovery.

Many cement stabilization techniques have been MATERIALS AND TEST PROCEDURE
frequently applied for various types of infrastruc-
tures and for various improvement purposes. This Clay and binder
technique is one of the essential techniques for de-
veloping infrastructures worldwide. The strength of Two type clays were used in the tests, Kawasaki
cement stabilized soil is usually controlled by the clay and Kaolin clay, the physical properties of
type and amount of cement. The target strength de- which are summarized in Table 1. Ordinal Portland
pends on the type of technique and the improvement cement was used as a binder and blast furnace slag
purpose, but is usually of the order of a couple MPa. fine powder was also used as an additive.

The cement stabilized soil is subjected to large
earthquakes, which may induce local failure in the Table 1. Physical properties of clay samples.
stabilized soil even with large strength. As it is prac- Kawasaki Kaolin clay
tically quite difficult to repair such a damaged soil clay
after earthquake, it is desirable for stabilized soil to Specific gravity, Gs 2.66 2.63
have a sort of self-curing phenomenon where the Plastic limit, we (%) 51.0 82.1
damaged soil strength is recovered to same extent Liquid limit, w (%) 256 34.1
during the further curing. And the cement stabilized Liquid index 254 44

: Ignition loss (%) 6.0 13.0

soil is expected to have the self-curing phenomenon
due to the cement hydration. In the concrete engi-
neering, many research efforts have been conducted
to investigate the self-curing phenomenon of the
concrete mixed with fly ash and/or silica fume as an
additive®?. In the geotechnical engineering, the self-
curing phenomenon of the cement stabilized soil by
the bio-chemical additives have been investigated®*.
However, they are limited that focus on the strength
recovery phenomenon of the cement stabilized soil
subjected the initial shearing in young curing stage.
In this research, a series of laboratory direct shear
tests was carried out on the cement stabilized soils to

Test procedure

The soils with the initial water content of 100%
were stabilized with ordinal Portland cement of the
binder content, aw of 10% to achieve the target
shear strength of about 150 kPa. The chemical addi-
tives of blast furnace slag fine powder were also
mixed with the stabilized soil changing the cw of 0,
5 and 10% of the dry weight of the clay. The stabi-
lized soil and cement mixture were poured into a
mold of 60 mm in diameter and 20 mm in height for
the direct shear test and cured in a laboratory.
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In the case of the initial shearing sample, the sam-
ple was subjected to the initial shear to the shear
stress of about 90 % of the peak stress at either 3, 7
or 14 days curing. This corresponds the stress condi-
tion after peak strength at the residual stage (called
as post sample) and before the peak strength (called
as pre sample).

After subjecting the initial shearing, the sample
was cured without overburden pressure. The sample
was subjected to the direct shear test at 28 days cur-
ing where the sample was subjected to the horizontal
displacement of about 3 mm, the total of about 7
mm, again to measure the strength. The test proce-
dure followed the Japanese Geotechnical Society
standard (JGS-0561)%. In the direct shearing, the
overburden pressure was 100 kPa for Kawasaki clay
and it was changed 50, 100 and 150 kPa for Kaolin
clay to investigate its effect on the shear behavior.

TEST RESULTS AND DISCUSSION
Shear stress and horizontal displacement curve

Figure 1(a) shows examples of the shear stress
and horizontal displacement curves of stabilized
Kawasaki clays with the aw of 10% and the cw of
0% at various curing days. The shear stress is in-
creased very rapidly with the increase of the hori-
zontal displacement to show the clear peak stress,
and followed by the gradual decrease in the shear
stress to the residual stage. Similar phenomenon can
be seen in the other sample at the different curing
days, while the peak stress is decreased with the
short curing days.

Similar phenomenon can be seen in the case of
stabilized Kaolin clay, Figure 1(b), where the shear
stress is increased rapidly with the horizontal dis-
placement to show the clear peak stress followed by
the gradual strength decrease to the residual stage.

Figure 2 shows examples of the stress and hori-
zontal displacement curves for the intact and the
initial sheared samples at 28 days for the cement
content, aw of 10% and cw of 0% under the vertical
pressure of 100 kPa. In the case of stabilized Kawa-
saki clay, Fig. 2(a), the shear stress is increased rap-
idly with the horizontal displacement to show the
peak strength of about 187 kPa, after then the stress
was decreased to the residual stage of about 110
kPa. In the case of the initial shearing sample, the
shear stress at 7 days is also increased rapidly with
the horizontal displacement to show the maximum
strength of about 136 kPa but the shear stress was
almost constant with further increase of the horizon-
tal displacement to about 3 mm. The sample was
sheared again at 28 days curing. In the second shear-
ing at 28 days, the shear stress is increased very rap-
idly again with the increase of the horizontal dis-
placement to show the peak strength of about 171
kPa, which is almost the same order of the peak

strength of the intact sample at 28 days. The Young's
modulus in the second shearing stage at 28 days is
larger than that in the initial shearing stage at 7 days.
In the case of stabilized Kaolin clay, Fig. 2(b), a
similar phenomenon can be seen. The intact sample
at 28 days shows a clear peak strength followed by
the gradually decreased residual strength with the
increase of the horizontal displacement. The initial
sheared sample at 7 days shows the rapid increase in
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the strength to show a peak strength at the horizontal
displacement of about 1 mm, and followed by the
gradually decreased to the residual stage. In the sec-
ond shearing stage at 28 days, the shear stress is
increased very rapidly again with the increase of the
horizontal displacement to show a clear peak
strength followed by the gradually decrease to the
residual stage. The peak strength at the second
shearing stage is smaller than that in the first shear-
ing stage, which is the different from the case of
Kawasaki clay.

Effect of initial shearing on 28 days' strength

Figure 3 shows the relationship between the shear
strength at 28 days and the curing period for the sta-
bilized Kaolin clay with the aw of 10% and the cw
of 0%, which were measured at the vertical pressure
of 100 kPa in the direct shear test. The shear strength
of the intact sample is rapidly increased at the be-
ginning with the curing period and gradually in-
crease further curing period. The test data of the
sample subjected to the initial shear at 3 and 7 days
(post sample) are also plotted in the figure. The
strength at 28 days becomes small for the sample
subjected to the initial shearing: 114 kPa for the ini-
tial shearing at 3 days and 108.4 kPa for the initial
shearing at 7 days. It is found that the strength de-
crease is the almost same irrespective of the day at
the initial shearing.

Figure 3 is replotted in Fig. 4 in which the
strength ratio of the shear strength to the shear
strength of the intact sample at 28 days is plotted on
the vertical axis. The shear strength ratio at 3 days is
about 0.4 but is increased with the curing period.
The strength ratio of the sample subjected to the
initial shearing at 3 and 7 days are about 0.55 and
0.76 respectively. By comparing the shear strength
at the initial shearing at 3 and 7 days, the shear
strength is slightly increased at 28 days.

Figure 5 shows the strength ratio, which is the
shear strength of the initial sheared sample at 28
days to the initial shear stress. In the figure, two
types of sample are plotted; the sample sheared be-
yond the peak strength, "post sample”, and the
sheared before the peak strength, "pre sample”. In
the case of "post sample", the strength ratio is about
1.2 to 1.5, which means that the shear stress is in-
creased to 1.2 to 1.5 at 28 days of the magnitude of
the initial shear. In the case of "pre sample"”, the
strength ratio is about 1.5 to 2.0, which is larger than
that of the "post sample”. It can be seen that the
strength ratio is large at the 3 days rather than the 14
days, which indicates that the shear strength recov-
ery is dominant in the early stage shearing.

Figure 6 shows the effect of the strength ratio of
shear stress of the sheared sample at 3, 7 and 14

days to the shear strength of intact sample at 28 days.

In the figure, two types of sample are plotted; the
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sample sheared beyond the peak strength, "post
sample”, and the sheared before the peak strength,
"pre sample”. In the case of the "post sample"”, the
strength ratio at 28 days is ranging about 0.5 to 0.87,
which is slightly larger than the shear stress level.
This indicates that the shear stress of sample shows
the strength gain even after the initial shearing, but
not to that of the intact sample. In the case of the
"pre sample”, the strength ratio is almost 1 irrespec-
tive of the time of the initial shearing, which means
that the shear stress of sample subjected to the initial
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shearing shows the large strength gain to that of the
intact sample at 28 days.

Effect of blast furnace slag fine powder on 28
days' strength

Figure 7(a) shows the effect of content of blast fur-
nace slag fine powder on the strength of stabilized
soil of the aw of 10% at 28 days, which were meas-
ured at the vertical stress of 100 kPa in the direct
shear test. It is found that the shear strength is almost
linearly increase of the increase of the blast furnace
slag fine powder in the stabilized Kawasaki clay.
Similar phenomenon can be seen in the stabilized
Kaolin clay as shown in Fig. 7(b), but the effect of
slag on the strength increment is dominant in stabi-
lized Kawasaki clay.

Evaluation of Mohr-Coulomb failure criteria

Figure 8 show that the Mohr-Coulomb failure cri-
teria for the Kaolin clay stabilized with ordinal Port-
land cement with the aw of 10 % and the slag con-
tent, cw of 0% for the peak and residual conditions
respectively.

Figure 8(a), the shear strength at the peak is in-
creased with the increase of the vertical stress for the
intact sample, "post shear sample” and "pre shear
sample”. Though there is a lot of scatter in the test
data, the shear strength is increased almost linearly
with the vertical stress irrespective of the type of
sample. The friction angle, defined as the shear
strength increment to the vertical stress increment, is
about 28.8 degree, almost the same irrespective of
the type of sample, while the cohesion, the intersect
to the vertical axis, is largest for the intact sample
and the lowest for the "sheared sample (post)".

In the residual stage, Fig. 8(b), the shear strength
is also increased with the increase of the vertical
stress irrespective of the type of sample. The friction
angle and the cohesion are almost constant of about
21 degree and 20 kPa respectively irrespective of the
type of sample. The friction angle is slightly smaller
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than that of the peak strength, but the cohesion is
quite smaller than that of the peak. This indicates
that the cohesion component is loosed in the stabi-
lized soil when subjecting to the shear deformation.

Chemical composition at shear plane by Powder
X-ray diffraction test

Table 2 summarized the chemical formula of the
clay mineral and chemical compounds derived from
chemical reaction between cement and water. The
clay mineral and chemical compounds were targeted
for XRD test. Kaolin clay used in our study mainly
consists of Kaolinite, AlsSisO10(OH)s, and silica, SiO».
Tricalcium silicate, CasSiOs, Dicalcium silicate,
Ca,Si0s, Tetracalcium aluminoferrite, CasAlxFe;O1o,
and Calcium hydroxide,Ca(OH),, are main chemical
compounds of Portland cement. Calcium carbonate,
CaCO0g3, Calcium silicate hydrate, nCaO-SiO2-mH-0,
and Ettringite, 3Ca0O-Al;03-3CaS04-32H,0 are
chemical compounds resulted from hydration
chemical reaction between cement and water.

Figure 9 and Table 3 show the X-ray diffraction
(XRD) test results on the three samples of stabilized
Kawasaki clay with the aw of 10% and the cw of
10%, which was subjected to the shear at 7 days, the
shear at 28 days and the initial shear at 7 days and
the second shear at 28 days. And they were sheared
under the vertical stress of 100 kPa. The figure
shows the weight ratio of compounds, which shows
that the amount of Ettringite and Calcium aluminate
hydrate are increased with the curing period, which
indicates that the cement hydration is still proceeded
after the initial shearing. This hydration enhances
the strength increase with the curing period.

CONCLUSIONS

In this study, a series of direct shear tests was car-
ried out on Kawasaki clay and Kaolin clay stabilized
with ordinary Portland cement with/without blast
furnace slag fine powder, in which the vertical stress
was also changed in the shear test. The major con-
clusions derived in the test are as follow:

The shear strength of the stabilized soil is in-
creased with the increase of the curing period irre-
spective of the type of soil.

The stabilized soil with the initial shearing shows
the strength recovery during the curing, the mag-
nitude of the strength recovery is depend on the
soil type and amount of additives content and also
by the vertical pressure at shearing.

According to the Mohr-Coulomb failure criteria,
the friction angle at the peak strength stage is al-
most constant irrespective of the initial shearing,
while the cohesion depends on the sample type,

largest for the intact sample. In the residual stage,
the friction angle and the cohesion are almost
constant irrespective of the type of sample.

The amount of Ettringite and Calcium aluminate
hydrate is increased with the curing period, which
indicates that the cement hydration is still pro-
ceeded after the initial shearing. This hydration
enhances the strength increase with the curing pe-
riod.

Table 2. Chemical formula of clay mineral and
chemical compounds for XRD test

Name Chemical Formula
Mineral (Kaolinite) , ,. : -
Mineral Mineral Al4Sis010(OH)g,SiO-
Tricalcium silicate C3S CasSiOs
Dicalcium silicate C2S CazSiO4
Tetracalcium alu-
minoferrite C4AF CasAl2Fe2010

: . Calcium
Calcium hydroxide hydrate Ca(OH);
Calcium carbonate Calsite CaCOs
Calcium silicate C-A-H NCa0-Si0,-mH,0
hydrate

L - 3Ca0-Al;03-3CaS0;-
Ettringite Ettringite 32H,0

0% 20% 40% 60% 80% 100%

Intact sample
at 7 days

Intact sample
at 28 days

Initial shear
sample
at 28 days

Fig. 9. Chemical composition at shear plane by
Powder X-ray diffraction test.

Table 3. The result of XRD test.

Inist;a:.:];l::ar Intact sample  Intact sample
at 28 days at 28 days at 7 days
m Min eral 83.90 83.90 83.90
3 0.45 0.66 0.95
mexs 0.55 231 180
CAAF 0.05 0.16 2.80
m Calcium hydroxide 1.00 1.65 0.10
W Calcite 345 4.40 710
Ettringite 4.15 3.57 240
mC-A-H 5.50 3.02 0.50
Others 0.30 0.23 0.39
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ABSTRACT

The mechanism of liquefaction and the factors that cause liquefaction have already been examined and
evaluated both analytically and experimentally, and liquefaction countermeasure construction is being
implemented based on these findings. However, there are no cases in which the mechanism of liquefaction
generation in the original ground and the effects of liquefaction countermeasures were visually examined and
evaluated. Therefore, this study theoretically visualizes the mechanism of liquefaction generation and evaluate the
behavior of particles in the ground. Specifically, MPS-DEM coupled CAE analysis is used to visualize the inside
of the ground when an external force acceleration is applied, simulating seismic waves, and reveal the behavior
inside the ground. The MPS-DEM coupled CAE analysis succeeded in visualizing the liquefaction phenomenon
by applying an external force acceleration that simulates a seismic wave to the ground modeled three-
dimensionally. This study is expected to clearly show the mechanism of liquefaction generation, and to contribute
to the design and accountability of more efficient and economical liquefaction countermeasures, regardless of the
field of specialization.

Keywords: CAE, DEM, Liquefaction, MPS, Visualization

INTRODUCTION Based on the above background, in this study,
the mechanism of liquefaction generation is
In Japan, the history of study on liquefaction is theoretically visualized using the coupled computer
short. Since it was recognized that the sandy ground aided engineering analysis (CAE) of the moving
became liquid during the 1964 Niigata earthquake, particle semi-implicit (MPS) and the discrete element
study began to be actively conducted, and only a method (DEM) [4], [5]. The CAE is a general term
quarter of a century has passed since then [1], [2]. for technology that simulates and analyzes prototypes
With the 1964 Niigata earthquake, liquefaction study on a computer created by a computer-aided design
has been energetically conducted, and nowadays, the (CAD) and so on, considering the site conditions. The
ground conditions that are easily liquefied have CAE in this study is executed by an algorithm in
become clear. However, the damage caused by which both MPS and DEM methods are combined.
liquefaction caused by the 2011 off the Pacific coast In this study, external force acceleration that
of East Japan Earthquake extended to the Kanto simulates seismic waves is applied to the ground
region, and the metropolitan area also suffered great modeled three-dimensionally by the coupled CAE
damage [3]. The mechanism of liquefaction and the analysis of the MPS and the DEM, and the purpose is
factors that cause liquefaction have already been to reveal the behavior. Evaluate the behavior of
examined and evaluated both analytically and particles in the ground and examine whether
experimentally, and despite the fact that liquefaction liquefaction occurs. By visualizing the liquefaction
countermeasure construction is being implemented phenomenon, it is expected that the mechanism of
based on these findings, The liquefaction damage liquefaction generation will be clearly shown and that
caused by the 2011 off the Pacific coast of East Japan it will contribute to the design and accountability of
Earthquake was enormous. One of the reasons for this more efficient and economical liquefaction
is that there are no cases in which the effects of the countermeasures. By utilizing CAE analysis in the
construction of liquefaction countermeasures were field of liquefaction, it is possible to visualize the
visually examined and evaluated. At present, Japan generating mechanism of liquefaction, which cannot
has a large number of soft ground composed of fine be seen originally, and solve complicated problems
particles such as sand, and earthquakes are likely to associated with the liquefaction [4], [5]. In addition,
occur due to the positional relationship of rocks on since design and evaluation can be performed while
the earth. Therefore, in order to prevent damage comparing and examining various condition patterns,
caused by liquefaction, efficient and economical it is considered that the design quality can be

liquefaction measures are indispensable.
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improved at an early stage and a more effective
construction method can be designed.

GENERALAS OF LIQUEFACTION

With the 1964 Niigata earthquake and the 1995
Great Hanshin-Awaji  earthquake, study on
liquefaction has been actively conducted [1], [2] [6].
And the understanding, prediction, and
countermeasure technology for liquefaction have
been almost established. Liquefaction during an
earthquake is a phenomenon in which when saturated
sand ground is repeatedly subjected to shear stress,
the shear rigidity decreases as the effective stress
decreases, and finally the shear resistance is lost like
a viscous fluid. Therefore, in order to analyze the
mechanical behavior of soil during the liquefaction
process, the process of change from solid to fluid
must be considered.

Effective stress analysis is one of the typical
methods for analyzing ground deformation during
liquefaction [7], [8]. The effective stress analysis
incorporates the constitutive law of sand into the
equation of the field in which the soil skeleton and the
interstitial water are coupled, which is obtained based
on solid dynamics. The effective stress analysis
covers the initial state of the ground, the dynamic
behavior of the ground during an earthquake, and the
occurrence of liquefaction. So far, many constitutive
equations of sand based on solid-state mechanics
have been proposed based on the results of laboratory
tests on the repeated shear behavior of sand [9], [10].
These sand constitutive equations can reproduce
stress-strain relationships and dilatancy behavior
under various stress conditions. As the constitutive
equation of sand, a repetitive elasto-plastic model, an
elasto-plastic ~ underload surface model, a
densification model and so on have been proposed.
On the other hand, analysis methods targeting only
the flow process after liquefaction has occurred have
also been proposed, and these can be divided into
methods based on solid-state mechanics and methods
based on fluid mechanics. As a method based on
solid-state mechanics, for example, Yasuda etal. [11],
[12] have proposed a residual deformation analysis
method that can analyze the flow associated with
liquefaction with simple and practical accuracy. As a
method based on fluid mechanics, for example,
Uzuoka et al. [13] proposed a method to analyze
liquefied sand as a Bingham fluid, and quantitatively
show the flow force and large deformation after flow,
although under relatively simple boundary conditions.

The above-mentioned analysis method has been
proposed by paying attention to each of the solid
property and the fluid property of the liquefied sand,
and is not a fusion of the two properties. In the actual
liquefaction phenomenon, the phase change process
between solid and fluid is considered to occur non-
uniformly both spatially and temporally. At a certain
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time, a region having a solid property and a region
having a fluid property are mixed. In order to deal
with such problems, it is necessary to develop an
analysis method that can express the transition region
between solid and fluid.

In this study, the authors propose a CAE analysis
that combines a MPS as one of the typical particle
based methods (PBMs) and the DEM as an analysis
model that can express the phase change process
during liquefaction. This is a combination of sand
particles in the target ground analyzed by the
individual element method and interstitial water by
the PBM. An analysis will be performed using this
method to examine the effectiveness of the analysis
model.

MPS-DEM COUPLED CAE ANALYSIS

A computer aided engineering (CAE) is an
alternative technology for large-scale experiments,
conducted in a room or in-situ, using prototypes that
have been prepared in a study as part of the
development process of “manufacturing”. In other
words, CAE is a general term for technology that
simulates and analyzes prototypes on a computer
created by a computer-aided design (CAD) and so on,
considering the site conditions [14], [15], [16], [17].
At the same time, CAE may refer to computer-aided
engineering work or its tools for the prior
examination, design, manufacturing, and process
design of construction methods and products. In the
field of geotechnical engineering, CAE can be used
not only to visualize the inside of the ground and the
stress loading on the inside of the ground, but also to
estimate the results of experiments that would require
huge costs and/or phenomena that would be difficult
to reproduce. In addition, by performing appropriate
post-processing, it is possible to communicate with
other people in a visually easy-to-understand manner.

In this study, external force acceleration that
simulates seismic waves is applied to the ground
modeled three-dimensionally by the coupled CAE
analysis of the moving particle semi-implicit (MPS)
as one of the typical particle based methods (PBMs)
and the discrete element method (DEM), and the
particles in the ground are subjected to the loading.
The purpose is to clear the behavior.

ANALYSIS MODEL AND CONDITIONS

The analytical model is shown in Fig. 1. Sand
particles and water particles are arranged according to
the void ratio on a 3000 mm square cube. The sand
particles are expressed in yellow and the water
particles are expressed in blue to visually express the
ground. In addition, the ground simulating
liquefaction countermeasures will be reproduced. The
pile model is shown in Fig. 2. The piles are 400 mm
in diameter and 3000 mm in length, and 6 piles are
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arranged on each side. The piles are set as a distance
function. Place the pile shown in Fig. 2 on the ground
shown in Fig. 1 and performs the analysis.

In this study, liquefaction is expressed by
applying an external force acceleration that simulates
a seismic wave to the ground. Assumed parameters of
the external force acceleration are shown in Fig. 3.
Acceleration is given in the X-axis direction every
0.01 seconds for a total of 59.99 seconds. Figure 4
shows the relationship between acceleration and
seismic intensity [18]. The maximum value of
acceleration is adopted as a parameter representing
seismic intensity. The maximum value of the external
force acceleration parameter is 207.33 (cm/s?), which
corresponds to an earthquake with a seismic intensity
of 5 or higher, as shown in Fig. 4. The reason for
setting this seismic intensity is that the liquefaction
phenomenon often occurs with an earthquake with a
seismic intensity of 5 or higher.

In this study, water is set as fluid by the MPS and
sand is set as powder particles by the DEM. Table 1
shows the physical characteristics of water particles
modeled by the MPS, and Table 2 shows the physical
characteristics of sand particles modeled by the DEM.
All of these physical property parameters refer to and
cite previous experimental values [4], [5], [16], [19],
[20], [21]. Attention should be paid to the DEM

i @ — Sand particle
. —» Water particle

-
|

Cross section to
be evaluated

Fig. 1 Cross-section model assumed for analysis (Case 1
and Case 2)

Cross section to
be evaluated

3000mm | |

o ———————

2400mm
V7
Fig. 2 Cross-section model assumed for analysis (Case 3;
lattice-shaped ground improvement pile)
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parameters for sand particles shown in Table 2,
especially the setting of sand particle diameter and
density. The typical sand particle diameter and
density are 0.2 mm and 2.634 g/cm® respectively. In
this study, the diameter and density of the sand
particles modeled by DEM are set so that the particle
sedimentation velocity of Stokes fluid [22], [23] is
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Fig. 3 Assumed external force acceleration
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Table 1 MPS parameters for water particles

Water
Particle density (kg/m®) 1000
Particle size (m) 0.03
Rheology model Newtonian fluid

Table 2 DEM parameters for sand particles

Sand
Particle density (kg/m®) 1000.118
Particle size (m) 0.03

Young's modulus (GPa) 1
Poisson's ratio 0.485

Table 3 Assumed gap ratio of sand ground (typical value
of sand ground is adopted)

Sand ground
1.19
0.71

Maximum void ratio
Minimum void ratio
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equal to that of typical sand particle and sand particle
modeled by DEM. The authors focus on the void ratio
and express the sand ground by void ratio using the
maximum and minimum void ratios of typical sand
ground. The void ratio is shown in Table 3. The void
ratio of 1.19 is Case 1, the void ratio of 0.71 is Case
2, and the void ratio of 1.19 with piles is Case 3.

RESULTS AND DISCUSSIONS

Figures 5, 6 and 7 display the analysis results on
Case 1, Case 2 and Case 3 respectively at the
avaluating cross section witn Figs. 1 and 2. These
figures show from 0 seconds to 59.99 seconds every
10 seconds, respectively. Because Case 3 surrounds
the ground with piles, Fig. 7 that is the analysis result

(a) 0 seconds later (b) 20 seconds later

(c) 40 seconds later (d) 60 seconds later

Fig. 5 Liquefaction occurrence in Case 1 with external
acceleration (void ratio: 1.16)

ek b HERY

(a) 0 seconds later (b) 20 seconds later

(c) 40 seconds later

(d) 60 seconds later

Fig. 6 Liquefaction occurrence in Case 2 with external
acceleration (void ratio: 0.71)

of Case 3 is shown as a cross-sectional view. In all
cases, it is confirmed that sand particles are deposited
at the bottom of the analysis model over time and
water particles are floating. In other words, this
analysis was able to roughly visualize the liquefaction
of the ground when an external force acceleration
simulating a seismic wave was applied.

The mechanism of the liquefaction phenomenon
is that when a sand soil saturated with water receives
a large shaking, the skeletal structure of the sand
particles that make up the ground collapses and the
sand particles try to fall into the void spaces. As a
result, excessive pore water pressure is generated and
accumulated inside the ground. Furthermore, when
the excess pore water pressure becomes equal to the
effective loading pressure of the ground before it
receives a large shaking, the effective stress loading
between the soil particles becomes zero, and as a
result of the above, a liquefaction phenomenon occurs.
The analysis results shown in Figs. 5, 6 and 7 also
show the same phenomenon as the above-mentioned
liquefaction generation mechanism. In addition,
when comparing the central part and the four corners
of the analysis model in all cases, it is confirmed that
the amount of sedimentation of water particles in the
four corners is smaller than that in the central part.
This is because the rearrangement of water particles
and sand particles occurs due to external force, and
the sand particles try to settle and deposit at the
bottom of the model. While sand particles settle and
deposit, water particles try to rise to the top of the
model. As a result, the sand particles at the four
corners are sedimented at the bottom of the model and
then flow out to the center of the model, resulting in
a rearrangement of the particles.

Comparing Case 1 and Case 2 with different
void ratios, in Case 1, water particles are floating in

Lok it

(a) 0 seconds later (b) 20 seconds later

(c) 40 seconds later

(d) 60 seconds later

Fig. 7 Liquefaction occurrence in Case 3 with external
acceleration (void ratio: 1.16, with piles)
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the upper part of the model. It can be considered that
this is the mechanism of the liquefaction phenomenon,
that the loosely deposited sandy ground and the
higher groundwater level are more likely to cause the
liquefaction phenomenon. Comparing Case 1 and
Case 3 with respect to the presence or absence of
liquefaction countermeasure, sand particles are
stopped on the model at the inner part of the pile in
Case 3. From this, it is considered that liquefaction
measures that surround the ground with piles are
effective. The physical principle of liquefaction
countermeasures by piles is to keep the shear
deformation caused by seismic motion small, block
the propagation of pore water pressure from the
surroundings, and prevent the outflow of pore water
and sand into the supported layer [24], [25]. This
analysis was able to reproduce the same phenomenon
as the physical principle of liquefaction
countermeasures using piles.

CONCLUSIONS

The behavior of water particles and sand
particles inside the ground, in which an external force
acceleration simulating a seismic wave loaded on the
ground, was evaluated using MPS-DEM coupled
CAE analysis, and an attempt was made to visualize
the liquefaction phenomenon in this study.

The results and findings obtained in this study
are shown below.

(1) MPS-DEM coupled CAE analysis succeeded in
visualizing the liquefaction phenomenon by
applying an external force acceleration that
simulates a seismic wave to the ground modeled
three-dimensionally.

(2) The effect of ground conditions such as void ratio
on the behavior of particles in the ground during
an earthquake was visualized. By using MPS-
DEM coupled CAE analysis, it is possible to
evaluate the behavior of particles in the ground
during an earthquake and examine whether
liquefaction occurs.

(3) The liquefaction phenomenon on the ground with
piles simulating the liquefaction countermeasure
work was visualized. By visualizing the
liquefaction phenomenon, it can be expected to
contribute to the design and accountability of
efficient and economical liquefaction
countermeasures.

In order to visually evaluate the need for
liquefaction countermeasures, it is necessary to
simulate and analyze more actual liquefaction
countermeasures.
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ABSTRACT

The recent decrease in the groundwater level in the Bangkok area has mainly occurred due to inappropriate
water pumping for industrial and agricultural activities. This inappropriate pumping is not only causing land

subsidence, but it is also affecting the load capacity of the soil around the piles. At present, the groundwater level

in the Bangkok area is showing a tendency to increase to the ground surface thanks to the reduction in groundwater
pumping. This is an important issue of research into the soil load capacity behavior around piles with changes in

the groundwater level. This study focuses on the behavior of a single pile by comparing the results of centrifuge
tests and the results of previous studies. The test results are compared for each groundwater level. Finally, the

results of the tests are summarized into two parts. The first part is that the bearing capacity of the sand around the
pile is related to the changing groundwater level, but in an inverse manner. The soil strength is seen to decrease as
the groundwater level increases or rises up to the ground surface. The bearing capacity in clay mainly depends on

the consolidation process. The second part is that the results of the pile load behavior from the centrifuge tests tend
to be like those of the previous studies. Therefore, centrifuge test results can be used to evaluate and design pile

foundations in the Bangkok area with changing groundwater levels.

Keywords: Bangkok clay, Centrifuge test, Bearing capacity, Settlement, Groundwater

INTRODUCTION level by installing piezometers at many stations [1].
The results showed that the groundwater level was

At present, most constructions in soft soil areas draw down to the minimum level around 1997 due to
use pile or deep pile foundations. The type of pile is groundwater pumping. Then, a decrease in the

chosen by the characteristics of each construction, the
type of building, and the load of the structure. Thus,
the bearing capacity is the most important factor to
analyze in terms of the pile performance. The
significant parameters affecting the pile capacity are stations in Bangkok and its vicinity.
the groundwater level and the soil characteristics. Much research has been done on the strength of
Bangkok and its vicinity are located in a soft soil the Bangkok area soil. The strength and stiffness of
area that used to be part of the sea. The soil profile Bangkok clay has been monitored at Sukhumvit MRT
shows alternating layers of sand and clay from soil Station using the PLAXIS 3D model to compare the
deposits. The first soil layer is a top clay crust with a hardening soil model and the Mohr-Coulomb model
thickness of 1 to 2 meters from the ground surface. [2]. The results revealed that the Bangkok clay

The second soil layer is a very soft to soft clay layer characteristics of the hardening soil model were better
with a thickness of about 14 meters. The third soil than those of the Mohr-Coulomb model for

layer is a medium stiff to very stiff clay layer, . .
extending to a depth of about 25 meters, followed by excavation work. The numerical model proved that

groundwater pumping rate led to the recovery of the
groundwater level to the ground surface. The
groundwater level is presently recovering to the
ground surface thanks to monitoring at piezometer

a medium dense sand layer, referred to as the first the results of the hardening soil model can be
sand layer, extending to a depth of 40 meters. The employed to analyze and predict the ground surface
deeper layers comprise alternating layers of stiff clay settlement in both 2> and 3D analyses. A comparison
and dense sand, reaching great depths that have very of the load capacity between barrette piles and bored
high soil strength. piles at similar depths found that barrette piles, with

In terms of the groundwater situation in Bangkok, dimensions of 15x30 meters and a depth of 57
the groundwater level changes in relation to the meters, have a higher bearing capacity than bored
quantity of groundwater pumping. The Department of plles_ In Bang_kok, Thailand [3]. Addltlc.)nally, the
Groundwater Resource evaluated the groundwater bearing capacity of the two types of piles is not

52



GEOMATE - Kyoto, Japan, 3-5 November 2021

different. Thus, that research recommends barrette

piles for high pile capacity designs. On the contrary,
the soil strength estimated through a numerical
method showed that the positive skin friction value of
barrette piles is more than that of bored piles [4]. The
strength of soft Bangkok clay was measured using the
recompression and SHANSEP techniques [5]. The

results of their comparison of the undrained shear
stress values showed that recompression tests yield
higher values than those estimated from the
SHANSHEP technique by about 28%. Finally, the
research proved that the corrected field vane shear
tests match the SHANSHEP triaxial data well.
Additionally, the undrained shear strength of the
MRT blue line project and the MRT blue line
extension project, Bangkok, Thailand was examined
[6]. Their research used a single pile with a diameter

of 1.5 meters and a length of 55 meters. The results

revealed the undrained shear strength of stiff clay of
about 40 to 100 kN/m? by triaxial tests and the

undrained shear strength of soft clay of about 10 to 50
kN/m? by vane shear tests. The development of

negative skin friction was found on piles driven into
soft Bangkok clay [7]. This research showed that the
undrained shear strength values of medium stiff to
stiff clay and sand are 3 to 8 tm? and 18 to 25 tm?,
respectively, by direct shear tests (DSs), field vane
shear tests (FVs), Dutch Cone tests (DCs), and Ko
consolidated undrained triaxial tests (CKoUs). The
results of the pile load tests conducted in the Bangkok
area by driven piles and bored piles have been
summarized. For the stiff clay layer, the undrained

shear strength is 200 to 250 kN/m? by unconfined

compression tests and standard penetration tests, and
the average skin friction is about 100 kN/m? [8].

It is important to give consideration to the
groundwater level in constructions since the bearing
capacity of the soil affects the safety of the structures.
This is because the water level, in terms of the pore
water pressure, will reduce the soil strength. The

present research shows the results of centrifuge tests
performed during the recovery or rising up of the
groundwater level. The results were verified with the
data from the previous research by the authors [9].
Thus, this research will show the bearing capacity of
a single pile while the groundwater level changes
from the surface and then experiences groundwater
level drawdown due to water pumping until the
recovery of the groundwater level to the ground
surface.

METHODOLOGY

This research focuses on the bearing capacity
behavior of a single pile, and attempts to model a
single pile while changing the groundwater level at
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different intervals. The centrifuge tests were divided

into three stages for one model to represent a bored
pile under the impact of engineering structures during
the changes in groundwater level by means of
geotechnical centrifuge tests done at Hong Kong
University of Science and Technology [10].

Model preparation
Load distribution

The soil strength theory depends on many
parameters, such as the soil layers, soil properties, and
groundwater level. Following the previous study [3],
this research chooses two soil layers to represent the
soil condition in the Bangkok area for the model
because they have a very high load transfer.
Following Fig. 1, the load distribution refers to the
percentage of load transfer to each soil layer of the
barrette and bored piles. Most of the load is
transferred to the medium dense sand layer, followed
by the hard clay layer and then the stiff clay layer.

vLoad transfer
5,290 Ton 2,700 Ton
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Fig. 1 Percentage of load transfer to each soil layer in
pile load tests.

Soil model

Following the capacity of the soil from the
previous study, medium dense sand and stiff clay
were chosen for this research to simplify the model
preparation and to represent the Bangkok soil profile
that has alternating layers of clay and sand. Even
though the hard clay layer has the 2nd highest
percentage of load transfer for both types of piles, it
is almost impossible to prepare this layer to attain the
density of the hard clay layer in the centrifuge model.
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Thus, Kaolin clay and Toyoura sand were used as the
stiff clay and medium dense sand, respectively. The
Speswhite Kaolin clay was prepared at a water
content of 27%, a density of 1.65 tmq, and undrained
shear strength of 35 kPa. The Toyoura sand was
prepared with a controlled density of 153 tmq.

Water flow system

The water flow system in the centrifuge tests was
modeled by installing a standpipe at the bottom of a
strongbox. A standpipe is a PVVC tube covered with a

geotextile. The end of the standpipe was connected to
a hole in the strongbox and a reservoir or water tank
next to the strongbox. This system was installed to

control the water level at each stage of the tests, as
mentioned previously

Single pile model

The model for the single pile was an aluminium
tube equipped with strain gauges. The dimensions of
the model pile are a diameter of 2.4 meters (30 mm
for the pile model) and a length of 50.4 meters (630
mm for the pile model). Wheatstone bridge strain
gauges were installed at seven levels in the pile to
measure the values of the pile movement during
testing. The aluminium tube was divided into six

segments because doing so would make it easy to
install the strain gauges inside the pile segments. In
order to prevent the electric circuit installed in each
segment from water, tape was wrapped around the
circuit to protect it, as shown in Figs. 2 and 3. After
connecting the pile segments together, the pile model
was coated with a thin layer of liquid epoxy to form a
watertight layer.

P

Fig. 2 Strain gauges by full Wheatstone bridge circuit.

Fig. 3 Single pile model.
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Bored piles

Three bored piles were installed in the model in
order to perform a pile load test at each water level.

The diameter of the pile was 2.4 meters and the length
was 50.4 meters. The three single piles were installed
in the strongbox, as shown in Fig. 4.

LVDT

438 Ton 438 Ton
192m
WL.V ¥ WL.
Kaolin clay S04m " 6
20m 20m Am
PPTs
©
¥ WL.

Toyoura sand H2m
20m

Strain gauges < D24m.

am] BP1 BP2 BP3

Fig. 4 Testing procedure of centrifuge tests.

Instruments

The focus of the tests is the results of the pile
bearing capacity. Three types of instruments were
installed in the soil model. Firstly, linearly variable
differential transformers (LVDTSs) were installed at
the pile caps and the ground surface to measure the
surface soil displacements. Secondly, pore water
pressure transducers (PPTs) were installed in both soil
layers. Thirdly, strain gauges were installed inside the
model pile. After all centrifuge tests had been
performed, the undrained shear strength of the soil
was measured by pocket vane shear tests.
Additionally, cameras were installed around the
strongbox to monitor the external movement and
groundwater level in the model during the testing.

Testing procedures

This study uses a 2D model box. The model had
the dimensions of 350x750x1245 mm. A water

system was installed at the bottom of the model box
with two holes to control the groundwater level and
distribute the water. Then, the two soil layers were
prepared. Toyoura sand was released from a rate
hopper and spread to a fixed height to control the
density of the sand (1.53 t/m®). The sand was filled in,
layer by layer, with a maximum thickness of 50 mm
per layer, until reaching a total thickness of 300 mm.
After that, the groundwater level was increased by the
standpipe system to saturate the sand for about 24
hours. Then, water was released from the model box
by the standpipe system to make the uniform density
of the sand layer. Next, the Kaolin clay was
compacted on top of the sand layer by a density
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control method to a thickness of 250 mm. Then, the
soil model was drilled to install the three-pile model,
as shown in Fig. 4. The piles were installed in both the
stiff clay layer and the medium dense sand layer. The
pile tips were driven into the medium dense sand
layer about 140 mm from the interface of the sand
layer. After installing all the instruments in the model
box, a balance weight was equipped on the opposite
side of the model box to balance the centrifuge
machine during testing. A summary of the centrifuge
test is given in Table 1. The testing model consisted
of the model box and one water tank to control the
water level.

Table 1 Summary of centrifuge test

Testing Water Water Initial
No. level in level in water
prototype model content
(my (mmy (%)
BP1 0 0 27
BP2 20 250 27
BP3 0 0 27

Note: BP refers to the type of pile, namely, a bored pile, and the
number after BP is the number of single piles.

The centrifuge test consisted of three stages that
were carried out at an acceleration equal to 80 times
the force of gravity (80 g). Each stage is related to the
groundwater level at a different period of time. The
three stages are called BP1, BP2, and BP3. The first
stage, BP1, refers to the stage in which the bearing
capacity behavior of the soil around a single pile is
investigated by performing a pile load test after the
groundwater level reaches the ground surface. This
stage represents the original groundwater in the past
before the occurrence of the pumping issue. The
second stage, BP2, refers to the stage in which the
groundwater level decreases to the interface of the
sand layer and clay layer after which a pile load test
is performed. This stage represents the decrease in
groundwater due to the high pumping rate during the
period of increasing industrial development. The third
stage, BP3, is similar to the BP1 stage. The
groundwater level reaches the ground surface again
after the BP2 stage and a pile load test is performed
on the pile head. Every test was performed at an
acceleration of 80 g with the pile load test rate of 2
mm/min by ASTM, as in [11].

RESULTS AND DISCUSSION

The results of the pile load tests in the centrifuge
test will be detailed here. The results of the three

stages were separated into three parts. The first set of
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results shows the settlement of the pile and the ground
surface during the pile load tests. The second set of

results shows the bearing capacity and the unit skin
friction during the pile load tests. The last set of results

shows the undrained shear strength values after
testing at 0 g.

Settlement

Based on Figs. 5 to 7, the settlement behavior

between a single pile and the ground surface in each
stage condition of the groundwater level during the
pile load tests is given. The circular marker in each
test, representing the settlement of the ground surface,
shows that small settlement occurred in all the tests
compared with pile settlement. On the other hand, the

triangular marker shows that very large settlement
occurred in the first pile load test due to the soil model
just starting to consolidate and the voids between the
soil particles filling with water due to groundwater
level reaching the ground surface. In the same way, it
was found that the second test had the smallest
settlement because of the decrease in water level to
the soil interface between the clay and the sand as the
clay layer was consolidated. The last test showed that

more settlement occurred than in the second test, but
still less than in the first test. These results confirm

that the groundwater level directly affects the
settlement behavior of the soil around the piles in
every stage.

Bearing Capacity

The pile load capacity is discussed in this section.

The strain gauge results represent the strength of the
soil around the piles. Based on Fig. 8, the pile load is

directly affected by the changing water level. The first
stage has the smallest load capacity due to the high
groundwater level and the short-term consolidation.

After consolidation, the bearing capacity is
significantly increased. Especially in the last stage,
BP3, the condition is represented whereby the
groundwater level rises up and the Kaolin clay layer
has already consolidated for the longest period. Fig. 9

confirms that the period of consolidation has a huge
effect on the strength of the soil around a single pile.
However, the unit skin friction results for the sand
layer are not related to the consolidation condition in
each test. The third stage has a lower unit skin friction
value than the second stage because the groundwater
rises up to the ground surface leading to high pore
water pressure. The soil strength of each test is

explained in terms of the effective stress in Fig. 10.

The effective stress is equal to the total stress minus
the pore water pressure. The groundwater level at
each stage refers to the pore water pressure that
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directly affects the effective stress. Thus, the second

test has the highest effective stress due to the decrease
in water to the interface of the soil.

Soil strength

The undrained shear strength, after the centrifuge
tests done at 0 g, is discussed here. Fig. 11 shows a
comparison of the undrained shear strength between
the centrifuge test results and the results obtained by
other researchers. The results revealed that many
researchers obtained almost the same undrained shear
strength values at every depth [12]-[15]. Even the
results of the pocket vane shear tests showed higher
strength than in the tests done by others researchers,
but still with the same trend. Additionally, the authors
confirm the values when using the Modified Cam-
Clay theory to recheck the values of the pocket vane
shear tests, as seen in Fig. 12. The results reveal that
the values of the undrained shear strength from the
vane shear tests are lower than those of the Modified
Cam-Clay theory at each soil depth.
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Fig. 5 Settlement during first pile load test.
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CONCLUSIONS

This paper focused on a comparison of the
behavior of a single pile during changing
groundwater levels by considering the soil strength
parameters, ground settlement, and pile head
settlement. All the results of this research were
compared with those of a previous study. It was
proven by hand calculation that the trends of the
results are the same. For the axial load behavior of a
single pile, the bearing capacity of the soil around the
pile was found to be related to the water level and the
consolidation of the soil. The bearing capacity of the
clay layer increased because of an increase in the
effective stress due to a decrease in the groundwater
level. On the other hand, the bearing capacity in the
last of the three stages was seen to increase because
of the consolidation process in the clay layer when the
groundwater rose up again. However, the bearing
capacity in the sand layer was found to depend on the
groundwater level or the pore water pressure, as in the
effective stress theory. Therefore, this research can be
used to estimate and design the bearing capacity of
soil with changing groundwater levels.
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SURFACE TREATMENT ON ANODE ELECTRODES FOR THE
HIGHER BIOELECTRICITY GENERATION IN PLANT MICROBIAL
FUEL CELLS

Shohei Uramoto', and Md.Azizul Mogsud®
L2Department of Civil and Environmental Engineering, 2Yamaguchi University, Japan
ABSTRACT

In this study, plant microbial fuel cells (PMFCs) were constructed to enhance the power generation by using
chemical treatment of carbon-based anode materials. To increase the power output to utilize it for the real-life
usage is the biggest challenge in the microbial fuel cell research. Iron (Fe) , Manganese (Mn) and both of the
chemicals coated anode materials have been prepared in the laboratory for the efficient electron transfer and used
in PMFCs with Monstera plants. It was observed that the anode which was treated with both Iron and Manganese
generated the highest power density, which was 46%~69 higher than Cells whose anode was coated by either
Iron or Manganese. Voltage generation and stability of voltage variation were also improved with Iron and
Manganese. So, the surface treatment of the carbon-based electrode materials by this environment-friendly
chemical can be used for the plant microbial fuel cell application in the future.

Keywords: Plant Microbial Fuel Cells, Anode surface treatment, Bio electricity, Iron, Manganese

INTRODUCTION MATERIALS AND METHODS

Recently, massive energy revolution has been Experimental set-up of PMFCs
occurred, especially in the developed nations over the
world. Although solar power generation, wind power Three PMFCs were prepared with organic soil,
generation, and water power generation are the Monstera plants, bacteria, and chemically treated
dominant clean - sustainable energy source, some electrodes in laboratory. The properties of organic
drawbacks are also observed such as instability of its soil are shown in table 1, and Fig 1.

power output due to weather conditions, huge area of
construction, and damage to the environment.

Therefore, noble energy source called Microbial Fuel Table 1. Soil properties

Cell (MFC) is gathering an attention.[1,2] _ E—
Microbial Fuel Cells introduced plants in its Sample soil Organic soil

system called as PMFCs are promising technology Water content (%) 190

[3,4] due to the fact of that organic matters which are pH 6.36

necessary for bacteria’s activity are theoretically Electrical conductivity (mS/cm) 0.24

supplied by plants permanently in the soil. This is Loss On Ignition (%) 51.7

expected to become new sustainable energy source,
however; the biggest drawback in PMFC has been

low power output. Some researchers have been 100 Panti
attempting to overcome the problem, [5,6] 90
Recently, it was discovered that anode electrodes g 80 /
treated with Fe and Mn shows higher power output in o /0 /
Microbial Fuel Cells. [7] 7 60 /

Since there is few research which tries to g 90 I/
improved PMFCs’ power generation based on e 40 /
conventional MFCs’ technologies, this report will & 30 /
attempt to construct PMFCs by utilizing previous 20
MFCs’ researches. 10 o

The main objective in this paper is to construct 0 o0

001 0.1 1 10 100

PMFCs with chemically treated anode. In addition, to
compare power characteristics between treated and
untreated anode was also set as a research purpose.

Gain Size (mm)

Fig 1. Grain size distribution curve of organic soil
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Regarding plant species, Monstera deliciosa,
which is one typical house plant was chosen due to
the fact of that this has shade tolerance, as well as
tolerance to high temperature, humidity. These
properties are ideal for the indoor experiment. Herein,
Monstera Deliciosa is abbreviated to Monstera.
Figure 2 shows diagram of Monstera’s PMFC.

R
i Data logger

I
3
'

20 cm

Organic soil

e ———

18 cm
Fig 2. Plant Microbial Fuel Cell using Monstera

Shewanella Oneidensis (Japan Collection of
Microoganisms) was chosen as the electroactive
bacteria. Shewanella Oneidensis was cultured in the
petri dish at Incubator at 28°C. The medium consisted
of Trypto-soya agar (Nissui Pharmaceutical Co., Ltd.)
at 40g, and distilled water at 2000mL.

Three types of anode electrodes were prepared in
order to evaluate the effect of Iron and Manganese.

Procedure of Anode Surface Treatment

First of all, bamboo charcoals curled with iron
wire were combined with Polyethylenimine (PEI)
solution. Bamboo charcoal curled with iron wire had
been discovered to have higher performance due to
the lower internal resistance in previous study. [8]
To form the combination of bamboo charcoal and PEI,
bamboo charcoals with iron wire was submerged in
PEI (10g/L) for 3 hours while stirring with magnetic
stirrer at 100rpm to be mixed thoroughly, and rinsed
with distilled water, and then left to air dry for
12hours in the laboratory in which air temperature
was set at 25°C. This process was conducted in all
electrodes.

Secondly iron (IIT) particles seeding process was
conducted with the two PEI-Bamboo charcoals out of
three because one electrode was supposed to contain
only manganese. PEI-Bamboo charcoals were first
placed in a Fe( Il ) solution (FesO4 ; 1g/L) and
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submerged to absorb the solution while mixing at
100rpm for 2 hours, and rinsed with distilled water,
and then left to air dry for 12 hours in the laboratory.
The ratio of mol concentration between iron and
manganese was decided to be at 1:1 because of the
previous work which had discovered this ratio is an
optimum. [7]

A base growth iron (II') solution was prepared
consisting of iron (11 ) sulfate heptahydrate (FeSOx
7H.0)  at Immol in  distilled  water.
Sodecylbenzenesulfonate (SDBS) surfactant was
added to this iron growth solution. Given the amount
of iron (II) particles, the SDBS surfactant’ s mol
concentration was adjusted to be 0.02M in the beaker.
The dried PEI-Fe(IlI)-Bamboo charcoals were placed
in this solution while stirring at 100rpm for an hour.

To activate the growth reaction of the Fe
nanoparticles, an aqueous solution of 5.0M NaOH
was added and quickly mixed to produce the
characteristic green suspension.

Before moving to the next step, one electrode which
was supposed to have only Iron was removed and left
in solution for 48 hours.

After 5 min, 1 mM aqueous solution of potassium
permanganate (KMnO4) was added and mixed to
create a murky brownish precipitate. The PEI-
Iron(II') Bamboo charcoals were left in this solution
to promote the Fe(IIl)-Mn(VI) growth process for 48
h. The bamboo charcoals were then removed from the
solution and rinsed thoroughly with distilled water to
ensure the termination of the growth process. Finally,
the completed samples were left to air-dry overnight
before use within PMFC testing. Green suspension
and a murky brownish precipitate which were
appeared in the experimental process are shown in
Fig 3.

Fig 3. a) Green suspension, b) Murky brownish
precipitate

When it comes to electrode which was supposed
to be treated by manganese, SDBS treatment and 1
mM aqueous solution of potassium permanganate
(KMnO4) was conducted, then left to the solution for
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48 hours.

These anode electrodes were submerged in
Shewanella Oneidensis’ bacteria solution for hour,
then used in PMFCs. Electrode distance was fixed at
4 cmiin all cells.

Figure 4 illustrates anode electrode treated with Iron,
Manganese, and both of them respectively.

B9

Fig 4. Chemically treated anodes a) Fe-anode,
b) Mn-anode, c) Fe + Mn-anode

RESULTS AND DISCUSSION
Voltage Variation
Figure 5 illustrates voltage variation for 5 days

with PMFCs whose anode electrodes were coated by
Iron, Manganese, and both Iron and Manganese.

700

600
< 500
E 400 Ei S
£ 300
§ 200 -=-Iron

100 -e—Manganese

0 Iron and Manganese
6/4 6/5 6/6 6/7 6/8 6/9

Duration (day)

Fig 5. Voltage variation with time

Herein, each cell will be denoted as Fe-PMFC,
Mn-PMFC, and Fe + Mn-PMFC respectively for
simplify. In the initial stage, it is observed that all
voltages are almost the same, value. Fe + Mn-PMFC
generated 293.9 mV. When it comes to Fe-PMFC and
Mn-PMFC, its initial voltages were 242. 5 mV and
272.0 mV respectively.

After that, Fe + Mn-PMFC’s voltage increased
gradually without voltage drops, and the highest
voltage was produced at the end of duration, which
was 578.9 mV. On the other hand, Fe-PMFC and Mn-
PMFC experienced some fluctuation during 5 days.
Regarding Mn-PMFC, voltage generation changes
slightly. After the initial voltage, its value went up
marginally until June 5. However, voltage started to
decline from the time, and it reached first bottom at
15:26 on June 5™. This kind of slight changes were
seen four times, but in average, its voltage was fixed
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at approximately 320 mV. Turning to Fe-PMFC,
voltage begun to increase from the initial stage, and
this trend seems to the same as Fe-Mn PMFC’s
voltage increase. However, Fe-PMFC suddenly
experienced voltage decrease at the middle of June 5%,
then its gradual voltage decline continued by June 7.
The blank seen between June 71" and 8" was occurred
by mechanical trouble of data logger. The highest
voltage of Fe-PMFC was obtained at June 8s
afternoon whose value was 453.3 mV. An order of the
highest voltage in whole duration is Fe + Mn-PMFC,
Fe-PMFC, then Mn-PMFC, and its voltage was 578.9
mV, 453.3 mV, and 352.9 mV respectively.

It was no voltage drop that Iron and Manganese
coated anode’s cell was discovered to have extremely
high performance. This indicates that both metal ion,
Iron and Manganese are essential factors for the
stable, and higher voltage generation.

Power Generation

Figure 6 explains power characteristics of Fe -
Mn-PMFC, Fe-PMFC, and Mn-PMFC respectively.
These power characteristics were measured after June
9™ shown in voltage variation section. This graph was
obtained with data logger (Crenova digital multimeter,
Crenova Ink, Japan) as well as external resistances.

50
Iron and Manganese
Irom

Manganese

Power density (mW/m?)

100 150 00 230 300

Current demsaty (mA‘m”)
Fig 6. Power characteristics in three PMFCs

First of all, peak power density of Fe -+ Mn-PMFC
was 46.0 mW/m?*which is the highest value out of
three PMFCs. This highest power was generated
when 993 ohm’s external resistance was connected.
That is to say, this cell’s internal resistance is
calculated to 993 ohm.

Secondly, Fe-PMFC’s highest power density was
calculated to 32.1 mW/m?, which is around 15mwW
lesser than Fe - Mn-PMFC. Internal resistance
determined with the same method described above
was 668 ohm. Although the peak power is smaller in
Fe-PMFC, the internal resistance was better in Fe
coating anode than Fe « Mn coating anode’s PMFC.

Thirdly, Mn-PMFC’s maximum power was 21.6
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mW/m?, which was the lowest in all cells. Its internal
resistance was 993 ohm, and this is the same value as
Fe + Mn-PMFC, however; due to the lower highest
open circuit voltage, Mn-PMFC’s power was lesser
than Fe « Mn-PMFC by around 25 mW.

Although the maximum power density was highest in
Fe « Mn-PMFC, internal resistance was lower in Fe-
PMFC by 325 ohm. Further research will be
necessary in order to identify the reason of this,
however; difference between this experiment and
previous experiment [7] was bacteria’s species. This
might be the cause of higher power performance in Fe
coated anode since some researchers [9] reported the
power generation can be improved with the
supplement of Fe(IIl) .

Image Analysis by Scanning Electron Microscope

Figure 7 illustrates the comparison of untreated

anode, and Iron-Manganese treated anode using SEM.

Fig 7. Comparison of anodes, a) Untreated anode,
b) Fe and Mn treated anode

In both figures, some unique porous structure of
bamboo material can be observed in the background.
A number of small particles are also shown in the
section a) in Fig 7’s Fe + Mn treated anode surface.
They are iron and manganese nano particles. These
nano particles are still captured on the surface of
electrode even though electrodes were rinsed with
distilled water. Thus, a function of polyethienine as
an adhesive is thought to be working well. As
previous research [7] explains, the reason of higher
power generation in Enhanced anode PMFC is that
countless particles can play an essential role as an
edge which enables bacteria to stay on the surface
easier. By contrast, these nano chips are not observed
in section b) in Fig.7

CONCLUSIONS

This research was conducted in order to construct
Plant Microbial Fuel Cells based on recent
developments which had reported in Microbial Fuel
Cells’ study. Moreover, to compare power
characteristics between treated and untreated anode
was also purpose in order to determine which metal
plays more essential role.
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First, it was discovered that Iron and Manganese
coated anode exhibited highest voltage generation in
which no voltage decline occurred in PMFCs.

Secondly, PMFC whose anode was treated by Fe
and Mn showed the highest power, which implies that
both Iron and Manganese are essential for the
improvement in PMFC.

Thirdly, although future research will be required
to identify the cause of gaps in Fe-PMFC, and Mn-
PMFC, this is considered that there may be optimum
metal ion for each bacterium.
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PLANT ENZYME INDUCED CARBONATE PRECIPITATION FOR
SAND CEMENTATION
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ABSTRACT

Enzyme-induced carbonate precipitation (EICP) is an emerging biogeotechnology for enhancing the
engineering properties of granular soil. In this study, to lower the cost of urease used in EICP, urease was extracted
from soybeans. The effects of temperature and pH on soybean urease activity were studied. Then the test-tube
experiments of urease-induced calcium carbonate precipitation were carried out by controlling cementation
solution concentration. Based on this, sand was cemented by injecting urease solution and cementation solution
circularly. The ultrasonic test and unconfined compressive strength test were performed to evaluate the
cementation effect of sand solidified with EICP. The results show that the optimum pH of soybean urease is 8, and
the maximum urease activity is observed at 75<C. With the increase of cementation solution concentration, the
precipitation ratio of calcium carbonate increases first and then decreases, and when the cementation solution
concentration is 0.75 M, the precipitation ratio of calcium carbonate arrives at the highest during tests. The calcium
carbonate induced by soybean urease cements the loose sand into a strong sand column. The longer the cementing
time is, the more compact the treated sand is and the higher the unconfined compressive strength is. Overall,
soybean urease has a great potential to replace commercial urease for sand treated via EICP.

Keywords: Sand cementation; Soybean urease; Enzyme induced carbonate precipitation (EICP); Unconfined
compressive strength

INTRODUCTION PVC cylinders containing sand to obtain cemented
sand samples, confirming the effectiveness of EICP
Microbially induced carbonate precipitation technique. Neupane et al. [8] reported that the
(MICP) is a promising method of improving soil [1, maximum unconfined compressive strength of
2]. MICP is mostly based on a high-yield urease enhanced sand specimens using EICP was 380 kPa.
microorganism that uses its own metabolic activity to Carmona et al. [9] studied the application of EICP
produce urease, which hydrolyzes urea into NH4* and technology in sand cementation, and found that it can
COz%, and then COz* combines with Ca?" in the effectively enhance the mechanical properties of sand.
surrounding environment to form carbonate, so as to However, the cost of urease greatly restricts the
cement sand particles into a whole, causing an promotion of EICP technology. According to the
increase in strength of the soil [3]. Due to its mild current price of urease, the cost of urease accounts for
reaction conditions and weak negative effects, this the main part of the total cost of EICP technology.
technology has been widely used in geotechnical Commercial urease is produced in high-purity form
engineering and environmental engineering and other for medical, food and other industries, so the price is
fields in recent years. high [10]. Therefore, the potential of using plant-
Although MICP technology has been successfully derived urease-induced carbonate precipitation has
applied in both laboratory and field scales, there are been demonstrated. Nam et al. [11] extracted urease
still some challenges in improving soil. The size and from jack bean with phosphate buffer, indicating that
aerobic nature of the urease-producing bacteria limit the crude urease extract of the plant had the potential
the application of MICP, including the type and depth to replace the purified urease for improving the
of the treated soil [4]. Plant-derived enzyme induced strength of the material. Dilrukshi et al. [12] used
carbonate precipitation (EICP) is an alternative crude urease extracted from crushed watermelon
method to MICP for the enhancement of soil. EICP seeds to cement sand and obtained estimated
technology has two significant advantages over unconfined compressive strength of several kPa to
MICP. First, small size free urease induces carbonate MPa. Javadi et al. [13] applied a method of blending,
precipitation to be less prone to biological clogging filtration, and acetone fractionation to extract and
and can penetrate finer grained soil. Second, free purify urease from watermelon seeds for EICP
urease is degradable, avoiding long-term impact on treatment of soil. They reported the urease activity of
the environment [5, 6]. approximately 611 U/mL and demonstrated the
In recent years, Neupane et al. [7] injected the formation of CaCOs precipitation.
mixture of urea, calcium chloride and urease into Soybean is rich in urease and has a wide range of
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sources [14, 15]. In this study, in order to reduce the
cost of urease used in EICP, a simple method was
investigated to crudely extract soybean urease. The
effects of various factors on soybean urease activity
were studied. Then, urease was used in calcium
carbonate precipitation test to obtain the optimum
cementation solution concentration. Furthermore,
soybean urease and cementation solution with
optimum concentration were used to cement sand,
and the cementation effect was evaluated by
ultrasonic test and unconfined compressive strength.
Finally, the X-ray diffraction (XRD) test and
scanning electron microscope (SEM) test were
performed to explore the cementation mechanism of
the treated sand.

MATERIALS AND METHODS
Soybean Urease Extraction

The soybean flour was obtained by pulverizing
dried commercial soybeans and passing through a 100
mesh sieve. 100 g of soybean flour was placed in a
conical flask, and then 1 L of distilled water was
added, which was thoroughly shaken for 30 min.
After being stored in a refrigerator at 4<C for 24 h, the
soybean flour solution was centrifuged at 3000 r/min
for 15 min. The supernatant was collected as urease
solution for subsequent tests.

Urease Activity Test

The urease activity can be obtained by measuring
the change in conductivity of the solution [16]. In this
study, 3 mL urease solution was mixed with 27 mL
urea solution with a concentration of 1.5 M, and the
conductivity change in 10 min was monitored. The
temperature of the whole process remained constant.
The value of conductivity change per minute was
calculated, and then it can be converted to the urea
hydrolysis rate representing urease activity (mM urea
hydrolysed-min‘').

In order to determine the effective temperature
range where cementation is possible, urease solution
and urea solution were mixed at different
temperatures ranging from 15-85°C. To investigate
the changes of urease activity with different acid-base
conditions, the temperature was 25°C and the pH
varied from 6 to 10 to obtain the influence of pH on
urease activity.

Calcium Carbonate Precipitation Test

The cementation solution was the mixture of urea
and an equal molar concentration of calcium acetate.
In order to investigate the optimum cementation
solution concentration, cementation solution with
different concentrations (0.25, 0.5, 0.75, 1, 1.25 and
1.5 M) was prepared. In the test tube, 10 mL of urease
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solution was uniformly mixed with 10 mL of
cementation solution, and then the tube was placed in
an incubator at 30°C for 24 h.

The theoretical amount of calcium carbonate is
calculated by CxVxM, where C is the cementation
solution concentration in moles per liter, V is the
volume of the cementation solution in liters, and M is
the molar mass of calcium carbonate of 100.09 g/mol
[7]. The actual amount of calcium carbonate was
obtained by the acid digestion method: After the
reaction, the reactant was filtered through filter paper.
Then the precipitate and filter paper were oven-dried
at 60°C, and the total mass of them was weighted
(M1). Subsequently, hydrochloric acid with a
concentration of 4 M was used to rinse until no
bubbles were produced, followed by rinsing with
deionized water. The insoluble matter and filter paper
were oven-dried to obtain the total mass (M2). The
difference in mass before and after the acid digestion
was the actual amount of calcium carbonate (M1—
M2). The ratio of the actual amount of calcium
carbonate to the theoretical amount was represented
as the precipitation ratio of calcium carbonate.

Sand Cementation Test

Sand column treatment

In this study, the commercial sand was dried at
105°C before being placed in PVC cylinders with an
inner diameter of 4.7 cm and a height of 15 cm. The
particle size distribution curve was shown in Fig. 1.
The median diameter of the sand grains was 0.65 mm,
and according to ASTM D2487 [17], the sand was
classified SP. 300 g of sand was packed into the PVC
cylinder by layered compaction method. All samples
had a same initial dry density of 1.73 g/cm?® and a
height of 10 cm.
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Fig. 1 The grading curve of sand

All samples were placed vertically, and the urease
solution was injected from the bottom of samples at a
speed (2 mL/min) until it reached saturation, and
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approximately 50 mL of urease solution was used.
After two hours, 50 mL of cementation solution (0.75
M urea and 0.75 M calcium acetate) was injected into
samples at 2 mL/min as well. After 1 day, new urease
solution and cementation solution with the same
concentration and volume were added. In this way,
new urease solution and cementation solution were
added daily until required cementing time was
attained. The required cementing time of samples was
2,4, 6, 8 days.

Ultrasonic test

After the sand was cemented, deionized water was
injected to flush out the byproducts of ammonium
ions, and then samples were placed in an oven at 60°C
for 48 h. Then every soil specimen with a height of 10
cm was divided into three sections along the vertical
length, and the measuring points were selected at the
middle points of each section, denoted as A, B and C
successively, which was 17, 50 and 83 mm from the
bottom of the sample respectively. Ultrasonic wave
propagated along the diameter of samples at each
measuring point, and the compactness of the samples
was determined by comparing the sound time values
of different samples.

Unconfined compressive strength test

The sand columns were trimmed to make them
flat at the top and bottom before unconfined
compressive strength (UCS) test. Under the condition
that the sample had no lateral pressure, the loading
rate of Imm/min was controlled, the axial pressure
was applied until the sample failed, and the maximum
axial stress was taken as the UCS.

RESULTS AND DISCUSSION
Urease Activity Test

Effect of temperature

At high temperatures, urease will be inactivated
due to degeneration [18]. In this study, urease activity
was investigated between 15 and 85°C. The urease
activity at different temperatures is shown in Fig. 2.

Temperature had a significant effect on urease activity.

The urea hydrolysis rate of urease was 5.36 mM per
minute at 15°C, at the same temperature, this soybean
urease activity was about 13 times higher than
microbial urease activity previously studied by
Whiffin [16], which demonstrated that the extracted
soybean urease activity was higher. Afterward, urease
activity increased and approached the maximum at
75°C. Then, it dropped sharply at 85°C, this might be
due to the inactivation of urease at high temperatures,
which meant that excessive temperature was not
conducive to urease development.
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Fig. 2 The urease activity at different temperatures

Effect of pH

Each enzyme has an optimal pH at which it has
the greatest activity [19]. The urease activity at
different pH is shown in Fig. 3. The urease activity
increased first and then decreased with an increase in
pH from 6 to 10. The urea hydrolysis rate reached
maximum at the pH of 8, i.e., 7.55 mM per minute.
Therefore, the optimal pH of urease is 8. For the pH
of 6 and 10, the urea hydrolysis rate was 7.32 and 7.17
mM per minute, respectively, and it was noticed that
there was no significant’ decrease in the urea
hydrolysis rate compared with the pH of 8, which
showed that urease had strong tolerance to
moderately acid and alkali environment. During the
EICP process, urease hydrolyses urea into NH4* and
COs?%, resulting in the increase of pH, which creates a
conducive environment to carbonate precipitation
[20], hence, the resistance of urease to acid and alkali
is beneficial to its application in practical engineering.
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Fig. 3 The urease activity at different pH values
Calcium Carbonate Precipitation Test
The comparison between the actual and

theoretical amount of calcium carbonate at different
cementation solution concentrations is shown in Fig.
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4. As can be seen from the figure, when the
cementation solution concentration increases from
0.25 to 0.75 M, the actual amount of calcium
carbonate gradually increased and the precipitation
ratio also increased. Afterward, the actual amount of
calcium carbonate gradually deviated from
theoretical amount when the concentration of
cementation solution continued to increase, that is,

the precipitation ratio of calcium carbonate decreased.

This might be due to that the concentration of urease
was too high relative to the cementation solution
concentration as the cementation solution
concentration was low, which might suppress the
calcium carbonate precipitation reaction [7, 21].
Therefore, if the cementation solution concentration
is appropriately increased at this stage, the
precipitation ratio of calcium carbonate will increase.
However, when the concentration of cementation
solution exceeds the optimum concentration, the
function of urease will be limited, leading to the
reduction of the catalytic hydrolysis capacity of
urease and the reduction of calcium carbonate
precipitation ratio. Considering that the precipitation
ratio of calcium carbonate is up to 84% at the
cementation solution concentration of 0.75 M, hence,
0.75 M is taken as the optimum cementation solution
concentration, and the cementation solution with this
concentration is adopted in subsequent sand
cementation test.
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Fig. 4 The calcium carbonate production at different
cementation solution concentrations

Sand Cementation Test

Ultrasonic test

The propagation velocity of ultrasonic wave
varies with the degree of medium compactness.
Therefore, sound time value is taken as an index to
evaluate the compactness of cemented samples. The
difference of sound time value of each sample
indicates that the degree of compaction is different,
that is, the degree of cementation is different. The
sound time value of the sample after cementing is
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shown in Fig. 5. With the increase of cementing time,
the sound time value of each test position of the sand
column decreased. Because more urease solution and
cementation solution were injected as the cementing
time was increased, and more precipitation was
formed, the sample was more compact.

50 -

asr L )

46 - —=—2d
Z44) o—4d
=5
fo| S
§ 40 i\0—0
Sa0f
E38t
k=]

S 36+
o
D341

2L s z 'y

30 - ;\}\i

28 L L L

A B C

Test position

Fig. 5 The sound time value of cemented samples

Unconfined compressive strength test

The UCS of the sample after cementing is shown
in Fig. 6. It could be seen from the figure that the
cementing time had a significant influence on the
UCS of the sample. The UCS of the sample increased
with the increase of the cementing time. The UCS of
the sample was only 0.07 MPa at the cementing time
of 2 days, and when the cementing time was 8 days,
the UCS of the sample could reach 2.18 MPa, which
was 31 times greater than the cementing for 2 days.
In general, the more compact the material is, the
stronger it is. The ultrasonic test results showed that
the samples were more compact with the increase of
cementing time, hence, the UCS of the sample
increased.
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cemented samples
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XRD Test and SEM Test

The XRD test was conducted with the dried
precipitate. Figure 7 presents the X-ray diffraction
pattern of precipitate products. According to the
diffraction peak, the mineral composition of the
soybean urease induced precipitation is calcite.
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Fig. 7 The X-ray diffraction pattern of precipitate
product

Figure 8 shows the SEM image of the cemented
sand sample. It could be seen that there were calcium
carbonate crystals on the surface of sand grains and
between adjacent sand grains (Fig. 8(a)). With the
development of EICP reaction, the size of generated
calcium carbonate crystals kept growing. Some
calcium carbonate crystals cemented between sand
particles, while others filled the pores among sand
particles, thus making loose sand particles a whole.
However, there were still some pores in the sand,
which indicated that calcium carbonate crystals
generated by EICP reaction were not enough to fill all
the pores in the sand. This explained why the longer
the cementing time was, the more compact the sample
was. Figure 8(b) shows the SEM image with
magnification of 10000 times. As shown in the figure,
the morphology of calcium carbonate crystals
induced by soybean urease was spherical or spherical
aggregates with different sizes, which might be
related to the sedimentary environment.
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Fig. 8 The SEM images of the cemented sample: (a)
magnification of 100 times and (b)
magnification of 10000 times

CONCLUSIONS

Urease was extracted from soybeans at low cost.
On the basis of studying influencing factors of urease
activity and calcification, the soybean urease
cemented sand test was carried out. The following
conclusions can be drawn:

(1) Plant enzyme is simple and economical. The
extracted soybean urease has higher urease activity,
and its optimal pH is 8. Compared with pH,
temperature has a more significant effect on urease
activity, and the urease has a temperature optimum at
75°C.

(2) The cementation solution concentration has
great influence on calcification. When the
cementation solution concentration is low (<0.75 M),
increasing cementation solution concentration will
increase the precipitation ratio of calcium carbonate,
while excessively high concentration of cementation
solution will reduce the precipitation ratio of calcium
carbonate.

(3) EICP technology can successfully cement
loose sand particles into a whole. As for cementing
samples, with the increase of cementing time, more
calcium carbonate is generated to cement and fill the
sand, which improves the compactness and the UCS
of the sample. The UCS of the sample can reach 2.18
MPa after cementing for 8 days. It demonstrates that
EICP technology can appreciably improve the
mechanical properties of soil and has a broad
application prospect.

It is recommended to optimize the soil treatment
parameters and conduct some large-scale field tests
before EICP technology can be used in practical
engineering.
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ABSTRACT

The presence of expansive soils in the site poses threats not only for built residential houses and superstructures
but also for roadway construction. The shrink-swell behavior of expansive soils creates a continuous strain on the
pavements which can result in cracking and settlements. Therefore, there is a need to stabilize such problematic
soils. This study aims to establish a more economic and environmental-friendly way of stabilizing clay loam from
Kauswagan, Lanao del Norte. Varying combinations of gypsum and rice husk ash (RHA) were used in soil
stabilization. Untreated and treated soil specimens were tested for their California Bearing Ratio (CBR) and
coefficient of permeability per ASTM Standard D1883 and D2434 respectively. The CBR of the soil slightly
increased with the addition of 15% gypsum. While the addition of 10% RHA with the same amount of gypsum
dramatically increased the soaked CBR index of the soil. A peak average value of 21.11% was recorded for 15%
gypsum + 10% RHA soil specimen. Falling head permeability tests showed that as the amount of gypsum in
gypsum + 10% RHA soil specimen increases, the coefficient of permeability of the soil also increases. A direct
relationship was then formed between strength and permeability. This can be attributed to the formation of
micropores in the soil specimen with the addition of 10% RHA, allowing an easier flow of water through it. The
stabilized soil passed the DPWH Standard for the subgrade layer but slightly fell short of the requirement for the
subbase layer.

Keywords: Expansive soil, Roadway construction, CBR, Permeability, Soil stability

INTRODUCTION soil stabilization. This is done by altering several
properties of the soil by incorporating additives, to
Expansive soils are characterized for their drastic improve the necessary parameters for engineering
volume change depending on the water present in purposes. Cementitious materials such as cement and
them [1]. This behavior is attributed to the most lime are the typical characteristics of additives used.
detrimental clay mineral in expansive soils which is However, the use of cement in soil stabilization
the montmorillonite. Expansive soils exhibit three contributes to the rising carbon footprint of
characteristics that are considered problematic in construction. Therefore, the use of waste materials
construction — expansiveness, crack, and over- exhibiting the same properties is the focus of research
consolidation. These characteristics are highly nowadays to promote sustainable construction.
dependent on the amount of water or moisture in the Gypsum is known for its application in the flash
soil and may manifest during dry-wet cycles [2]. setting of cement however, the larger percentage of
Excessive expansion and shrinking of these soils use of gypsum is in the production of plasterboards.
produce continuous ground movement which causes In Japan, the sudden rise in construction demand
multiple damages to the overlying structure. Also, the increases the consumption and disposal of excess and
propagation of cracks in the soil reduces its overall under quality  plasterboards  which  poses
integrity and strength and increases its sliding ability. environmental problems in their country [3]. With
Another thing to consider is the over-consolidation this, an opportunity to use it as a soil stabilization
characteristics of these soils which hinder the additive was established by past studies [4],[5]. It was
drainage of tightly packed particles of soil. In solving found that gypsum combined with rice husk ash
these, soil stabilization techniques are implemented to (RHA) was able to improve the strength properties
improve the properties of the soil and make it more and control the expansion of expansive soils [5].
suitable for its served purpose. The use of heavy Agricultural wastes such as RHA were also used
equipment and mechanically stabilizing the soil on- in soil stabilization techniques because of their
site are the usual ways of improving the strength abundance. In the Philippines, the top ten rice-
properties of soil however, these practices have producing provinces produced nearly about 9 million
various negative impacts on the environment and are metric tons of rice per year which can also be
not economically possible for all instances. One of the associated with the huge amount of rice husk waste.
more economical ways of stabilizing soils is chemical The viability of RHA in the field of soil stabilization
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was proven by past studies [6],[7]. It was found that
RHA has pozzolanic properties due to its silica and
aluminum content. This characteristic is important in
the development of the strength property of soils.

The main objective of this study is to determine
the optimum mix proportions of waste gypsum and
RHA that will yield the maximum values of the
strength property and permeability acceptable for
roadway embankment application. In determining the
improvement on the strength property of the soil,
CBR tests are done using untreated and treated soil
specimens. On the other hand, falling head
permeability tests are done in determining the mix
proportion of gypsum and RHA that yields the peak
value for the coefficient of permeability. Empirical
models are then formulated to describe the
relationship of soaked CBR index and coefficient of
permeability with the amount gypsum in a mixed
proportion.

With the implementation of the ‘Build, build,
build’ program of the government, the demand for
construction materials and the waste generated
including gypsum increases. And considering the
effect of gypsum on the environment, this increase in
a waste generation may cause environmental
problems in the future [8]. Considering the country’s
rice production, using RHA in stabilizing soils is
ideal. This promotes a more sustainable, economical,
and eco-friendly way of improving the geotechnical
properties of soils.

MATERIAL AND METHODS
Source of the Expansive Soil Sample

The soil sample used in this study was extracted
from Kauswagan, Lanao del Norte, Philippines. The
sample was extracted at a depth of at least 2 meters
ensuring that no organic matter will be included. The
area was used for a proposed landfill site. While
dealing with moist samples, color streaks and some of
the soil were left when forming bigger clumps of soil
as seen in Figure 1. These traits were attributed to clay
minerals in soils [9]. On the other hand, the soil
exhibited cracks and loss in total volume when oven-
dried for 24 hours at 105 degrees Celsius as can be in
Figure 2.

Source of Gypsum

The gypsum used in this study was sourced from
a hardware store, selling it as plaster. This form of
gypsum was grounded to powder and heated in
production plants at a temperature depending on their
application. Typically, gypsum wastes are collected
from plasterboard excess and rejects during
production. These wastes are then recycled by
recycling companies and repurposing for plaster and
tile grout used. Figure 3 shows the gypsum used.
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Fig. 1 Soil sample formed in big clumps.

Fig. 2 Crack propagation in Kauswagan soil sample.

Fig. 3 Recycled powdered gypsum used in the study.

Source of Rice Husk Ash

The rice husk ash used in this study was collected
from a biomass powerplant in Muntinlupa City,
Metro Manila. Huge hauls of rice husk from the
Central Luzon provinces were collected and brought
to the said powerplant to incinerate. The resulting
product of the said incineration process was the rice
husk ash. Figure 4 shows the rice husk ash used in this
study.
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Fig. 4 Rice husk ash sample used in the study.
EXPERIMENTAL PROGRAM

Considering the objectives of the study, the
essential parameters to be determined are the soaked
CBR index and coefficient of permeability of the
untreated and treated soil specimens. But before
conducting the main experimental program,
preliminary experiments per ASTM Standards must
be done. These experiments are summarized in Table
1.

Table 1 Preliminary Experiments

Laboratory Test ASTM Standard
Grain Size Analysis ASTM D422
Moisture-Density Relationship ~ ASTM D698
Maximum Index Density ASTM D4253
Minimum Index Density ASTM D4254

Using the results of these tests, the soaked CBR
index and coefficient of permeability of all the soil
specimens were analyzed and compared. The
parameters obtained in these tests were also used to
determine if the soil passed the requirements
mandated by the Department of Public Works and
Highways (DPWH). Table 2 and Table 3 summarize
the requirements for the subgrade and subbase layer.

Table 2 Summary of Subgrade Requirements

Subgrade course

Laboratory Test Requirement
Grain Size Analysis All particles shall pass
75 mm square
openings and not more
than 15% passing no.
200 sieve

Atterberg Limits Plasticity Index of not
more than 6. Liquid
Limit of not more than

30.
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Table 3 Summary of Subbase Requirements

Subbase Course
Laboratory Test Requirement
Grain Size Distribution ~ Percent passing no. 200
sieve shall not be
greater than two-thirds
of the percent passing
no. 40 sieve
Percent passing no. 40
sieve shall have PI <
12 and LL < 35

Atterberg Limits

Soaked CBR values
not less than 30%

CBR Test

TEST RESULTS
Grain Size Analysis

The soil in this study was tested for its grain size
distribution and the average percent passing sieve no.
200 is 59.14% [5]. Based on the results of tests done,
all mix proportions passed the grading requirement
for subgrade materials. The particles of treated soil
samples have a range of 1.28% to 5.54% passing no.
200 sieve. Moreover, upon calculating the two-thirds
of percent passing no. 40 sieve and comparing it to
the percent passing of no. 200 sieve, all treated
samples passed the grading requirements of subbase
layer. Figure 5 shows the grain size distribution curve
of 15% gypsum + 10% RHA + soil mix proportion.
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Fig. 5 Grain Size Distribution Curve of Kauswagan
Soil + 15% Gypsum + 10% RHA.

Moisture-Density Relationship

Table 4 summarizes the results of Proctor
compaction tests conducted for each mix proportion.
Based on the results, it is noticeable that there is an
increase in the maximum dry density (MDD) and a
decrease in optimum moisture content (OMC) as
gypsum is added to the soil sample. The same trend is
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true as a constant value of 10% RHA is introduced in
the specimen. Typically, the compaction curves of
clays are bell-shaped [10]. This can be observed in the
compaction curve of plain soil and soil with 15%
gypsum specimens. On the other hand, the addition of
RHA in the soil specimens induced the shifting of
compaction curves to the left. This kind of
compaction curve is common to silt with sand [11].
The change in the trend of the compaction curves
proves the effectivity of the admixtures used. Better
visualization of the comparison of curves is shown in
Figure 6.

Table 4 Average Optimum Moisture Content and
Maximum Dry Density of each Soil Mix Proportion

Material oMC MDD
(%) (KN/m?3)
Kauswagan Soil 42,719 11772

15% Gypsum + 85% Soil  37.374  12.681
5% Gypsum + 10% RHA + 34435 13.173

85% Soil

10% Gypsum + 10% RHA + 32.190 13.247
80% Soil

15% Gypsum + 10% RHA + 31.496  13.695
75% Soil

MAXIMUM DRY DENSITY, KN/M
=
//
y

10% 15% 20% 25%  30% 5 4
MOISTURE CONTENT, %
—4—50il only 15% Gypsum
5% Gypsum + 10% RHA 10% Gypsum + 10% RHA
15% Gypsum + 10% RHA

Fig. 6 Comparison of moisture-density curves of
untreated and treated soil sample.

Maximum and Minimum Index Density Test

The maximum and minimum index density tests
are used to determine the state of compactness of the
soil specimen. From the calculated maximum and
minimum index densities, the relative density of the
specimen is determined. In this study, a constant
value of 90% relative density was used. This is the
maximum relative density that can be achieved by
manual tamping [11]. The resulting maximum value
for emax and the resulting minimum value for emis in

all trials for each mix proportion were adopted. Using
these values, the masses of each mix proportion to be
used in the permeability test were determined. Table
5 summarizes the resulting values for emax and emin.

Table 5 Maximum and Minimum index densities of
each Soil Mix Proportion

Material Emax €min

Kauswagan Soil 2554 1.616

15% Gypsum + 85% Soil 2529 1.727

5% Gypsum + 10% RHA + 2515 1.736
85% Soil

10% Gypsum + 10% RHA + 2484 1.754
80% Soil

15% Gypsum + 10% RHA + 2476 1.692
75% Soil

California Bearing Ratio Test

In assessing the effectiveness of the additives used
in this study to stabilize expansive soils, one
important factor to consider is its effect on the
strength of the soil. In this study, the bearing strengths
of the untreated and treated soil specimens were
determined using the soaked CBR test per ASTM
D1883 which is the standard test method for
identifying the CBR value of soils. The soil
specimens were soaked for 96 hours after compacting
them in the CBR mold. Table 6 summarizes the
average soaked CBR values of the soil specimens at
2.54 mm and 5.08 mm penetrations.

Table 6 Average Soaked CBR Values (%) of each
specimen at 2.54 mm and 5.08 mm penetration

Material CBR@ CBR@
254 mm 5.08 mm
(%) (%)
Kauswagan Soil 1.46 1.76
15% Gypsum + 85% Soil 2.74 2.97
5% Gypsum + 10% RHA 6.88 7.32
+ 85% Soil
10% Gypsum + 10% 10.72 11.13
RHA + 80% Soil
15% Gypsum + 10% 20.43 21.11
RHA + 75% Soil

Based on the results, the recorded soaked CBR
value for pure Kauswagan soil is 1.76%. This value is
considered extremely low for roadway construction
but is completely normal for soils classified as MH
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(heavy silt). Soaked CBR values ranging from 1.35%
to 2.20% were recorded for soils classified under MH
(heavy silt) [12]. While the addition of 15% gypsum
in the soil specimen yields a 69% increase in the
soaked CBR wvalue of the soil, yet it is still
considerably low to pass the roadway construction
requirements. On the other hand, the introduction of
a constant amount of 10% RHA in the soil specimen
dramatically increases the strength of the soil. At 15%
Gypsum + 10% RHA sample, which yields the peak
average soaked CBR value of 21.11%, a 600%
increase in the soaked CBR value compared to its
gypsum-only soil mixture counterpart, was recorded.
The bearing strength improvement of 15%
Gypsum+10% RHA soil specimens can be used for
subgrade fill if it will also allow good drainage for
water.

< 5oil + Gypsum Soil + Gypsum + 10% RHA

= a w
8 e =]

CBR INDEX (5.08MM)

0% 5% 10% 15%
AMOUNT OF GYPSUM, %

Fig. 7 Correlation between the gypsum content and
soaked CBR index at 5.08 mm penetration for both
Gypsum only and Gypsum+10% RHA samples.

In calculating for the CBR index of Gypsum+10%
RHA soil specimens at 5.08 mm penetration, Eq. 1
can be used:

CBR = 1501 X2 ,cum — 116.45X6m + 7.76 (1)
Where:

CBR - soaked CBR index at 5.08 mm penetration
Xgypsum — the amount of gypsum in decimal form

Falling Head Permeability Test

The coefficient of permeability, k, of the treated
and untreated soil specimens were determined using
a rigid wall permeameter with an internal diameter of
6.305 cm and a specimen height of 14.6 cm. The
condition of the permeability tests was falling head at
a constant minimum hydraulic gradient of 1.5.
Moreover, a constant relative density of 90% was
achieved in all test specimens as it was the highest
value attainable by manual thumping [11]. The
coefficient of permeability, k, was calculated using
Darcy’s Law. Table 7 shows the summary of the
coefficient of permeability of the untreated and
treated soil specimens.
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Table 7 Average Coefficient of Permeability of each
soil specimen

Material Permeability, cm/s

Kauswagan Soil 3.958 x 10~

15% Gypsum + 85% Soil 1.599 x 1073

5% Gypsum + 10% RHA 8.943 x 10~
+ 85% Soil

10% Gypsum + 10% RHA  2.308 x 103
+ 80% Soil

15% Gypsum + 10% RHA 2.960 x 1073
+ 75% Soil

Based on the results, Kauswagan soil recorded a
coefficient of permeability value of 3.958 x
10~*cm/s which is classified as poor in the table of
drainage characteristics of soils [13]. The addition of
15% Gypsum in the soil yields a significant increase
in the k value and improved the drainage capacity of
soil into good. Further increase in the permeability
was recorded for gypsum +10% RHA soil specimens.
As the amount of gypsum increases, the coefficient of
permeability also increases. A peak value of 3.114 %
1073 cm/s and an average value of 2.960 x 10~ 3was
attained by 15% Gypsum+10% RHA soil specimens
which are considered as good drainage capacity. This
is 647.85% greater than the pure soil specimen and
85.11% greater than the gypsum-only soil specimen
counterpart.

> Soil + Gypsum Soil+Gypsum+10% RHA

15 24
1
05

o

o]

o

5% 10% 15%
AMOUNT OF GYPSUM, %

COEFFICIENT OF PERMEABILITY, K (CM3/5)

Fig. 8 Correlation between the gypsum content and
Coefficient of Permeability for both Gypsum only
and Gypsum + 10% RHA samples.

In calculating the coefficient of permeability of
Gypsum + 10% RHA soil specimens, Eq. 2 can be
used:

k = 20.555X;,p5um
Where:

k — coefficient of permeability of Gypsum + 10%
RHA soil specimens

Xgypsum — the amount of gypsum in percentage (%)

)
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CONCLUSIONS

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

Physical properties of the soil were described.
Color streaks of the soil were left when molded into
bigger clumps. When dried, visible cracks and loss in
volume in the soil were also observed. Based on the
Unified Soil Classification System (USCS),
Kauswagan soil is classified as MH (high plasticity
silt). These characteristics proved that the soil is
expansive.

For the bearing capacity, pure soil has a very low
soaked CBR value of 1.76%. The addition of 15%
gypsum in the soil resulted in a 69% increase in the
soaked CBR index but still considerably low to pass
the roadway construction requirements. On the other
hand, the introduction of 10% RHA in the mix
proportion dramatically increased the bearing
capacity of Kauswagan soil. An increasing soaked
CBR index trend was observed as the number of
gypsum increases in the mix proportion. A peak
average value of 21.11% was recorded for 15%
Gypsum+10% RHA soil specimens. Therefore, the
optimum mix proportion in improving the strength
property of Kauswagan soil is 15% Gypsum + 10%
RHA mix.

Kauswagan soil was also tested for its coefficient
of permeability, and it showed that it has a poor
drainage capacity. The addition of 15% gypsum
reduces the number of voids present in the soil but
slightly increases the permeability of the soil. This
unusual effect on the soil remains consistent as 10%
RHA was added to the soil. As the amount of gypsum
increases in Gypsum+10% RHA soil specimens, the
void ratio and coefficient of permeability of the soil
increases. A peak value of 3.114 x 10~3 cm/s and an
average value of 2.960 x 10~3was attained by 15%
Gypsum+10% RHA soil specimens which are
considered as good drainage capacity. Therefore, the
optimum mix proportion in improving the
permeability characteristics of Kauswagan soil is
15% Gypsum + 10% RHA. The addition of RHA in
the mix proportion, which is bigger than the soil,
reduced the cohesion among soil particles which
creates micropores in the soil specimen

Considering the improvement of the strength and
permeability characteristics of Kauswagan soil due to
the combination of gypsum and RHA, the soil is
recommended for subgrade use.

ACKNOWLEDGMENTS

The authors would like to express their deepest
gratitude to DOST-ERDTR for providing the
necessary resources to complete this research, ABC
Infrageoservices, and to Engr. Jonathan Tiongson for

74

the procurement of materials.
REFERENCES

[1] Dang, L., Hasan, H., Fatahi, B., Jones, R., &
Khabbaz, H., Enhancing the Engineering
Properties of Expansive Soil Using Bagasse Ash
and Hydrated Lime. International Journal of
GEOMATE, Vol. 11, Issue 25, 2016, pp. 2447-
2454,

[2] Shi, B., Zheng, C., & Wu, J., Research Progress
on Expansive Soil Cracks under Changing
Environment. The Scientific World Journal, 2014.

[3] Ahmed, A., Ugai, K., & Kamei, T., Investigation
of recycled gypsum in conjunction with waste
plastic trays for ground improvement.
Construction and Building Materials, Volume 25,
pp. 208-217.

[4] Ahmed, A., Ugai, K., & Kamei, T., Laboratory
and Field Evaluations of Recycled Gypsum as a
Stabilizer Agent in Embankment Construction.
Soils and Foundations, Volume 51, Issue 6, 2011,
pp. 975-990.

[5] Tan, J. F., & Adajar, M. A. Q., Recycled Gypsum
and Rice Husk Ash as Additives in the
Stabilization of Expansive Soil. International
Journal of GEOMATE, Volume 18, Issue 70,
2020, pp. 197-202.

[6] Behak, L., Soil Stabilization with Rice Husk Ash.
Rice Technology and Production, 2017, pp. 31-45.

[7] Yadav, A. K., Gaurav, K., Kishor, R., & Suman,
S. K., Stabilization of alluvial soil for subgrade
using Rice Husk Ash, Sugarcane Bagasse Ash,
and Cow Dung Ash for Rural Roads. International
Journal of Pavement Research and Technology,
Volume 10, 2017, pp. 254-261.

[8] Claisse, P. A., & Ganjian, E., Gypsum: Prospects
for Recycling. Proceedings of the ICE -
Construction Materials, Volume 159, Issue 1,
2006, pp. 3-4.

[9] Finch, H. J. S., Samuel, A. M., & Lane, G. P. F,,
Lockhart & Wiseman’s Crop Husbandry
Including Grassland, 9th ed., Woodhead
Publishing, 2014.

[10] Budhu, M., Soil Mechanics and Foundations, 3rd
ed., John Wiley & Sons, Inc., 2010.

[11]Dungca, J. R., & Jao, J. L., Strength and
permeability characteristics of road base materials
blended with fly ash and bottom ash. International
Journal of GEOMATE, Volume 12, Issue 31,
2017, pp. 9-15.

[12] Nagaraj, H. B., & Suresh, M, Influence of clay
mineralogy on the relationship of CBR of fine-
grained soils with their index and engineering
properties. Transportation Geotechnics, Volume
15, 2018, pp. 29-38

[13]Liu, C., & Evett, J. B., Soil Properties: Testing,
Measurement, and Evaluation, 6th ed., Pearson
Education, Inc., 2009.



11th Int. Conf. on Geotechnique, Construction Materials & Environment,
Kyoto, Japan, 3-5 November 2021, ISBN: 978-4-909106063 C3051

OPTIMIZATION OF THE STRENGTH PROPERTIES OF EXPANSIVE
SOIL STABILIZED WITH AGRICULTURAL WASTES

Mary Ann Q. Adajar*and Kigia R. Valbuena®
!De La Salle University, Manila, Philippines
ABSTRACT

Expansive soils are problematic soils that exhibit shrink-swell behavior. Previous research has shown that 20%
rice husk ash (RHA) effectively reduces the swelling potential of expansive soils, but it does not increase the
strength of the soil. An improved admixture composed of RHA and a binder is used to treat the expansive soil.
Different types of binders are used; three of which are agricultural wastes namely coconut shell ash (CSA), rice
straw ash (RSA), and sugarcane bagasse ash (SCBA). Ordinary Portland cement (OPC) is used as a comparison
for the other binders. The untreated and treated soil mixtures were evaluated mainly through the unconfined
compressive strength (UCS) and expansion index (El). The effectivity of the admixture is evaluated through
ASTM D4609. The treated specimens exhibited an increase in the strength by as much as 745.38 kPa, 859.90 kPa,
799.46 kPa, 2428.31 kPa for the mixtures with CSA, RSA, SCBA, and cement, respectively. A response surface
methodology was performed for the UCS of the soil mixtures with the binder types CSA, RSA, and SCBA. The
binder content and curing period are the numerical factors and the response is the UCS. Contour plots and response
surface plots show that the optimum strength for the mixtures with CSA, RSA, and SCBA is at the highest curing
period (35 days) and lowest binder content (5% content). The binder type that has the highest maximum value for
the predicted response is the RSA, therefore, the optimum mixture is the soil with 5% RSA.

Keywords: Expansive soils, Agricultural wastes, Unconfined compressive strength, Expansion index, Response
surface methodology

INTRODUCTION materials can replace cement even up to 70% while
providing environmentally safe, sound, and low-cost
Expansive soils are clay soils that shrink and swell, structures [4]. RHA has already been found to be
exhibiting an extreme change in volume. The successful in mitigating the swelling potential of
damaging effects of expansive soils are exacerbated expansive soils; however, it does not increase the
in fluctuating climates such as the Philippines. strength of the soil alone [5]. A binding agent should
Temperature changes trigger the shrink-swell be used together with RHA to improve its quality and
phenomena in the soil that will lead to the failure of efficiency as a soil stabilizer.
the soil and ultimately the structure above it. Agricultural wastes are pozzolanic, making them
Expansive soils are prevalent in the Philippines due good supplementary cementitious materials [6]. In the
to the extensive deposition of volcanic ash [1]. The Philippines, large quantities of agricultural wastes are
Philippines is also abundant in fertile soils, among abandoned yearly, creating a pollution problem. Rice
which include smectite type of clays, which are very husk, sugarcane bagasse, and coconut shells produced
much prone to shrinking and swelling upon drying more than three million metric tons, over five million
and wetting [2]. Expansive soils can cause extensive metric tons, and more than two million metric tons of
damage to structures if undetected and overlooked waste biomass from 2010-2011, respectively. Rice
before construction. It is stipulated in the National straw produced a staggering amount of over sixteen
Structural Code of the Philippines (NSCP) that where million metric tons during the same period [7]. The
expansive soils are present under foundations, they environmental burden caused by agricultural wastes
should be removed or stabilized around and beneath can be reduced by using them as admixtures.
the structure [3]. There is great potential for using agricultural
There are already numerous existing mechanical wastes as binders particularly CSA, RSA, and SCBA
or chemical solutions for expansive soils. However, due to their pozzolanic characteristic [8]-[10].
these are not always practical or economical. Coconut shells subjected to uncontrolled combustion
Removal and replacement of expansive soils can also to produce CSA were found to be a suitable partial
be done but it is not always preferred due to its high replacement for cement in the production of concrete
cost. A sustainable and more cost-effective [8]. RSA satisfies the minimum requirements of a
alternative would be to make use of admixtures pozzolana according to the ASTM standards, making
composed of agricultural waste that have it a good replacement for cement [9]. SCBA has a
cementitious properties. It has been found that waste high percentage of silica which allows it to have a
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binding property. In a study, an increase in the
strength of expansive soil was observed when SCBA
and lime were used. Further, the addition of SCBA to
lime is more effective than lime alone in decreasing
the swelling potential of the soil [10].

The main objective of this study is to determine
the optimum amount of admixture in treating
expansive soils under dry curing conditions that will
reduce the swelling potential and produce the
maximum strength of the soil. The RHA-soil mixture
for controlling soil expansion will be enhanced by
adding different proportions of CSA, SCBA, and
RSA to find the optimum mix design. The effectivity
of the admixture is evaluated using the Expansion
Index (El), Atterberg limits, Maximum Dry Density
(MDD), Optimum Moisture Content (OMC), and
Unconfined Compressive Strength (UCS). The
response surface methodology (RSM) was used to
optimize the response of interest, the UCS, which is
influenced by the type of binder, binder content, and
the curing period.

MATERIALS AND METHODS
Material Sourcing

The expansive soil was obtained from Kauswagan,
Lanao del Norte. It was already used in a previous
study that confirmed its shrink-swell tendencies [11].
RHA was obtained from Restored Energy
Development Corporation in Muntinlupa City. CSA
was produced in Morong, Bataan. RSA was sourced
from local rice farmers in Anao, Mexico, Pampanga.
SCBA was bought from a commercial establishment.

Experimental Procedure

The index properties of the untreated soil were
obtained for soil classification. The index properties
were evaluated using the NSCP specifications for
expansive soil in Table 1 to determine the potential
expansion of the soil.

Table 1 NSCP Specifications for Expansive Soil [3]

Property Required Value
Percent Passing No. 200
Sieve (éi)) >10%
Percent Passing 5 um (%) >10%
Liquid Limit, LL (%) >50%
Plasticity Index, P1 (%) >15%
Expansion Index, El >20

Standard procedures from ASTM were followed
for all of the laboratory tests shown in Table 2. These
tests were performed on both untreated and treated
samples. The preliminary data includes the specific
gravity, grain size analysis, Atterberg limits, and the
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moisture-density relationship. The effectiveness of
the admixture is evaluated through ASTM D4609.
The indicators for improvement are in Table 3.

Table 2 Laboratory Tests

Experimental Program Test Standard
Specific Gravity ASTM D854
Grain Size Analysis ASTM D422
Atterberg Limits ASTM D4318
Mmsturg—Deqsny ASTM D698
Relationship
Expansion Index ASTM D4829
Unconfined Compressive ASTM D2166

Strength

Table 3 Criteria to Gauge the Effectiveness of
Admixture (ASTM D4609)

Property
Liquid Limit
Plasticity Index
Maximum Dry

Indicator for Improvement
Significant reduction
Significant reduction

Increase by more than 80

Density kg/m?
Optimum Moisture Decrease by more than
Content 15%
Unconfmgd Increase by 345 kPa or
Compressive more
Strength

Mixture Preparation

Dry mix proportioning made use of the
preliminary data. The soil mixtures were created by
replacing a percentage of the untreated soil’s volume
with RHA and binder. The RHA content is always
20%; the binder content ranges from 5% to 20% in
increment of 5%. Twenty percent RHA is used in this
study as the stabilizer because it is the recommended
value to effectively reduce the swelling potential of
expansive soil [5].

The dry mixture was mixed with water at
optimum moisture content to make the total soil
mixture for the El test and the UCS test. For the UCS
test, there were five specimens prepared for each
variation of the soil mixture.

The samples were placed in airtight containers to
cure for at least 16 hours. The cured samples were
compacted into molds then extruded. Immediately
after casting, the specimens were sealed with plastic
wrap for at least seven days. The specimens were
unsealed after seven days and subjected to the drying
curing condition. The specimens were cured up to 14,
21, 28 and 35 days from casting.
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TEST RESULTS
Soil Classification

The index properties of the soil used in this study
met most of the criteria set by the NSCP for expansive
soils as shown in Table 4. The soil is classified as
expansive because of its expansion index that is the
governing property to classify expansive soils. Its
expansion index value of 98 indicates that it has high
expansion potential. Based from the Unified Soil
Classification System (USCS), the soil sample is
elastic silt (MH).

Table 4 Summary of Soil Classification

Required
Property Value Result ~ Remarks
Percent
Passing No. >10% 54.82 Pass
200 Sieve (%)
Percent
Passing 5 pm >10% N/A Fail
(%)
Liquid Limit, 0
LL (%) >50% 76.93 Pass
Plasticity
>159 .
Index, PI (%) 15% 32.85 Pass
Expansion
Index, El >20 98 Pass

Evaluation of Effectiveness of Admixture

Atterberg Limits

The behavior of the soil under varying moisture
contents can be determined using the Atterberg limits.
According to ASTM D4609, an admixture is effective
when there is a significant reduction in the liquid limit
and the plasticity index. The summary of the test
results for the Atterberg limits is shown in Table 5.

The liquid limit and the plasticity index values of
the mixtures are generally decreasing. The reduction
in the liquid limit and plasticity index is due to the
replacement of clay particles with non-plastic
materials.

The liquid limit dropped by as much as 7.23% and
17.77% for the mixtures with RSA and cement,
respectively. Conversely, it could be observed that the
mixtures containing CSA and SCBA have liquid limit
values significantly higher compared to the untreated
soil. The microstructure of the CSA and SCBA
allowed more water to be absorbed.

The plasticity index was reduced by as much as
11.89% when RSA acted as the binder. Cement
mixtures also show a reduction by as much as 39.73%
in the plasticity index. A study that used cement and
RHA as additives also saw a reduction in the
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plasticity of the soil [12]. On the other hand, most
mixtures with CSA and SCBA have values for
plasticity index higher than the untreated soil. In a
study that used coconut shell powder, the plasticity
index also increased as the additive increased [13]. In
another study that used SCBA, the liquid limit and
plasticity index decreased as the additive increased
[14]. This difference in the trend observed could be
because the SCBA used in this study was not burned
in a controlled condition. Overall, the RSA and
cement improved the soil while the CSA and SCBA
did not.

Table 5 Summary of Results for Atterberg Limits

Binder Li.qu.id Pl.ast.ic Plasticity
Content Limit, Limit, Index,
LL (%) PL (%) Pl (%)

0% 77 44 33

5% CSA 93 49 44
10% CSA 83 46 37
15% CSA 83 47 36
20% CSA 82 45 37
5% RSA 75 46 29
10% RSA 75 45 29
15% RSA 74 45 30
20% RSA 72 42 30
5% SCBA 81 45 36
10% SCBA 80 46 34
15% SCBA 79 43 36
20% SCBA 77 47 30
5% OPC 74 46 27
10% OPC 72 47 25
15% OPC 67 43 24
20% OPC 65 41 24

Moisture-Density Relationship

Most soils show a relationship between their
moisture content and dry density when placed under
a compactive effort. The optimum moisture content
(OMC) and maximum dry density (MDD) are
performance indicators of the admixture as per
ASTM D4609. Table 6 shows the summary of the
results obtained through the Standard Proctor Test.

The reduction in the MDD observed for all
mixtures could be attributed to the lower specific
gravity of the stabilizer and binder compared to the
soil. The RHA used in this study has a specific gravity
of 1.555[5]. The CSA, RSA, and SCBA have specific
gravity values of 1.154, 1.844, and 1.544,
respectively, while the soil has a specific gravity of
2.713.

The OMC of the soil increased by 2.24% to
34.23% when incorporated with the stabilizer and
different types of a binder. The increase in the OMC
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is attributed to the porosity of the RHA [12]. The
presence of 20% RHA in all the mixtures greatly
affected the results of the moisture-density
relationship test. Overall, none of the binders showed
an improvement in the compaction characteristics of
the soil.

Table 6 Summary of Results for Moisture-Density
Relationship

Maximum Dry Optimum
Binder Content Density Moisture
(KN/m?3) Content (%)

0% 14.03 35.73

5% CSA 9.55 449
10% CSA 10.06 46.93
15% CSA 9.61 46.53
20% CSA 9.36 47.35
5% RSA 11.03 40.08
10% RSA 11.20 40.23
15% RSA 11.38 39.2
20% RSA 11.67 38.85
5% SCBA 9.53 47.96
10% SCBA 9.84 46.94
15% SCBA 9.66 48.57
20% SCBA 9.50 47.76
5% OPC 11.83 30.58
10% OPC 12.23 36.53
15% OPC 12.76 37.31
20% OPC 12.38 37.88

Unconfined Compressive Strength

Most of the soil mixtures met the required
provisions set by ASTM D4609 for the indication of
improvement in strength. The treated specimens
exhibited an increase in strength by as much as
745.38 kPa (227.82%), 859.90 kPa (262.82%),
799.46 kPa (187.61%), 2428.31 kPa (569.85%) for
the mixtures with CSA, RSA, SCBA, and cement,
respectively. The consistency of the specimens
changed from very stiff to hard under the drying
curing condition and with an increased curing period.
A similar study also found that the specimens under
drying conditions yielded a higher compressive
strength than that of the sealed condition due to
carbonation and suction [15].

The mixtures with cement did not show a trend for
the curing period and binder content because the dry
curing condition inhibited the hydration process. The
increase in strength after the 35-day curing period is
represented in Fig. 1. A high strength could be
achieved by the soil mixtures with RSA and SCBA
with the minimum binder content while the soil
mixtures with cement require the maximum binder
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content to achieve a strength that may not always be
as high. OPC is not an ideal binder for expansive soils
not only for being uneconomical but also because of
its poor and inconsistent performance when subjected
to the dry curing condition.

EICSA ©@RSA ESCBA HOPC

pis 200
%b 150
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Fig. 1 Increase in strength after 35 days

Expansion Index

With the addition of the stabilizer and binder, the
potential expansion of the mixtures became very low.
The EI of the mixtures ranged from 0 to 2 only. This
reaffirms the effectiveness of 20% RHA as a
stabilizer. It also indicates that the binder had little to
no effect on the expansion of the soil, even though the
microstructures of CSA, RSA, and SCBA allow more
water to be absorbed by the mixture.

Optimization of the Strength Using Response
Surface Methodology

The optimum mixture is chosen based on the
response surface method. The response surface
methodology was performed using the Design-Expert
software. The curing period and binder content are the
numerical factors. The minimum value of the curing
period is 14 days while the maximum is 35 days. The
minimum value for the binder content is 5% while the
maximum is 20%. Cement is not considered in the
optimization because it only served as a comparison
for the other binders in terms of effectiveness. A
response surface quadratic model was produced for
each binder type. Statistical analysis revealed that the
models are significant and adequate to represent the
relationship  between the response and the
independent variables. There is only one response
which is the unconfined compressive strength.

Three-dimensional (3D) surface plots are
produced by the models shown in Figs. 2 to 4. The
highest strength is always achieved in the upper left
portion of the surfaces, which means that the
optimum strength is at the highest curing period (35
days) and lowest binder content (5% content) for the
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binder types CSA, RSA, and SCBA. The strength of
the CSA, RSA, and SCBA mixtures increases over
time due to the drying curing condition that gives the
specimens a hard consistency. Additionally, the
cohesion of the particles is improved over time. The
ashes are non-cohesive and they have a
microstructure full of voids; therefore, the lowest
binder content is desirable.

Design-Expert® Software
ucs

1215.48

764.395
X1 = A Binder Content
X2 = B: Curing Period

35.00
2975

20.00
2450

B: Curing Period 1250

14.00 5.00 A: Binder Content

Fig. 2 Response surface plot of curing period
and binder content (CSA as binder type)

Design-Expert® Software

ucs

1682.36
623.086

X1 = A Binder Content
X2 = B: Curing Period

35.00

29 75\

2450
B: Curing Period 1925~

1400 5.00

16.25

e
8.75

A: Binder Content

Fig. 3 Response surface plot of curing period
and binder content (RSA as binder type)

Design-Expert® Software
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1795.14

675.252
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The equations of the UCS generated from the
ANOVA were used to obtain the predicted maximum
value of the strength for each binder type. The
equations produced by the models are as follows:

UCS sy = 1432.809 — 49.460(BC)
— 18.361(CP) — 0.27(BC)(CP)
+1.746(BC°) + 0.555( CP?)

)

UCS sy = 1582.026 — 16.791(BC)
—39.551(CP) —0.695(BC)(CP)
—0.242(BC°) + 1.385( CP’)

O]

UCSgcpq = 426.154 + 9.277(BC)
+35.513(CP) — 0.840(BC)(CP)
— 0.329(BC°)+ 0.075( CP?)

®)

Where:

UCScsa = UCS of Mixtures with CSA (kPa)
UCSgrsa = UCS of Mixtures with RSA (kPa)
UCSscea = UCS of Mixtures with SCBA (kPa)
BC = Binder Content (%)

CP = Curing Period (days)

The UCS can be obtained using the final equation
in terms of the actual factors. The equations for the
predicted response in terms of the actual factors were
used to compare the maximum UCS values as shown
in Table 7. The values used for the factors are those
that would produce the maximum, which is 5% for
the binder content, and 35 days for the curing period.
The binder type that has the highest maximum value
for the predicted response is the RSA, therefore, the
optimum mixture is the soil with 5% RSA.

Table 7 Maximum Values for the Predicted UCS for
Each Binder Type

Binder Curing  Predicted
Binder Type Content  Period UCs
(%) (days) (kPa)
CSA 5 35 1219.120
RSA 5 35 1682.124
SCBA 5 35 1651.952

CONCLUSIONS

The soil used in this study was sourced from
Kauswagan, Lanao del Norte. It is identified as an
expansive soil due to its index properties meeting the
criteria set by the NSCP for expansive soils. 20%
RHA was used as the stabilizer for the soil since it has
been proven to effectively reduce the swelling
potential of the soil. CSA, RSA, SCBA, and OPC
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were added in varying percentages from 5% to 20%
in steps of 5% as the binder.

With the addition of the stabilizer and binder, the
potential expansion of the mixtures became very low.
Only the mixtures with RSA and OPC showed
improvement in the consistency limits, and none of
the mixtures showed improvement in the compaction
characteristics. Improvement in strength was
observed for all binder types. OPC is not an ideal
binder for expansive soils because of its poor
performance in drying conditions.

A response surface methodology was performed
for the UCS of the soil mixtures. The optimum
strength for each binder is at the lowest binder
content, and the strength increases with the curing
period. The optimum mixture is the soil with 5% RSA
because it yielded the highest maximum value for the
predicted UCS.

It is recommended to investigate the long-term
strength of the treated expansive soils and with
curing methods that will simulate the actual condition
on site.
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ABSTRACT

Calculation of surface spectral acceleration (SMS) is one of the important steps in seismic design. The SMS
value can be obtained from bedrock spectral acceleration and multiplied it with site factor. According to ASCE/SEI
07-16, for short period spectral acceleration (0.2 sec / Ss) greater than 1g and long period (1 sec / S1) greater than
0.2g, site specific propagation analysis (SSA) shall be used for site factor development. SSA can be performed
using three different data, bedrock elevation, dynamic soil profile and acceleration time histories. The site factor
can be calculated by comparing the surface to bedrock spectral acceleration obtained from SSA. This paper
describes the development of site factor at the alluvial area (soft soil area) at Semarang city, Indonesia. The site
factor was calculated at 23 boring positions. Microtremor tests were conducted at this area to predict soil dynamic
profile. Five different acceleration time histories having magnitude from 6.5 Mw to 7 Mw and epicenter distance
less than 10 km were collected for SSA. The average Fpca, Fa and Fv values developed at this area were smaller
compared to the site factor calculated using 2019 Indonesian Seismic Code.

Keywords: Acceleration Time Histories, Bedrock, Microtremor, Site Factor, Site Specific Propagation Analysis

INTRODUCTION Analysis. This paper describes 1D (one dimension)
Site Specific Propagation Analysis (1D-SSA) for
Site factor is one of the important values used for developing site factor at the study area. The analysis
development surface spectral acceleration. Three was performed at 23 boring positions at the alluvial
different site factor Feca (Peak Ground Acceleration), area. Figure 1 shows the study area and the related
Fa (short period or 0.2 sec) and Fv (1 sec) are required soil investigations performed at the study area. The
for seismic design of buildings. According to 1D-SSA was performed using bedrock elevation
Indonesian seismic code 2019 [1] these three site observed from single and array microtremor at the
factors can be obtained using Risk-targeted study area [4]-[7]. The study was performed at the
Maximum Considered Earthquake MCEg, MCER-Ss northern part of Semarang, Indonesia. Based on the
and MCEg-Ss, respectively. The problem of Fa and geological map information, the majority of soft soil
Fv calculation was occurred during the development area is located at the alluvial area at the northern part
of new 2019 Indonesian Seismic Code. ASCE/SEI 7- of the City. Figure 2 shows the geological map of the
16 [2] as one of the references used by Indonesian city.
Seismic Code introduced a different method for According to the previous 2015-2020 research
developing Fa value for soft soil (SE) area having conducted at the study area the bedrock elevation was
MCERr-Ss greater than 1 g and for Fv value having predicted at a minimum of 225 meters below the
MCEg-S: greater than 0.2 g. Site Specific surface level. Figure 3 shows the predicted bedrock
Propagation Analysis (SSA) should be conducted for elevation contour map developed based on the single
developing Fa and Fv at SE (soft soil) area. Not all station microtremor investigation. A comparative
Civil Engineering in Indonesia familiar with this new investigation was also performed using array
method. An alternative approach for developing these microtremor. The investigation was performed at 5
two values were applied following the research different locations. The purpose of the array
conducted by [3]. microtremor investigation was to verify the bedrock
Two different problems occurred during the elevation at the study area. Figure 4 shows two
development Site Specific Propagation Analysis at different results of the bedrock elevation
site class SE area. The first problem related with the investigation. As can be seen in these figures the
investigation of bedrock elevation and the soil profile bedrock elevation was predicted at a minimum 250
from bedrock elevation up to the surface. The second meter below the surface level. The shear wave
problem related with the acquisition of acceleration velocity (Vs) values were used as a parameter for
time histories of specific earthquake events data bedrock elevation measurement. Rock sample having
which can be used for Site Specific Propagation at least 1500 m/sec was conducted as a parameter
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used for bedrock elevation. The predicted soft-rock
elevation (Vs >750 m/sec) or SB soil class [1], [2] is
predicted in between 100 to 250 m below the surface
level.
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Due to the difficulties in development of soil
profile, a 250 meters soil model was conducted for
1D-SSA. The distribution of soil dynamic parameters
was calculated based on the empirical correlation of
Vs (shear wave velocity) and NSPT (Standard
Penetration Test) and also between G (Shear
Modulus) and NSPT.
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Fig. 4 Predicted bedrock depth based on array
microtremor investigation at Array C
position

METHODOLOGY

The site factor Fega, Fa and Fv development at the
study area were conducted following three basic steps,
de-aggregation analysis, response spectral matching
and 1D-SSA. The objective of de-aggregation
analysis is to find the predicted magnitude (M) and
distance (R) of earthquake scenario in terms of
acceleration time histories that can be used for 1D-
SSA. The second approach related with the matching
analysis of time histories collected from earthquake
event. The spectral acceleration MCEg, MCEg-Ss and
MCEg-S:1 were conducted as a target spectral
acceleration used for spectral matching analysis.
These three spectral accelerations were calculated
based on Indonesian seismic code 2019. The final
steps of site factor calculation related with the
development of 1D-SSA. The site factor can be
developed by comparing the surface and bedrock
spectral acceleration.

Figure 5 shows an example of de-aggregation
analysis results of three different spectral acceleration
(PGA, 0.2 sec and 1 sec) of shallow crustal fault
seismic source model. The de-aggregation analysis
was performed for the whole part of the city.
According to these de-aggregation charts, the
earthquake magnitude that can be used for the study
area is in between 6.5 and 7 Mw. The correlation
earthquake epicenter distance developed based on the
de-aggregation analysis is in between 0-40 km. The
alluvial area within the city is located at the north side
of the Semarang fault trace [8]. The maximum
distance of the study area against the seismic source
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is less than 10 km. According to these seismic
earthquake scenarios, 5 (five) shallow crustal fault
earthquake time histories were collected for site
factor development. All earthquake data and time
histories were collected based on reverse fault seismic
model from Pacific Earthquake Engineering
Research ground motion database. Table 1 shows the
information of 5 earthquake events used in this study.
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Fig.5 De-aggregation analysis results of shallow
crustal fault source model for spectral 1 sec
(@), spectral 0.2 sec (b) and PGA (c).

Table 1 Earthquake event and related magnitude and
epicenter distance used for site factor
calculation
Earthquake Event M R

(Mw)  (km)

Nahanni (Canada, 1985) 6.76 4.93
Niigata (Japan, 2004) 6.63 6.27
Chuetsu Oki (Japan, 2007) 6.8 5.0
Northridge (USA, 2004) 6.69 5.26
San Simeon (California, 2003) 6.52 5.07

The response spectral matching analysis was
conducted to 5 (North-South/270 and East-West/360)
direction ground motion data. Three Risk-targeted
Maximum Considered Earthquake (MCEg, MCER-
Ss and MCER-S;) used as a spectral acceleration
target. Figure 6 shows matching spectral acceleration
result conducted at boring no 15. Three spectral
acceleration 0.3722 g, 0.8394 g and 0.3667 ¢
displayed in this figure represent MCEg, MCERr-Ss
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and MCEgr-S; calculated at boring no 15 position.
These three spectral accelerations were calculated
based on Indonesian Seismic Code 2019. Fig. 7
shows an example of two directions original
acceleration time histories of Chuetsu-Oki
earthquake data conducted at boring no 15. Fig. 8
shows the corresponding matched time histories
developed from matching spectral acceleration
analysis. The original and matched acceleration time
histories developed for all 5 acceleration time
histories were conducted at bedrock elevation.

Matched Time Histories at Boring 48
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Fig. 6 Matching spectral acceleration for 5 (two

direction) acceleration time histories at
boring no 15
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Fig. 7 Chuetsu-Oki matched time histories at

boring no 15

The final analysis for site factor calculation was
performed to obtain the surface spectral acceleration.
One soil profile model having predicted bedrock
elevation 250 meter was conducted for 1D-SSA. Four
different Vs-NSPT correlation model was elaborated
for developing VS profile of each boring position.
Table 2 shows 4 different Vs-NSPT (shear wave
velocity and N standard penetration) correlation. The
“a” and “b” values displayed in this table represents
correlation coefficients as displayed in Eq. 1. The
NSPT (N Standard Penetration Test) are Ngo Standard
penetration value. Eg. 2 shows the empirical
correlation of shear modulus of soil and NSPT. Three
shear modulus and NSPT correlation was applied for
development of shear modulus (G) values. Table 3
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shows “c” and “d” values used for development of the
soil shear modulus.

The 1D-SSA conducted at the study area was
performed at 23 soil boring positions. The 1D-SSA
was performed to obtain the Fpga, Fa and Fv site
factor. Fig. 8 shows three example soil parameters at
boring no 15. Fig 9 shows the related soil profile
developed from bedrock up to surface elevation.

Vs = aN? )
G =cN¢ )
Table 2 Vs and NSPT correlation parameters
Correlation Model a b
Ohta & Goto (1978) [9] 82.1 0.35
Imai &Tonouchi (1982) [10] 93.7 0.31
Ohsaki & lwasaki (1973) [11]  78.0 0.39

Partono et al. (2021) [12] 105.98 0.2643

Table 3 G and NSPT correlation parameters

Correlation Model c d
Ohsaki & lwasaki (1973) [11] 11500 0.8
Imai &Tonouchi (1982) [10] 14070 0.68
Seed et al. (1983) [13] 6220 1.0
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Fig. 8  Soil parameters used for 1D-SSA at boring
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The MCEg, MCEg-Ss and MCEg-S; calculated at
23 boring positions shown at Fig. 10. The MCEg and
MCERg-S1 calculated at 23 boring positions are almost
equal, and distributed in between 0.30-0.40 g. The
MCERg-Ss calculated at 23 boring positions are almost
constant and distributed form 0.7 up to 0.89 g. Based
on ASCE/SEI 7-16, for MCERg-Ss greater than 1 g and
the building located at soft soil area (average N30 less
than 15), the site factor Fa for spectral acceleration
0.2 sec shall be calculated using site analysis. Even-
though the MCERg-Ss at 23 boring positions less than
1 g, the comparative study for site factor calculation
was conducted at the study area.

Soil Surface

Sandy-silt and softclay
VS= 260-400 m/sec, Gmax = 37.3-220 Mpa,
y=16.7-17.3 kN/m*

-40 m

Stiff to hard clay
VS= 400-750 m/sec, Gmax = 220 - 1300 Mpa,
y =17.3-22 kN/m®

-100 m

Soft rock (site soil SB)
VS= 750 m/sec, Gmax = 1300-3000 Mpa,
y =22 kN/m®

-250 m

Bedrock
VS= 1500 m/sec, Gmax = 3000 Mpa,
y =22 kN/m?

Fig. 9 Sample soil profile and parameters used for

1D-SSA at boring no 15
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Fig. 10 MCEg, MCERr-Ss and MCERg-S; calculated at
23 borehole position

The predicted bedrock elevation at this boring
position is 250 m. The thickness of each boring
investigation for all 23 boring positions are not equal.
The minimum depth of boring investigation is 30 m.
However, the maximum soil boring investigation is
60 m. Most of the soil boring investigations
performed at the study area were conducted following
the requirement for foundation design. The Fpga, Fa
and Fv site factors were calculated by comparing the
surface to bedrock peak ground acceleration and
spectral acceleration at 0.2 sec and 1 sec period.
Figure 11 shows an example of bedrock and surface
spectral acceleration obtained from 1D-SSA at boring
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position no 15. Based on this sample 1D-SSA
analysis result, the average Feca, Fa and Fv site factor
calculated from two directions Chuetsu Oki scenario
earthquake are 1.4646, 1.1592 and 2.8369,
respectively. The analysis was conducted using NS
and EW acceleration time histories of Chuetsu-OKki
earthquake.

RESULT AND DISCUSSIONS

The site factors developed using 1D-SSA analysis
and conducted at 23 boring positions were evaluated
and compared to the same site factor obtained from
Indonesian seismic code 2019. Fig. 12 shows the
three site factors Feea, Fa and Fv developed based on
Indonesian seismic code 2019. According to this
figure the site factor developed at the study area are
almost constant. The Fpga site factor are distributed
in between 1.39 and 1.59. The Fa site factor obtained
at 23 boring positions are also constant and the value
are distributed in between 1.17 and 1.38. However,
the Fv site factor calculated at 23 soil boring positions
are distributed in between 2.45 and 2.73. The average
values of Fpga, Fa and Fv calculated using Indonesian
seismic code 2019 are 1.46, 123 and 2.54
respectively.

——Bedrock Chetsu (NS)

—Surface Chuctsu (NS)
Bedrock Chuetsu (ILW)

——Surface Chuetsu (EW)

£

Acceleration (g)

0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0
Period (sec)

Fig.11 Surface and bedrock

(SB)
acceleration developed from 1D-SSA at
boring position no 15

spectral

Fig. 13 shows the three site factors distribution
developed using 1D-SSA. All site factors developed
using 1D-SSA are not constant and the values are
varied between 0.6 and 3. The site factor Fega are
distributed between 0.97 and 2.74. The site factor Fa
are distributed from 0.68 to 1.85. And the Fv site
factor are distributed in between 1.97 and 2.32. In
average the Fpga site factor developed using 1D-SSA
is greater than the Fa and Fv site factor. In average the
Feca, Fa and Fv calculated at the study area are 1.62,
1.23 and 1.48, respectively. Table 3 shows average
site factor calculated using 1D-SSA and 5 different
seismic scenarios.

Compared to the site factor developed using
Indonesian seismic code 2019, in average the site
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factor Fpca and Fa developed using 1D-SSA and
Indonesian seismic code 2019 are almost equal.
However, the Fv site factor developed using 1D-SSA
are smaller compared to the same site factor
calculated based on Indonesian seismic code 2019.
Figure 14 shows the differences of three site factors
developed using 1D-SSA and Indonesian seismic
code 2019.
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Fig.12 FPGA, Fa and Fv distribution developed at

23 boring positions calculated using
Indonesian seismic code 2019
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Table 3 Average Fpca, Fa and Fv site factor
calculated using 1D-SSA and 5 earthquake
scenarios

SA Ch Ni Na No Sa
PGA 193 144 195 137 138
Ss 116 101 175 115 1.09
S1 155 111 176 140 157

Note: Ch: Chuetsu Oki; Ni: Niigata; Na: Nahanni; No: Northridge
and Sa: San Simeon Earthquake. SA: Spectral acceleration. PGA:
Peak Ground Acceleration. Ss and S1: spectral acceleration 0.2 sec
and 1 sec respectively
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According to these two calculation methods in
developing site factor Fpga, Fa and Fv, the site factor
developed using 1D-SSA at alluvial or soft soil area
as already suggested by ASCE/SEI 7-16 should be
taken into account. Even-though the Ss values
calculated at 23 boring positions at the study area are
less than 1 g. The Fv values are smaller compared to
the same site factor calculated using Indonesian
seismic code 2019.

CONCLUSIONS

Site factor calculation at the alluvial area was
conducted at 23 different boring positions. According
to the Indonesian seismic code 2019, the average N30
at these 23 boring positions are less than 15. The
alluvial area is located at soft soil area.

The three site factors Fpga, Fa and Fv calculated
and analyses based on Indonesian seismic code are
not equal compared to the same site factor developed
using 1D-SSA. The Fpea and Fa calculated based on
these two approaches are almost equal. However, the
Fv site factor calculated using 1D-SSA are smaller
compared to the same value calculated based on
Indonesian seismic code 2019.

The site factor Fa and Fv for building upper
structures calculation at the alluvial or soft soil area
shall be evaluated due to the difference results
calculation. Two different approaches shall be
performed to get the real Fa and Fv site factor at
alluvial area.
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ABSTRACT

Since Metropolitan Manila is known to be susceptible to seismic hazards, it is necessary to consider multiple
factors in assessing this hazard. Aside from ground motion, the properties of soil which lead to the amplification
of seismic waves should be considered. This study aimed to develop a seismic hazard map for Metro Manila
considering the soil properties in the area by using Midorikawa & Hori site amplification model. Probabilistic
seismic hazard assessment was conducted using earthquake data within 250 km of Metropolitan Manila for 10%
and 2% probabilities of exceedance. The site amplification factors were computed using calculated shear wave
velocities from SPT-N values. The calculated ground motions were amplified using the site amplification factors
considering short-period and mid-period amplifications. The constructed maps of amplified peak ground
acceleration (PGA) values showed how soil properties affect the ground motion. It was found that for a short-
period amplification, the average PGAs are 0.538 g, and 0.659 g for 10%, and 2% probabilities of exceedance,
respectively. While for mid-period amplification, the average PGAs are 0.589 g, and 0.830 g for 10%, and 2%
probabilities of exceedance. Using the amplified seismic hazard maps, a better approximation of seismic hazards
can be generated for future use.

Keywords: Site amplification, Shear wave velocity, Peak ground acceleration, Probabilistic seismic hazard
assessment, Metro Manila

INTRODUCTION however, the model used is only applicable to strains
less than 1% and for periods that are less than or equal

Since the Philippines is situated within the Pacific to 0.5 seconds. With this, the study aims to develop
Ring of Fire, the country is considered highly seismic hazard maps considering site amplification of
vulnerable to natural hazards such as earthquakes. Metro Manila using a site amplification model [5]
Typically the damage caused by earthquakes is that is designed for higher strains and different
defined by the magnitude of the event and the periods. The developed seismic hazard maps show
distance from the site to the source. However, it is the amplified peak ground accelerations in the study
also necessary to consider the varying geological area for probabilities of exceedance of 10% and 2%.
conditions in the area as it also affects the hazards With this, a reference and a basis are provided to
caused by earthquakes [1]. These varying geological determine how local site conditions affect ground
conditions include the stability of slopes in the area, motion intensities. Moreover, the maps will be able to
its liquefaction susceptibility, and the possibility of provide a more accurate representation of seismic
site amplification. hazards for future planning and assessments.

Site amplification refers to the amplification of
the earthquake waves as they travel from the source METHODOLOGY
through the soil due to the local geological conditions
in the site [2]. Only a few research in the country have The location of the study covers the area of Metro
been conducted which consider the effect of site Manila, formally known as the National Capital
amplification on earthquake hazards due to a general Region (NCR). The region has a total of sixteen (16)
shortage of data for soil profiles and shear wave cities and one (1) municipality. In this study, a
velocities. Since Metropolitan Manila or Metro probabilistic seismic hazard assessment (PSHA) was
Manila is regarded to be susceptible to earthquake conducted to determine the peak accelerations at
hazards and site amplification due to its variable bedrock (PArck) within the study area. The site
geology [3], it is necessary to include the effects of amplification factors were then identified using the
the soil conditions in the evaluation to provide a more average shear wave velocities (Vszo) in Metro Manila
accurate representation of ground motion intensities. and were used to amplify PA.ck and obtain the peak

In a previous study [4], a reference for site accelerations at the ground surface.

amplification of Metro Manila was developed,
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Probabilistic Seismic Hazard Assessment

In conducting PSHA, the equation of the
probability theorem [7] is shown in Eq. (1). The
equation shows the computation of the probability of
exceeding a value of a ground motion parameter,
considering the possible magnitudes or locations of
an earthquake.

Ns Np Np
. ZZZ vP[Y > y*|m;, 1 |P[M = m] %
y —
i=1j=1 k=1 PIR =7
where:

Ay~ = total mean annual exceedance rate for peak
acceleration level y*;

N = total number of potential earthquakes source i
in the study area;

Ny = total number of magnitude intervals j
considered;
Np = total number of distance intervals k
considered;

v; = average rate of magnitude exceedance for
source i;

P[Y > y*|m;,7;] = probability that a ground motion
parameter Y will exceed the peak acceleration level
y* at a specific magnitude interval m; and a specific
distance interval r;

P[M = m;] = probability that a magnitude M will be
included in the magnitude interval m;;

P[R = r] = probability that a distance R will be
included in the distance interval r.

In this study, the earthquake sources within 250
kilometers (km) of Metro Manila were considered
and categorized as either linear sources or areal
sources. For linear sources, the probability density
function by [6] is used. For areal sources, the
magnitude-fault area relation [7] was used. The area
was further divided into square elements and the
probability distribution was obtained considering the
shortest distance from the center of each element to
the site being considered.

The probability distribution for magnitude was
computed using the probability density function by
[6]. In computing the probability distribution of the
exceedance of a ground motion parameter, the ground
motion prediction equations (GMPE) by [8] were
used for shallow earthquakes. The GMPE by [9]
shown was used for earthquakes generated by
subduction zones.

The value of P[Y > y*|m;, 7] is computed using
the equation by [6]. The value of F,(y*) was then
computed using the standard normal variate. When
the values of A,- were computed considering the
target accelerations from 0.05 g to 1.0 g, the seismic
hazard curve was constructed by plotting the
accelerations against the mean annual rate of
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exceedance. By combining the seismic hazard curve
with the Poisson model [6], the peak accelerations at
bedrock (PArck) for probabilities of exceedance of
10% and 2% in 50 years were computed.

Evaluation of Site Amplification

The average shear wave velocities (Vsso) and the
PAock were used to quantify the site amplification. To
calculate Vsso, the SPT-N data or RQD values from
the borehole data in Metro Manila were gathered and
processed.

For SPT-N values, the model by [10] is used to
calculate the shear wave velocity (Vs ) as shown in

Eq. (2).

Vg = 77.13N°%377 ()
where:
N = raw standard penetration resistance.

For RQD values, interpolation is done using the
table of typical values of Vs for a given RQD by [11].

After computing Vs for each soil layer, the Vs3o
for each site is computed. For soil data with depths
greater than 30 meters, the equation by [12] in Eq. (3)
was used, otherwise, an extrapolation shown in Eq.
(4) was conducted as proposed by [13].

N h.

Vszo = == (3)
v B
i=17,

log V3o = co + ¢4 log Vs + ¢, (log Vsz)? (4)

where:

h; = thickness of soil layer;

v; = shear wave velocity at the i*" layer at the top 30
meters;

Vs, = average shear wave velocity at termination
depth;

¢, = regression coefficients [13].

The shear wave velocity map of Metro Manila was
then constructed in a mapping software using the
computed Vszo values. The Vsso and PAw values
were used to compute the site amplification factors
using the model by [5] shown in Eq. (5).
InAF =alnVgo+ b (5)
where:

AF = amplification factor;
a,b = regression coefficients in the function of
PArock-

The regression coefficients [5] are computed
depending on whether the amplification being
considered is short-period amplification or mid-
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period amplification. Short-period amplification (Fz)
covers a period of 0.1 to 0.5 seconds while mid-period
amplification (F,) covers a period of 0.4 to 2.0
seconds.

The amplification factors were used to amplify the
peak acceleration values computed from the GMPEs,
from which new seismic hazard curves were
constructed. With this, the amplified peak ground
acceleration (PGA) values are computed for 10% and
2% probabilities of exceedance.

RESULTS AND DISCUSSION

In this study, earthquake data with a minimum
magnitude of 4.0 and spanning from the years 1907
to 2020 were obtained from the Philippine Institute of
Volcanology and Seismology (PHIVOLCS). The
geotechnical data, on the other hand, were collected
from past studies by [4] and [14]-[18].

Seismic Hazard Maps

In developing the seismic hazard maps,
Geographic Information System (GIS) was used
similar to [19]. Considering the probabilities of
exceedance (POE) of 10% and 2%, the PAock Values
in Metro Manila were computed. It was found that the
average PArck values in Metro Manila vary from as
low as 0.296 g in Navotas and as high as 0.475 g in
Muntinlupa for 10% POE. Considering 2% POE, the
average PAock values range from 0.437 g to 0.706 g,
which are also in Navotas and Muntinlupa,
respectively. Graphical representations of the actual
values of PArock are shown as maps in Fig. 1 and Fig.
2
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Fig. 1  Map of PArock in Metro Manila for 10% POE
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Fig.2 Map of PAsck in Metro Manila for 2% POE

As shown in the maps, the Muntinlupa area has
the highest PAr.ck values. The contour then spreads
outwards, decreasing gradually as the distance from
the center increases. The highest PAqck is at the center
due to the presence of the West Valley Fault, which
also shows that this fault has the biggest influence in
the seismic behavior in Metro Manila. The PAock also
increases as the probability of exceedance decreases,
since large-scale earthquakes are less common than
smaller earthquakes.

Shear Wave Velocity Map

To create the shear wave velocity map, a total of
1412 borehole data were collected, 1372 of which are
within Metro Manila and 40 are gathered from nearby
provinces to complete the interpolation. Relating the
number of data used and the area of the study area, a
density of 2 borehole data for every square meter was
used. Using the different geotechnical data gathered
within Metro Manila, the V3o in the study area were
computed and mapped. From the computation, it was
found that the average Vsso values in Metro Manila
range from 206.48 m/s in Manila up to 554.08 m/s in
Quezon City. These values describe the stiffness of
the soil in each location, which is also attributed to
the types of soil present in the area, and their
corresponding SPT-N or RQD values. Figure 3 shows
the Vs3o map of Metro Manila.
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Fig. 3 Map of Vs3 in Metro Manila

As seen in Fig. 3, the west and east sides of Metro
Manila are almost similar with low Vs3o values, while
the center has high Vs values. The low values on the
western side, comprised of Navotas, Malabon, Manila,
and Pasay, can be attributed to the area being near
Manila Bay. The west is also comprised of quarterly
alluvial soil where SPT-N values are very low at the
surface and are average at deeper layers [14].

The areas in the eastern part, comprised of
Marikina, Pasig, Pateros, and Taguig. have slightly
higher Vs3 values when compared to the west since
the areas are far from Manila Bay. However, the soil
composition in these areas is similar to the west, with
almost the same SPT-N patterns.

The remaining cities aligned at the center, which
are Caloocan, Valenzuela, Quezon City, San Juan,
Mandaluyong, Makati, Muntinlupa, Las Pifias, and
Parafiaque have the highest V3 values. This is due to
the tuff and rock formations that are common in the
central part of the region [14]. With this, the SPT-N
values are generally higher, and refusal can be
achieved even in shallow depths.

Amplified Seismic Hazard Maps

Using the PArck values and the Vszo values, the
site amplification factors F, and F, were computed.
To see the relationship between PAock, Vsso, and the
amplification factors F, and F,, theoretical values for
the first two parameters are used to compute the
amplification factors. Table 1 shows the values of F,
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and F, for increasing Vs values, assuming that
PArock is constant.

Table 1 Resulting  amplification  factors  for
increasing Vszo values
Vs30 (m/s) Fa Fv
150 2.737 3.405
250 2.135 2.399
350 1.813 1.905
450 1.605 1.603
550 1.456 1.397

Based on the data in Table 1, the values of F, and
Fv decrease as Vsso increases. This shows that softer
soils cause stronger amplification of ground motion
compared to stiff soils. It can also be observed that
considering the amplification factors at the highest
and lowest Vs3o, the value of F; is 1.88 times smaller,
while the value of Fy is 2.43 times smaller. This shows
that Vss dependency is stronger for mid-period
amplification since the rate of change of its value is
greater.

On the other hand, Table 2 shows the values of F,
and Fy for increasing PAr.ck values, assuming that
Vs3o IS constant.

Table 2 Resulting  amplification  factors  for
increasing PArock values
PArock (9) Fa Fv
0.25 1.813 1.905
0.35 1.627 1.873
0.45 1.445 1.845
0.55 1.269 1.819
0.65 1.104 1.797

From the data in Table 2, Fa and F, also decrease
as PAock increases. This is due to the nonlinearity of
soil behavior [20]. When the ground accelerations are
high, the soil response is governed by its high
damping ratio, which results in low amplification in
the soils. This also shows that amplification is greater
for earthquakes with low magnitudes at farther
distances. Also, similar to Table 1, the data in Table
2 show that the mid-period amplification is generally
greater than the short-period amplification.

Comparing the amplification factors at the highest
and lowest PAock Values, it can be seen that F, became
1.65 times smaller and F, became 1.06 times smaller.
This shows that short-period amplification is more
dependent on the change in the PAck values. After
incorporating the amplification factors into the PSHA,
the amplified PGAs are computed and mapped.
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Fig.4 Map of amplified PGAs in Metro Manila
(10% POE, short-period amplification)
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Fig.5 Map of amplified PGAs in Metro Manila

(2% POE, short-period amplification)

Figure 4 and Fig. 5 show the maps of amplified
PGAs considering short-period amplification. It can
be seen that he contour in Fig. 4 is more random, with
the highest accelerations at the west and east. The
areas with the highest PGAs are also the areas with
the lowest Vszo, which shows that areas with softer
soils experience greater amplification.

In Fig. 5, it is observed that the contour of the map
is more similar to Fig. 2, where the accelerations are
higher at the center, and gradually decrease as they
move away towards the sides. This shows how short-
period amplification is more influenced by PAoc.

Figure 6 and Fig. 7 show the maps of amplified
PGAs considering mid-period amplification. Here,
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the shape of the contour remains the same. The maps
in Fig. 6 and Fig. 7 show that the west and east of the
region have the highest PGAs. The main difference
between the  short-period and  mid-period
amplification is that, for the latter, the areas with the
highest PGAs for 10% POE are still the same areas
with the highest PGAs for 2% POE. This shows that
mid-period amplification is more dependent on Vs
which is constant regardless of the POE considered.

Fig.6 Map of amplified PGAs in Metro Manila
(10% POE, mid-period amplification)
Fig. 7 Map of amplified PGAs in Metro Manila

(10% POE, mid-period amplification)

Based on the results, the average amplified PGAs
in the region are 0.538 g and 0.589 g for short-period
and  mid-period amplification,  respectively,
considering 10% POE. For 2% POE, the amplified



GEOMATE - Kyoto, Japan, 3-5 November 2021

PGAs for short-period and mid-period amplification
are found to be 0.659 g and 0.830 g, respectively.

CONCLUSION

Due to the susceptibility of Metro Manila to
seismic hazards, it is necessary to consider the local
soil conditions which intensify the damages from
these hazards. It was seen that short-period
amplification has a stronger dependency on PAck,
while mid-period amplification is more dependent on
Vs30. Considering short-period amplification, Metro
Manila has an average PGA of 0.538 g and 0.659 g
for 10% and 2% POE, respectively. Meanwhile, for
mid-period amplification, the region has an average
PGA of 0.589 g and 0.830 g for 10% and 2% POE.
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ABSTRACT

A soil type reference of Metropolitan Manila was developed using an optimization algorithm called Genetic
Algorithm (GA). In this study, a program was created to perform a Genetic Algorithm on each meter soil layer
ranging from 40 meters below mean sea level up to 100 meters above mean sea level for specified points with 2km
grid intervals. The program utilized the Unified Soil Classification System (USCS) and a borehole database of the
study area and surrounding provinces to predict the soil types. Two variables were chosen to assess the fitness of
the prediction: the likeness of the soil type with surrounding boreholes, and the distance of the boreholes from a
specified grid point. A total of 216 points were used in the study each containing 40 to 130 soil layers. The results
were then compiled and plotted to create a total of 38 soil profiles of the study area for the longitudinal and
transverse directions. The profiles followed the expected soil types based on the geologic zones of the study area:
sands and clays for the coastal lowlands, rocks and sands for the central plateau, and clays and silts for Marikina
Valley. Validation of the profiles suggests the Genetic Algorithm as a suitable tool for the development of soil
type reference of the study area.

Keywords: Genetic Algorithm, USCS, Soil Types, Metropolitan Manila

INTRODUCTION type reference to map the locations and boundaries of
the different soil layers present in the study area.
Metropolitan Manila, or more locally known as Mapping of geotechnical parameters is not
Metro Manila, is the capital region of the Philippines. uncommon as there were several studies already
It has about 13% of the total population of the country making use of Graphic Information System (GIS) to
and it is where the majority of government offices create maps and projections of the different soil
along with important business and commercial characteristics [3]-[13]. However, current GIS
infrastructures are located. It has a land area of 619.54 software has no functions fit for mapping the profiles
square kilometers bordered by the Manila Bay at the needed for this study, as such, the soil type reference
west and the Laguna de Bay at the east. was patterned to the soil profiles presented by
Due to its unique location and the shifts in tectonic Galupino and Dungca [11] in their study on the
plates in its geologic past, a fault system was formed Quezon City soil profile reference
leading to the frequent earth movements up until the To create the soil profile reference of Metro
present [1], [2] As such, there is a need for proper Manila, an algorithm was used to predict the existing
planning and design for all infrastructure. soil type in specified locations. The use of machine
Furthermore, policymakers and disaster response learning and other algorithms is becoming common
teams need to know these hazards to create a robust in the field of Geotechnical Engineering [15]-[17].
disaster reduction and management plan. Currently, One of the fast and easy algorithms is the Genetic
there were a lot of studies [3]-[10] that tried to Algorithm (GA). GA follows the idea of survival of
evaluate the geotechnical properties of the study area. the fittest wherein fitter individuals have a higher
However, even being a major component of these chance to survive and pass on their genes to the next
studies, there was no available soil type reference for generation. Several studies [15], [18] have already
Metropolitan Manila except for the city of Quezon applied GA to geotechnical engineering and the
[11] The discussion on the effect of soil type on their results are very promising. The application of GA,
respective studies was only discussed concerning the however, is unique for each problem. With this, a
different geologic zones of the study area. Usually, fitness function was created for this specific
researchers would divide Metro Manila into several application of GA to the prediction of soil types.
zones with the Central Plateau, Marikina Valley, and This study aims to create a soil type reference for
the Coastal lowlands as the most prominent zones [5]. Metropolitan Manila that will aid engineers,
The problem with this, however, is that a detailed soil policymakers, and other stakeholders in knowing the
profile is absent along with the thicknesses of each expected soil type in their respective project sites.

soil layer. Thus, this study focuses on creating a soil
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METHODOLOGY

Borehole logs located in Metropolitan Manila and
other surrounding provinces are collected. Erroneous
borehole logs were removed and a representative
borehole was determined for sites with multiple
borehole logs. A grid system with 2km intervals was
also placed in the study area. the grid intersections
will be the location where the Genetic Algorithm will
be deployed. The grid was labeled alphabetically
from west to east and numerically from north to
south. The borehole locations and the grid system
were presented in Fig. 1.

Sy

[T TT1

Pz

Fig. 1. Borehole locations and grid system of
Metropolitan Manila.

The elevations of the borehole logs and the grid
intersections were plotted to create a 3D Elevation
map shown in Fig. 2. This was crucial as each
borehole was adjusted to its correct meter elevations
with the mean sea level as the reference elevation.

Fig. 2. 3D elevation Map of Metropolitan Manila.

The soil types were grouped into classes based on
the Unified Soil Classification System. The classes
were adjusted to cover the different soil type
reporting given by the borehole logs. A total of 24 soil
types were used in this study, including the 15
original soil types from USCS, unspecified or general
Gravel, Sand, Clay, and Silt, and 5 classifications for
Rock. The summary of the soil types with their short
description was shown in Table 1.

Table 1. Summary of soil types.

General Soil Type Specific

Soil Type Origin  Soil Type
USCS GW  Well-graded gravel

Poorly-graded

Description

USCS GP
G gravel
Gravel  USCS GC Clayey gravel
USCS GM  Silty gravel
Added G Unspecified gravel
USCS SW  Well-graded sand
S USCS SP  Poorly-graded sand
sand USCS SC C.Iayey sand
USCS SM  Silty sand
Added S Unspecified sand
c USCS CH  High-plasticity clay
Clay USCS CL  Low-plasticity clay
Added C Unspecified clay
M USCS MH  High-plasticity silt
Silt USCS ML  Low-plasticity silt
Added M Unspecified silt
Added GR Boulders and large-
sized gravel
R Added SR Sandstone
Added CR  Mudstone
Rock -
Added MR  Siltstone
Added R Tuff an_d_ other
unspecified rock
PT USCS PT  Peat
Peat

High-plasticity
organic fines
Low-plasticity
organic fines

0 USCS OH
Organic
Fines USCS oL

The process of a Genetic Algorithm (GA) starts
with the creation of a random initial population
followed by the fitness evaluation then the crossover
and mutation operations to create the next generation
population. The new generation replaces the initial
population and the process is repeated until a given
set of generations or if the convergence criteria are
attained [17]. The method is shown in Fig. 3.
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Highest Fitness ]

(Randomized) Individual is Chosen

Yes
. . Population reached the
Fitness Evaluation Convergence Criteria?
Generation of New Operators (Cross-over
Population and Mutation)

[Population Generation] [

Fig. 3. Genetic Algorithm Flowchart

The GA used in the creation of the program was
deployed in the grid intersection. GA was used as its
process is a fast and easy way for the program to
converge into a prediction of the soil type. The
program scores the prediction based on their accuracy
to surrounding borehole logs. The maximum distance
of the referenced borehole logs was set at 2.5km from
the respective grid intersections. Furthermore, the
influence of the borehole logs in the scoring of the
predictions was adjusted in relation to their distance
to a specific grid point. Usually, Euclidean distance is
used in these applications [11], however, due to the
size of the study area, the great-circle distance was
used.

For GA to function, it required a set of variables
to optimize, its mutation rates and the fitness function
to quantify the accuracy of the prediction. The created
program used two variables: the soil type and the
maximum distance of boreholes to be considered.
The range of this distance was set from 500 meters to
2500 meters from the grid intersection points. This
was implemented to lessen the irrelevant data points
for the comparison of the prediction. The soil type
variable was set as categorical data following the
specific soil type presented in Table 1. The mutation
rates for these variables are set to be 0.10 and 0.30 for
the soil type and the maximum distanced considered.
Lastly, the fitness function incorporated the weights
used in k-Nearest Neighbor by Galupino and Dungca
[11], and a ‘likeness’ function. The fitness formula
was shown in Eq. (1).

L..e Dij
F=L;W;= % ¢y
Where: L;; is the ‘likeness’ function of the specific
soil layer of grid intersection point i to the j*
borehole under the training data set. L;; has a value of
1 if the specific soil layer has the same soil type as the
Jjt" borehole, otherwise, the value is 0. Meanwhile,
W;; is the distance weights introduced by Galupino
and Dungca [11] and D¥ is the great-circle distance
between grid intersection point i to the j¢" borehole
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The genetic algorithm was deployed in each grid
intersection point for each meter soil layer. The
extents of the elevations were set at 40 meters below
sea level up to 100 meters above sea level. The
program skips those grid intersections without
surrounding boreholes under a 2.5km radius. Once all
elevation points were completed for all grid
intersections, the results were compiled and soil
profiles were plotted in CAD.

RESULTS

Metropolitan Manila is composed of different
geologic zones due to its locations. The study area can
be divided into 4 main areas: Central Plateau
composed of mainly Guadalupe Tuff, Marikina
Valley composed of delta deposits from the Marikina
River, the coastal lowlands composed of delta
deposits from Pasig River, and the Coastal
swamp/wetlands on the north-west [5], [7]. It is
surrounded by Manila Bay on the west, and Laguna
de Bay on the east. It is bordered by the province of
Bulacan in the north, Rizal to the north-east, and the
provinces of Cavite and Laguna in the south.

For this specific study, the highest ground
elevation from the borehole logs inside the study area
was determined to be 88 meters above sea level,
however, there were borehole logs in the neighboring
province of Rizal that exceeded 100 meters above sea
level. These excess soil layers were disregarded as
they were beyond the set extents of the study area.

For the plot of the soil profiles in CAD, the soil
layers were grouped and color-coded based on their
general soil types following Table 1. Gravels were
shaded with dark green, sands were shaded in light
blue, clays with orange, silts with light green, rocks
with brown, and organic fines as pink. There was no
predicted soil type for peat. The generalization of the
soil types was done for the simplicity of the plotting
as well as to easily observe the trend and movement
of the soil types throughout the study area.

Longitudinal Sections

Due to the Guadalupe Tuff formation, different
rock classes were observed to be prevalent in the
study area with the only exception for this was on the
western and eastern sides near the bodies of water.
Samples of the soil profile in the longitudinal
direction were shown in Fig. 4 and Fig. 5.

Longitudinal grid H, shown in Fig. 4, passed
through the entire length of the central plateau area
along with the cities of Quezon, Mandaluyong, San
Juan, Makati, Taguig, and some parts of Muntinlupa.
It was also the longest grid present in the area. In the
area of Quezon City, It was observed to be composed
of different rock types, which was expected based on
past studies [5], [11]. The topsoil, however, did not
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conform with the predictions of Galupino and Dungca
[11] as a different technique was used in their study.

Gravel (G)
Sand (S)
Clay (C)

Silt (M)
Il Rock (R)
Organic (0)
i
|1
i1
|

A

.

n

/4

“ b <p3
RHBTHETI

Longitudinal Grid H

T il 5
i

Fig. 4. The soil profile of longitudinal grid H.

Looking at a grid nearer the western coast,
longitudinal grid E, presented in Fig. 5, showed a
prevalent sand top layer, especially in the central area
in grid E10 to E15. These grid points were located in
the cities of Manila and Pasay where the mouth of the
Pasig River was located. Furthermore, some parts of
these locations were also reclamation areas. Traveling
further south, revealed a transition from clay to a
mixture of rocks and silts as the soil type underneath
the sand topsoil.

| " Gravel (@)

i Sand ()
Clay (C)
Silt (M)

[l Rock (R)
Organic (0)

Ol L LU l

i |

Longitudinal Grid E

AN
. o

Fig. 5. The soil profile of longitudinal grid E.

The different parts of the study area followed the
expected soil types based on the geologic zones.
Other parts of the central plateau not shown by Fig. 4
and Fig. 5 were mainly composed of rock types with
a 5-meter topsoil depth composed of mixtures of sand,
clays, and silts. Furthermore, the Marikina Valley
showed prevalent clay and silt layers. The topsoil for
this area was a mix of clay, silt, and sands.

Transverse Sections

The transverse soil profiles gave the perspective
of the different geologic zones of the study area. The
central plateau was easily seen together with the
coastal lowlands on the west and the Marikina Valley
in the east. Shown in Fig. 6 was Grid 11.
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As mentioned before, the three areas of coastal
lowlands, the central plateau, and the Marikina Valley
were visible in this soil profile. The differences in the
soil composition of these three main areas were
observed in Fig. 6. The western coast has clay and
rock layers overlain by sands and silts, meanwhile,
the eastern coast has silt and sand layers overlain by
clays. Gravels were also present in the lower layers of
Grid G5. The soil types in the western coast were
expected from the Pasig River Delta deposits draining
to Manila Bay. Additionally, tide changes and ocean
movement in Manila bay may have contributed to the
soil types present on the western coast. As for the soil
types in the Marikina Valley, it was as expected from
the Marikina River Delta deposits. Surrounding areas
of the Marikina Valley were also composed of the
central plateau and the Antipolo Plateau of the
province of Rizal. These surrounding areas were
previously identified to be mostly composed of Tuff
formations [11]

W cravel (@)
Sand (S5)
Clay (C)
Silt (M)

M Rock (R)

~ Organic (0)

1 i

|
|
i
|
i

Y

|

:
|
I I

Genetic Algorithm Analysis and Validation

Transverse Grid 11

Fig. 6. The soil profile of transverse grid 11.

A total of 551 borehole logs were used in the
program to predict the soil profile. 56 borehole logs
were put aside for the validation of the results of the
GA program. The results of the profile were
compared to this validation subset. Since there were
varying depths of boreholes, it was better to compare
the accuracy of prediction on each meter depth. From
these 56 borehole logs, a total of 1113 soil layers were
obtained. These soil layers were compared to the
closest grid intersection point in relation to their
respective elevations. The number of correct soil
layers was tallied and grouped per city. Overall, the
accuracy of the prediction is 52.83% and 74.75% for
the specific and general soil types respectively.

The higher accuracy of the general soil types was
expected as there were multiple soil types under a
single general soil type. Confusion matrices, shown
in Fig. 7 and Fig. 8, were created to visualize these
inaccuracies. The number of predicted layers under
each actual layers were given in these matrices. The
distribution was then shaded to highlight the
concentration of the prediction.
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Fig. 7. Confusion matrix for the general soil types.

In Fig. 7, the confusion matrix for the general soil
types was shown. The main diagonal had a higher
value than other parts and was reflective of the overall
74.75% accuracy of the prediction. Only organic fines
had a lower value for the main diagonal. Most of the
organic fines were predicted as clays or sands. This
prediction error can be attributed to their location as
organic fines were commonly found in the western
coastal lowlands surrounded by sands and clays.

Looking at Fig. 8, this confusion matrix shows the
detailed distribution of the prediction for the specific
soil types. The low accuracy of the prediction was
observed in this matrix as there were prediction
deviation from the main diagonal. Some of these
wrong predictions, however, were not as severe such
as high-plasticity clays being predicted as low-
plasticity clays and vice versa. As such, it is still
necessary for engineers to perform additional tests to
determine the different geotechnical parameters to
properly design a safe and economical foundation.

CONCLUSION

This study was able to create a soil type reference
of Metropolitan Manila using a Genetic Algorithm
and a compilation of borehole logs collected from the
study area and surrounding provinces. This soail
profile hopes to serve as a reference for engineers,
policymakers, and other stakeholders.

A program was created to perform a Genetic
Algorithm to predict the soil type. The soil type was
classified using a revised Unified Soil Classification
System (USCS). This program was deployed at
specific points with 2km grid intervals from 40
meters below mean sea level up to 100 meters above
mean sea level. The genetic algorithm was programed
to predict the soil type based on the soil types of
surrounding boreholes and the distance of these
boreholes to the grid intersection points. A fitness
function was presented which incorporates the
weights used on k-Nearest Neighbor by Galupino and
Dungca [11] and a ‘likeness’ function. The results
were then compiled and the soil profiles were plotted
in CAD.

The soil profiles followed the expected soil types
based on the geologic zones of the study area. Rocks
were prevalent in the Central Plateau, Clays overlain
by sands and silts were observed in the western
coastal lowlands, and silts overlain by clays were
found in the Marikina Valley. Validation of the
results was done by comparing a subset of the
borehole database to the closest grid intersection
point of the soil profiles. It was determined that the
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predictions were 74.75% and 52.83% accurate for
general and specific soil types. Confusion matrices
were also created to show the distribution of the
prediction across the soil types. This accuracy was
satisfactory considering the size of the Metropolitan
Manila and the distribution of borehole logs
throughout the study area
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PREVENTION OF SLOPE FAILURE USING NATIVE
MICROORGANISMS

Ryosuke Kawano, Md. Azizul Mogsud
Faculty of Engineering, Yamaguchi University, Ube city, Japan
ABSTRACT

In this study, the solidification of soil by using native microorganisms living in Japan has been carried out. The
slope soil failure is one of the main geo-disasters in Japan and the traditional methods to improve the slope soil
are not environmental friendly. Microbially induced calcium precipitate (MICP) is becoming popular for the bio-
geotechnical engineering purposes in the world. In this study , the native microorganisms were used to bio-stabilize
the slope soil. Laboratory experiments were conducted in the constant room temperature to solidify the slope soil
by using the native bacteria for 21 days. Direct shear tests were conducted for the measurement of the strength. A
model slope was also prepared and solidified with the native bacteria. The generated calcium carbonate was
measured. It was observed that the strength has increased significantly after 21days of bio-stabilization by using
the native bacteria. The calcium carbonate amount was found maximum in the bottom part of the model slope
which indicated the bio-stabilization was more effective at the bottom than the upper part of the slope.

Keywords: Microbial induced calcium precipitation, Slope soil, Model slope, Native bacteria

INTRODUCTION The calcium carbonate method is a method of
solidifying soil by binding soil particles to each other

In Japan, where the ratio of topography in the by precipitating calcium carbonate from carbon

mountains and hills of the country occupies about dioxide produced by the metabolism of

70%, and the area above 500 m above sea level microorganisms and calcium existing in the soil.

occupies a quarter of the total, a magnitude 6

earthquake occurred in 20% of the world [1]. In + Urea hydrolysis

addition, 120 million people live in Japan, which has CO(NH,), +3H,0 - 2NH," + 20H™ + €O,

an area of 380,000 km?, and many people live near (1)

the mountains, and the climate is temperate and rainy, - Calcium precipitation reaction

soitis susceptlbl_e to erosion. The_re are geo-disasters €O, + H,0 > HCO;™ + H* )

such as slope failure and landslides occurred each HCO;™ + Ca** + OH™ > CaOHs + H,0 A3)

year. With these background, it can be said that it is
necessary to improve the technology to prevent the
collapse of mountain slopes.

Currently, many of them use concrete as a
measure to prevent the collapse of mountain slopes.
This is very effective, but not very suitable given its
appearance and impact on the ecosystem. However, MATERIALS AND METHODS
slope stabilization by using chemical cement is not
environment friendly. MICP is a promising
technology in where natural bacteria can be used to
solidify the soil by producing the calcium carbonate
and binds the soil particle and hence increase the
geotechnical properties of the soil [2,3,4]. The MICP
method by using foreign bacteria is not good for bio-
safety and many times they do not active in different
weather condition. In recent years, it has been
attracting attention that ground improvement
technology by microbial metabolism may have less
impact on the environment. In recent years, research
on the calcium carbonate method has been
progressing as the technology.

So the main objective of this research is to use the
native bacteria to solidify the slope soil in the
Chugoku region of Japan by conducting the direct
shear test and model slope MICP method.

Culture Solution

The culture solution was prepared using pure
chemicals, which are generally used in standard
laboratory experimentation. The compositions od the
culture solutions are clearly described and presented
in Table 1. The amounts were expressed for 1 liter of
distilled water. All the chemicals were added to the
distilled water and shook adequately to mix. The
prepared mix was filtered before applying it to the soil.

Cementation Solutions

The cementation solution was prepared by using
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pure chemicals. The detail of the composition of
cementation solutions is summarized in Table 2. The
composition is shown for 1 liter of distilled water.
The chemicals were mixed with the distilled water
and filtered.

Table 1 Composition of the culture solution

Subdtance Amount (g)
Amonium sulfate 10
Yeast Extract 20
Tris-buffer 15.7
Distilled water 1L

Table 2 Composition of cementation solution

Substance Amount (g)
Calcium chloride 55.5
Urea 30
Nutrient broth 3
Distilled water 1L
Sodium Acetate 7

The soil used in this study is the slope soil on the
premises of the Faculty of Engineering, Yamaguchi
University, Ube city, Yamaguchi prefecture, Japan
which is located in the Chugoku region and to
compare the natural slope soil commercial available
Mikawa silica sand was also used. The
microorganism used was Psychrobacillus, which is
easily found in the slope soils in Japan [5]. Many
researchers of MICP used Pasteurii, however, the
reason why this study uses a microorganism called
Psychorobacillus is that Pasteutii does not inhabit in
Japan. Biohazard and other problems will come up if
it will be used in the field. Therefore, as an alternative,
native microbes will be used.

Direct Shear Test

Fig. 1 Direct shear tester

100

Direct shear tests were conducted as it is a simple
method for measuring the strength according to
ASTM D 3080. In general, the test is performed by
deforming a specimen at a controlled strain rate on or
near a single shear plane determined by the
configuration of the apparatus. Three or more
samples were tested, each under different normal
stresses, to determine the effects upon shear
resistance and displacement and strength properties.
In this research, the condition of shear displacement
of 7. mm, speed of 0.2 mm/min, and the three normal
loads ware 50,100 and 150 kN, respectively. The loss
on ignition test was conducted to check the generated
calcium carbonate amount.

Scanning electron Microscope Images

Scanning electron microscope images were
completed with a Hitati S-4100 field emission SEM
at an acceleration voltage of 2 kV and magnification
of 100x. Before imaging, cemented samples were
oven-dried for at least 1-day. Soil samples were
collected from the bio-cemented and un-cemented
soil samples.

The above formula expresses the process of carbon
dioxide emission by hydrolysis of urea and the
mechanism of calcium carbonate precipitation by
reacting with calcium ions in the soil. As a measuring
method, after the solidification of the soil is
completed, the calcium carbonate content is
examined by an ignition loss test.

The amount to calcium carbonate was measured by
using the ignition loss test. The SEM was also done
to see the change of the calcium carbonate between
the soil particles.

Amount of calcium ions during the experiment

By measuring the calcium ion concentration
during the experiment, it is possible to roughly grasp
the degree of microbial propagation and the degree of
calcium carbonate precipitation reaction during the
experiment period.

The experiment was conducted for 21 days, and the
amount of calcium ions at that time was measured
using LAQUAtwin.

Ignition weight loss test

The ignition loss test is a test to determine the
content of organic matter contained in soil, and is a
test used to obtain the physical and mechanical
properties of soil.
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Microbial culture conditions

Add 5.0 g of soil containing Psychrobacillus, a
microorganism used in this study, and 45 mL of
distilled water into a beaker to prepare a 10-fold
diluted sample solution. Collect 5 mL from the
prepared 10-fold diluted sample solution and mix it
with 45 mL of distilled water in a beaker to prepare a
100-fold diluted sample solution. At the same time,
an agar medium is prepared in a petri dish. The
material of the agar medium is the same material as
the culture solution and 10 g of agar, and the material
is autoclaved to prepare. Apply a 100-fold diluted
sample solution to a petri dish containing agar
medium thinly on the surface with a large stick, and
propagate in an incubator for 2 days at 30 ° C.

Preparation conditions for specimens

Divide into 5 layers in a 60 mm x 20 mm mold,
and compact each layer 100 times. The culture
solution is permeated with 8 ml only on the first day,
and the nutrient solution is permeated with 8 ml once
a day at a predetermined time. This is done for 21
days, and after 21 days, the sample is frozen and the
specimen is taken out. Photo 1 shows a specimen
made of decomposed granite soil in Ube on the left
and a specimen made of silica sand in Mikawa on the
right.

The other type is made in a specimen with a width
of 13.5 cm, a height of 10 cm, and a depth of 10 cm.
The culture solution is permeated with 45 ml only on
the first day, and the nutrient solution is permeated
with 45 ml once a day.

Picture 1 Specimens of decomposed granite soil
(left) and silica sand Mikawa (right)

Biocementation of model slope

Measured separately in the upper layer, middle
layer, and lower layer.
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Fig. 2 Schematic diagram of the model slope

From the results, it can be seen that the
microorganisms were actively working in the lower
layer because the content in the lower layer was
higher than the content of calcium carbonate in the
upper layer. In this experiment, the nutrient solution
and the like easily permeated, and it is considered that
the microorganisms themselves were gathered in the
lower layer because of the large amount, or that the
large amount of the microorganisms flowed out
together with the liquid.

In addition, in the calcium carbonate precipitation
method, the content is generally about 3 to 5%.
Therefore, the content of decomposed granite soil in
Ube was almost as expected, but the calcium
carbonate content of Mikawa silica sand was
extremely low. Regarding this, Ube's decomposed
granite soil originally used natural soil, so
microorganisms could easily propagate in the soil, but
Mikawa silica sand was bought soil and has a finer
particle size than Ube's decomposed granite soil.
Since there was no variation and it was constant, the
propagation of microorganisms did not reach the
details. Therefore, it is considered that even if a
nutrient solution was added and a precipitation
reaction was expected, it did not work and such a
result was obtained.

RESULTS AND DISCUSSION
Direct Shear Test
A constant pressure direct shear test was

performed at restraint pressures of 50, 100, and 150
kN / m2,
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calcium carbonate experiment on a specimen of
decomposed granite soil in Ube. As can be seen from
the figure, the shear stress of the sample in which the
culture solution and the nutrient solution were
impregnated with microorganisms for 21 days was
larger than that of the sample before the experiment.
. In other words, it was found that soil solidification by
" microorganisms is possible. In particular, the shear
T L s b AL E0 b stress of the specimen with a confining pressure of
Z o Lot 150 kN / m2 increased significantly.
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(b) 100 kN/m* normal stress From Fig. 4, the adhesive strength of the specimen on

the first day was 7.5 kKN / m2 and the effective stress
¢od was 30.4 °, and the adhesive strength of the
specimen soaked with nutrient solution for 21 days
was 22.5 kN / m? and the effective stress was 36.6 °.
became. Both the adhesive strength and the effective
stress are increased in the specimens infiltrated with
the nutrient solution. From this, it is considered that
the experiment in this study can raise the soil strength.
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Ignition weight loss test

The precipitation rate of calcium carbonate after
21 days was 4.97% for decomposed granite soil and
2.72% for Mikawa silica sand. In the Ube
decomposed granite specimen, the precipitation rate
of calcium carbonate is slightly higher. Even if it is
not saturated, it exceeds the precipitation rate, so it is
considered important to allow microorganisms to
propagate on the first day in solidifying the soil. Since
it was confirmed that the Mikawa silica sand was
precipitated at a low rate of 2.72%, it was found that
calcium carbonate was precipitated even in soil with
a substantially constant particle size.

Calcium ion amount for 21 days

700

500 @ Ube decomposed granite soil

Mikawa silica sand
500
400

300

Ca* (ppm)

200

100

Fig. 5 Variation of calcium ion with time

The maximum content during this period was
660ppm for decomposed granite soil in Ube on the
5th day and 170ppm for Mikawa silica sand on the
5th day. Other papers also measured the highest
content on 5-7 days, which was in line with
expectations. However, at the scale of the specimen
in this study, the maximum content should have been
measured around 1000ppm. It is considered that the
main reason for this is that the specimen could not be
kept saturated because it was a specimen with a slope.

In addition, the specimens using Mikawa silica
sand are far below the expected values. This is
because the particle size of Mikawa silica sand is
almost constant, so it is thought that the propagation
of microorganisms in the soil did not go well.

Regarding the fact that the graph has a convex
shape with the apex on the 5th day, the
microorganisms reached the specimen on the 5th day
in the scale of the cylindrical specimen in this study.
As a result, it is considered that the reaction of the
microorganisms appeared remarkably when the
nutrient solution was infiltrated. In addition, the
reaction gradually decreased in the latter half of the
experimental period. This is related to the fact that it
took longer for the nutrient solution to penetrate in the
latter half. In other words, the precipitation reaction
was active in the upper part of the specimen in the
first half of the experiment, so the nutrient solution

103

may not have penetrated into the details of the soil, or
it may have been difficult to penetrate. It is also
possible that, although unlikely, the soil in the upper
layer had solidified, and the air did not reach the soil,
hindering the reaction of microorganisms.

From these, reduce the amount of nutrient solution
and culture solution from 45 ml, change the size of
the specimen because the scale of the specimen was
small and it was difficult to perform an experiment to
measure the strength of the specimen, and once
propagate the microorganisms in Mikawa silica sand
Improvements such as starting the experiment after
that are necessary.

CONCLUSIONS

Since it was confirmed that the calcium carbonate
content increased due to the change in culture
conditions, the strength of the solidified soil can be
expected to improve.

Calcium carbonate precipitation rate is lower than
that of the cylindrical model because the
solidification cannot be maintained in the upper layer
mainly in the inclined model.

As the number of curing days increases, the
precipitation rate of calcium carbonate also increases.
The action of microorganisms could be confirmed
from the calcium ion concentration for 21 days when
the culture conditions were changed.

It was found that the shear stress of the cylindrical
test piece increased due to changes in culture
conditions.

As the number of curing days increases, the
precipitation rate of calcium carbonate also increases.
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ABSTRACT

A rectangular wall is better in terms of stability and ease of calculation than a trapezoidal wall. However, a
trapezoidal wall is sometimes inevitable such as a retaining wall construction near rockface. FHWA provides
simplified rules to design a trapezoidal wall. However, FHWA does not give an example to follow, and the rules
need trial and error to implement. BS8006 gives an exact dimension of the block heights, but designing still needs
to adjust the block widths. A 16-meters high modular block wall project near rock face in Thailand as an example
to illustrate a calculation detail in external stability checking follow FHWA simplified rules and BS8006. The
illustrations are trapezoidal walls with two zones, three zones, and four zones. Nonlinear optimization models are
also used to minimize the wall base length to facilitate the construction instead of jacking the near rock face to
build a rectangular wall. Optimization models also help to relax FHWA simplified rules and BS8006 guidelines.
Using an optimization model can decrease the base length from 0.7H to 0.6H for a rectangular wall or even 0.5H
for a rectangular wall with competent foundation soil. Optimization models can also achieve a base length down
to 0.48H with a decrease in the cross-sectional area down to 0.92 for a three zones trapezoidal wall. A simple three
zones wall with exact dimensions is also proposed in the competent foundation soil conditions.

Keywords: Nonlinear optimization, MSE wall, Trapezoidal wall, Uneven reinforcement lengths

INTRODUCTION preliminary minimum reinforcement length (L) of
0.7H. FHWA also recommends L/H to be not greater
A mechanically stabilized earth wall or MSE wall than 1.1. Shored MSE wall [3] suggests that the
is a retaining wall that allows more displacement than reinforcement length can be as narrow as 0.3L/H.
a rigid reinforced concrete wall. There are two MSE Design for external stability for a rectangular
wall types commonly used, which are segmental MSE wall is simply to specify the reinforcement
precast concrete panel (SPCP) and modular block lengths to handle the sliding, overturning, and bearing
wall (MBW). SPCP uses precast concrete panel as its capacity. The design for internal stability is slightly
facing unit and metal strips as its reinforcements, different for the SPCP wall and MBW wall. SPCP
while MBW uses modular block as its facing unit and wall, which is an inextensible wall, adjusts the
geogrid as its reinforcements. Reinforcements help to number of metal strips, spacings, and lengths to resist
add tension because the tensile strength of soils is the rupture and pullout mainly from lateral earth with
negligible. its trapezoidal (or bilinear) maximum tension force
line. MBW wall, which is an extensible wall with less
Designing a Rectangular MSE Wall rigid reinforcements than SPCP wall, adjusts the
geogrid tensile strengths with its triangular (or linear)
An MSE wall has to resist the failure modes in maximum tension force line to resist the pullout.
external stability, internal stability, and global Global stability design is implemented by using either
stability. External stability requires this rigid body the limit equilibrium method (LEM) or finite element
MSE wall to pass the safety factor in sliding, method (FEM).
overturning and bearing capacity. Internal stability
prevents the failure inside the MSE wall by setting Designing an Uneven Length Reinforcement MSE
safety factors in rupture and pullout. Global stability Wall
considers all other failures that may occur anywhere,
especially outside the MSE wall. Uneven length reinforcement MSE wall is needed
Designing MSE deals with specifying the due to the limited right of way base, near rock face
reinforcement length, reinforcement length spacing that is difficult to widen the base, and shored MSE
reinforced soil strength property. For a rectangular wall is also not an optional. FHWA gives simplified
MSE wall, FHWA [1] and BS8006 [2] give a rules used in external stability checking for uneven
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length reinforcement MSE walls as follow: 1) the
wall is represented by a rectangular block (Lo, H)
having the same total height and the same cross-
sectional area as the trapezoidal section for external
stability calculations, as shown in Fig. 1 (left). 2)
minimum base length (Ls) is 0.4H, with the difference
in length in each zone being less than 0.15H. 3)
Internal stability is designed using the same methods
as the rectangular MSE wall. 4) Global stability
analysis is also needed in the design. 5) Trapezoidal
wall is considered given a rock base or competent
foundation soil.

BS8006 gives more specific trapezoidal wall
dimensions. Fig. 1 (right) shows the three zones wall
where Z; =0.5H, Z, = 0.75H, Z3=H, L1 > 0.4H, A L<
0.15H. Dy, is wall embedment length. For the two
zones wall, BS8006 recommends minimum
reinforcement lengths at the top at 0.7H and at the
bottom at 0.4H or 3 meters. BS8006 also recommends
0.55 < L/H <0.75 and 0.125 < S, /H < 0.222 where
Syis reinforcement vertical spacing.

Zy
Lo ] L Z,
L2 | H H L2 Z3
Ls pui vy
|
Lo Dnn
FHWA BS8006

Fig. 1 Dimensioning uneven reinforcement lengths

wall guided by FHWA [1] and BS0006 [2]

Nonlinear Optimization Techniques in Designing
Uneven Length Reinforcement MSE Wall

Optimization techniques have been applied
popularly in civil engineering for both practitioners
and researchers. The techniques are well suited to
handle problems on hand that demand solutions under
limitations. Uneven MSE wall design, which is a
retaining wall design, is also an optimization problem
that seeks a safe and the most economical solution
under its narrowest base limitation.

Numerous optimization techniques have been
applied to retaining wall designs, such as Dungca [4],
which applies linear optimization of soil mixes in
designing vertical cut-off walls. Optimization is also
applied in some other areas, such as Bala [5], in mix
design optimization of asphalt mixtures.

Narrow retaining walls near rock faces are
addressed in some studies. Chen [6] pays attention to
its translational mode. Leshchinsky [7] developed a
design chart for narrow SPCP walls. Dai [8]
illustrated a project of uneven reinforcement lengths
of trapezoidal walls, which is a shored MSE wall 8

106

meters high and 4 meters base width.
Aim, Limitations, and Significance of the Study

From these studies, there is no example showing
a design of uneven reinforcement lengths MSE wall.
There exist guidelines such as BS8006 and the
simplified rules provided by FHWA to design this
unconventional trapezoidal wall geometry. Hence,
this study aims to provide an example in designing
this uneven reinforcement lengths MSE wall.

A 16-meter high retaining wall project in Thailand
is chosen to illustrate the design. Four different
geometries of MSE walls are proposed. The first wall
is a rectangular MBW wall. The second wall is a 2-
block trapezoidal MBW wall. The third wall is a 3-
block trapezoidal MBW wall. The fourth wall is a 4-
block trapezoidal MBW wall.

Nonlinear optimization using GAMS (General
Algebraic Modeling Software) program with NLP
solver [9] is also used to dimension these MBW walls.
The optimization models mainly follow the
simplified rules from FHWA and BS8006. The
nonlinear optimization models consider both external
and internal stability checking. Internal stability can
be adjusted by varying the geogrid reinforcement
lengths and spacings for each block. Global stability
is omitted due to space limitations.

This study helps illustrate the design of an uneven
reinforcement length MBW wall. The optimization
models proposed also give an approach in
dimensioning the 2-block, 3-block, and 4-block
trapezoidal MBW walls. A simple 3-block wall with
exact dimensions is also proposed. Optimality and
convergence problems for nonlinear optimization are
also addressed.

WALL GEOMETRY AND PARAMETERS
Wall Geometry

Geometry for nonlinear optimization models is
shown in Fig. 2. Those models are the rectangular (1-
block) wall, the trapezoidal walls with two zones (2-
block), three zones (3-block), and four zones (4-
block). Those walls are MBW walls, not the SPCP
wall, because its resistant zone is triangular (linear)
according to FHWA.

45+¢£/k4£/71’

1
7 7
7

_:..t-‘

Fig. 2 Wall geometry for the three walls

Parameters
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Materials

The reinforced soil density, , is 18 kN/m3

The reinforced soil friction angle, ¢, is 32 degrees
The back soil density, s, is 18 kN/m3

The back soil friction angle, ¢, is 30 degrees

The foundation soil density, s, is 18 kN/m?

The foundation soil friction angle, ¢, is 35 degrees
The soil cohesion, c, is 0 kPa.

Bearing capacity parameters

The bearing capacity parameters are defined by the
following equations from Meyerhof [10].

For the foundation soil, Ngr = 33.3, Nes = 46.1, Ny =
37.2. For the reinforced soil, Ngr = 23.2, Ner = 31.7,
Ny = 22.

Other parameters

The wall height, H, is 16 meters.

The surcharge, g, is 10 kN/m2.

The retained soil backslope, £, is 0 degrees.

The active earth pressure coefficient is from Rankine
equation [10]. Kap for back soil is 0.31, and Ky for
reinforced soil is 0.33.

RECTANGULAR MBW WALL
1-Block Wall Geometry
The geometry of the rectangular MBW wall or 1-

block wall, as well as its force diagram, is shown in
Fig. 3.

LT
q ! a1

Vy E 7,
H I ~E=
— Fq
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\Y e
__T n b
ReF-—
L

Fig. 3 1-block rectangular wall force diagram

FHWA Design Criteria

Additional notations

V is the vertical load in KN/m.

Vq is the vertical surcharge load in kN/m.

F is the horizontal load in KN/m.

Fq is the horizontal surcharge load in kN/m.
Pr is the resisting force in kKN/m.

Po the driving force in kN/m.
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M is the overturning moment in KN-m/m.

Mg is the resisting moment kN-m/m

Mgep is the resisting moment in the bearing pressure
in KN-m/m.

L' is the effective bearing width in m.

ov is the maximum bearing pressure in kN/m2,

oud iS the ultimate bearing capacity of the foundation
soil in KN/m?.

The design calculation details from FHWA [1] are
as follows.

Factor of safety - sliding

PR vtan@r ypHLtan®g

FSS = E - F+Fg N 1/zl’bHzKab"'qI'IKULb (1)
Factor of safety - overturning
FSO =M — V2 )

Mro  F(H/3)+Fg(H/2)

Eccentricity (m)

P R 71 2 O R R

2 V+Vy 2 YpHL+qL
Factor of safety — bearing capacity

!
oult _ 0.5L ny]/f _ O.S(L—Ze)]/fNyf

FSB = = =
oy (v+vg)/L! (ypHL+qL)/(L—2€)

(4)

Under FHWA [1] design criteria for external
stability checking, L > 0.7H, FSS > 1.5, FSO > 2.0, e
<L/6and FSB >2.5. FHWA also recommends global
stability factor of safety > 1.3.

1-block Wall Optimization Models
F
The optimization model for 10 meters high 1-
block wall is done by relaxing the design criteria of L
> 0.7H and tries to minimize L. Note that the
constraint L > 0.3H is added to guarantee the
optimality.

1-block L/6 optimization model (1-block L/6)

Minimize L
Subject to FSSin(1)>15
FSOin (2) > 2.0
ein(3)<L/6
FSBin (4)>25
L>0.3H
®)

FHWA also recommends maximum allowable
eccentricity for competent foundation soil at L/4.
Another 1-block optimization model for competent
foundation soil is developed by replacing e in (3)_<
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L/6 in (5) with e in (3) < L/4.

Using an optimization model can decrease the
base length from 0.7H to 0.6H for a rectangular wall
or even 0.5H for a rectangular wall with competent
foundation soil.

2- BLOCK TRAPAZOIDAL MBW WALL
2-Block Wall Geometry

The geometry of the 2-block trapezoidal MBW
wall or 2-block wall and its force diagram is shown in
Fig. 4.

FHWA Simplified Rules Optimization Models
(FHWA Model)

Simplified rules from FHWA are applied to
design this uneven reinforcement length wall. The
equal sectional area can be stated as:
Equal areas
LgHp + LyHy = LoH (6)
where the minimum L, is 0.7H.

This simplified rule is simply to guarantee that the
trapezoidal wall gains a little less sliding factor of
safety in (11) than the original rectangular wall. The
decrease in the trapezoidal factor of safety is due to
the extra length (Lt — Lo) of the surcharge load (q).

FHWA simplified rule also limits the different
zone lengths to be less than 0.15H. This rule can be
stated as:

Different zone length

Ly —Lg < 0.15H (7

Another FHWA simplified rule is the minimum
base width, or base reinforcement length (Lg) is 0.4H,
stated as:

Minimum base length

Lg > 0.4H (8)

Accompanying with FHWA simplified rules in
(6), (7), and (8) to specify the base layer height (Hg)
and the top layer height (Hr) in Fig. 4, one more
relationship between the top layer height (Hr) and the
top layer width (Lr - Lg) is needed. This relationship
can be set through the top rear slope angle (&) in Fig.
4. BS8006 in Fig. 4 for 3-block wall also implies that
the upper block height should be greater than the
lower block height and the different zone lengths as
Z,=0.5H,Z,=0.75H,Z3=H, L1 >0.4H, A L< 0.15H.
The rear slope is from 1.67V1H to 3.33V1H.

In the authors' opinion, the rear slope is set for the
following reasons; 1) Facilitate the slip plane to be
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outside the global stability with 1.3 factor of safety;
2) Ensure that the reinforcement lengths are beyond
the MBW internal stability resistant zone at
tan(45+0,/2) ; 3) Adjust to the actual
construction restriction such as the slope needed to
avoid jacking the rock surface at the back of the wall;
4) Balance the moment equilibrium at point O’ in Fig.
4 that geogrid hold enough strength to hold the right-
wing of the top block to not fall due to the insufficient
bearing capacity of the foundation soil. The authors
use reason 4) in setting the rear slope angle or the top
block height by taking the moment equilibrium at
point O’ in Fig. 4, stated as follows:

o [LTTH
AR

X __ vV

Lt/2 l
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—‘feT 0’
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Fig. 4 2-block trapezoidal wall force diagram

Top block height

Hy
>'+ Kﬁrq}{T 2 =
Lr-L
—2+q(Ly — Lg)

fQU”E]@}{TZ (7§_

YrHr(Lr — Lg)

Lr-Lp
2

9)

2

In (9), the moment from geogrid strength derived
from the lateral earth pressure and the surcharge
(MOgrw) must be greater than the moment from the
right-wing weight of the top block (MRgrw). To keep
good stability, the overturning factor of safety of this
right-wing block (FSOrw) should be close to 1.

Internal stability is also in consideration. FHWA
requires the reinforcement lengths at all layers in the
resistant zone to be at least 1 meter, stated as follows.

Internal stability
Lz > Hgtan(45 + 0, /2) + 1 (10)

An optimization model for a 2-block wall
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following FHWA simplified rules for external
stability to minimize the base width (Lg) is set as
follows:

2-block FHWA optimization model (2-block FHWA)

Minimize
Subject to

Base length (Ls)
FSS in (1) of top block > 1.5
FSO in (2) of top block > 2.0
er in (3)_of top block < L+1/6
FSB in ()_top block > 2.5
FSS in (1) of 2-block > 1.5
FSO in (2) of 2-block > 2.0
e in (3)_of 2-block < x/3
FSB in (4)_2-block > 2.5
Equal areas in (6)
Different zone lengths in (7)
Minimum base in (8), Lg > 0.4H
Top block height in (9)
Internal stability in (10)
Lr>0.7H
Lt-Lg> H/20

(11)

In (11), 2-block means the whole block, including
the top block and the bottom block. X in (11) shown
in Fig. 4 is the center of mass for the whole block.
Meyerhof's effective bearing length for the 2-block
wall is replaced L' = L — 2e with L' = x — 2e. For
top-block wall, L' = Ly — 2ey.

The minimum different zone length Ly - Lg > H/20
and the minimum bottom block height Hg > 0.15H
are added to set lower bounds for this nonlinear
optimization model to avoid the optimality and
convergence problems. H/20 in the minimum
different zone constraint is set following FHWA in
designing superimposed MSE walls that if the
difference is offset for the upper wall and the lower
wall is less than H/20, the two-tier wall can be treated
as one wall. The bottom block height can be adjusted
lower or higher according to the rock face at the back
of the wall.

BS8006 Optimization Model (BS Model)

BS8006 recommends the top block reinforcement
length to be at least 0.7H, the bottom reinforcement
to be at least 0.4H, and the different zone lengths to
be less than 0.15H. Equal areas constraint is not
imposed as FHWA. The 2-block BS optimization
model is similar to the 2-block FHWA model in (11)
except that the equal areas constraint in (6) is relaxed.

Relaxing Minimum Top Length Model (Proposed
Model)

In decreasing the base length, the minimum top
length at 0.7H is relaxed. Omitting Lt > 0.7H still
guarantees the wall stability since both external
stability  (sliding, overturning, bearing, and
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eccentricity) and internal stability in (10) are checked
at both the top block and the whole 2-block wall. The
2-block proposed model is similar to the 2-block
FHWA in (11) and BS8006 model except that the
equal areas constraint in (6) and minimum top
reinforcement length at 0.7H are relaxed. Wall
stability is guaranteed through external and internal
stability of the top block and the whole 2-blocks.

Comparison of 2-Block Wall Models

The optimized result for the three optimized
models for 2-blocks walls is shown in Table 1. The
different zone lengths (7) and top block height (9) are
binding constraints for all three models. The
additional binding constraint for the FHWA model in
(11) is the equal areas (6). The additional constraint
for the BS model is the top reinforcement length. The
additional constraint for the Proposed model is the
eccentricity.

Table 1 2-block wall output

Description FHWA BS  Proposed
Ls/H 0.64 0.55 0.52
Ly/H 0.79 0.7* 0.67
(Lv—Ls)H 0.15* 0.15*  0.15*
H+/H 0.42* 0.42*  0.42*
FSOrw Hr 1.0* 1.0* 1.0*
2-block FSS 2.75 2.41 2.30
2-block FSO 4.04 311 2.84
2-block e (m) 1.33 1.52 1.59*
2-block al. e (m) 1.88 1.65 1.59
2-block FSB 5.68 3.79 3.21
Area (m?) 179.2* 1569  150.0
Area/(0.7H?) 1.0* 0.88 0.84

Note: 2-block means the whole block. Top means the top block. al
.e means allowable eccentricity. * is the binding constraint.

The top block external stability is sliding,
overturning, and bearing capacity are not the critical
constraints in the design. This can be seen from its
factors of safety and eccentricity. Practically, top
block stability can be ignored in the design.

3-BLOCK AND 4 BLOCK TRAPEZOIDAL
MBW WALLS

The 3-block and 4-block MBW wall use the same
design parameters as the 2-block MBW wall. Its force
diagram is similar to Fig. 4 of the 2-block wall, except
that there is one middle block between the top and the
base block for the 3-block model, and there are two
middle blocks for the 4-block model. Table 2
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compares only the proposed model for rectangular 1-
block, trapezoidal 2-block, 3-block, and 4-block
optimized models.

From Table 2, 4-block performs better than 3-
block, 2-block, and 1-block models in base length
(Lg) with the trade-off in increasing top length (Lr).
In terms of the area, 1-block and 2-block are better
than 3-block and 4-block because they have fewer
constraints to achieve. For trapezoidal 2-block, 3-
block, and 4-block, foundation soil bearing capacity
(FSB) is a binding constraint. The follows the
recommendation by FHWA that trapezoidal wall
should be considered under competent foundation
soil conditions.

Table 2 Comparison of the Proposed model output

Description 1 2 3 4
Le /H 0.6 052 048 048
Lr/H 0.6 0.67 0.78 0.87
FSS 234 230 266 279
FSO 290 284 382 426
e (m) 159* 159* 136 128
ale (m) 159 159 184 196
FSB 476 25 25 25*
Area (m?) 152.6 150.0 1655 181.9
Area/(0.7H?) 085 084 092 1.02

Note: 1 is the rectangular wall in (11). 2 is the 2-block wall. 3 is a
3-block wall. 4 is the 4-block wall. * is the binding constraint

The authors suggest using three zones block is the
best option since the 4-block needs to use a subjective
upper bound of the second top height to avoid
infeasibility. A simple rule recommended by the
authors is to combine both the FHWA simplified
rules in equal areas and BS8006 guidelines resulted
in a simple three zones block with Z; = 0.5H, Z, =
0.75H, Z3 = H, AL= 0.15H, L; = 0.5125H. The
dimension of this three zones wall is simple to use
with sufficient stability under competent foundation
soil conditions.

CONCLUSIONS

Optimization techniques can help design MSE
walls with economic and safe solutions. The
reinforcement length can be decreased from 0.7H to
0.6H for or even 0.5H for a rectangular wall with
competent foundation soil. For a trapezoidal wall, the
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three zones wall seems to be the best option in terms
of the minimum base length and optimality difficulty.
The three zones wall proposed by this study can
reduce the base length ratio (Ls/H) to 0.48 and reduce
the cross-sectional area down to 0.92. from the area
of 1.0 of rectangular walls with the reinforcement
ratio of 0.7L/H. A simple three zones wall without
optimization following BS8006 guideline with
0.5125H base length is also recommended.
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ESTIMATION OF SUBSURFACE STRUCTURE OF LANDSLIDE AREA
BASED ON MICROTREMOR OBSERVATION IN THE HOJOJIMA,
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ABSTRACT

Investigating the ground structure of a landslide area is important in considering the hazards of slope disasters
in that area. In this study, microtremor exploration was carried out in three areas (Hojojiima, Nawashiro and
Amadaki) in Tottori prefecture that were judged to be landslide topography, and the ground structure was estimated.
The target areas are based on the landslide topography distribution map published by the National Research
Institute for Earth Science and Disaster Prevention. As a result, it was found that the characteristics of tremors in
the target area differ between landslide moving mass, main scarp, and original ground areas. In addition, the
velocity structure and thickness distribution of the landslide sedimentary layer in each area could be estimated. In
the Hojojima area, where the building was damaged by the 2016 Central Tottori Earthquake, it was found that
landslide moving mass was deposited on the alluvium. In the Nawashiro area, landslides occurred in three areas,
and it was found that the geology and sedimentary layer thickness differed in each area. In the Amedaki area, it
was found that the soft sedimentary layer of the moving mass was thin and widely distributed. In the future, it will
be necessary to evaluate landslide hazards based on this ground structure information.

Keywords: Landslide area, Microtremor, Subsurface structure, Tottori Prefecture

INTRODUCTION ground motions triggered widespread landslides in
the area. Therefore, it is important to investigate the
In recent years, earthquakes have caused large- ground structure in landslide areas in order to
scale landslide damage. Strong ground motions consider slope hazards in those areas.
caused widespread landslides in the 2009 West In this study, microtremor surveys were
Sumatra Earthquake [1] and the 2018 Hokkaido conducted in three areas (Hojojima, Nawashiro and
Eastern lburi Earthquake [2]. Volcanic ash and Amedaki area) in Tottori Prefecture, Japan (Fig.1)
weathered rock strata exist in the area, and landslides that were determined to be landslide terrain based on
may have occurred repeatedly in the past. The strong the landslide topography distribution map published
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Fig. 2 H/V spectra of microtremors

by the National Research Institute for Earth Science
and Disaster Prevention [3] [4]. In the Hojojima area,
where the building was damaged by the 2016 Central
Tottori Earthquake [5]. The microtremor data were
analyzed to wunderstand the ground motion
characteristics in the target area. In addition, the layer
thickness distribution of the landslide moving mass
was determined by estimating the ground structure.

OBSERVATION

For microtremor  observations, single-site
observations of three-components were conducted to
determine the dominant period and amplification
characteristics of the subsurface structure, and array
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observations were conducted to estimate the S-waves
velocity structure. A three-component acceleration-
type seismometer (JU410) was used for the
observations. JU410 is a device that can record
microtremors with a period of 0.05 - 10 s.

A total of 80 sites three-component single-site
observations were conducted at Hojojima (35 sites),
Nawashiro (28 sites), Amedaki (17 sites), at intervals
of 100 m to 200 m. The sampling frequency for the
measurement was 200 Hz, and the observation time
was 10 min for each site.

Array observations were carried out at 4 sites: 2
sites at Hojojima (HSARO01, HSAR02), Nawashiro
(NSARO01), and Amedaki (AMARO1). In Hojojima,
the ground structure is assumed to be different
depending on the topography, and array observation
points were set up at two locations with different
topography. In the array observation, one point was
placed at the center of the circle and three points were
placed at equal intervals on the circumference of the
circle, and the radius of the circle (array radius)
ranged from 1 to 20 meters. Each device was
synchronized using a GPS clock. Since the power of
the microtremors was expected to be small, three to
four people jumped at the same time at about 5 m
from the outer seismometer to give an artificial
seismic source and observed the waveform. The
sampling frequency for the measurement was 200 Hz,
and the observation time was 10 - 15 min for each
array.

ANALYSIS

For the analysis of the three-component single-
site observation data, at least 10 sections of 20.48 s
periods without artificial noise were selected from the
array observation records. The spectra were smoothed
using a log-window [6] with a coefficient of 20. The
averaged Fourier spectra of the selected data for each
component was used to compose the horizontal
components and the horizontal-to-vertical spectral
ratio (H/V spectrum) was calculated. The
predominant periods were read from the H/V spectra
obtained at each site. The H/V spectra obtained from
the seismometer at the center of the array observation
are shown in Fig. 2 (NS, North-South; EW, East-
West; Comp, composition, where the red dashed lines
are the theoretical values of the Rayleigh waves using
the subsurface structural model). The distribution of
H/V spectral predominant periods for each region
area shown in Fig. 3.

For the array observation data, Using the open
analyzing tool [7], the phase velocity dispersion
curves were estimated based on the CCA method [8].
The conditions for the analysis are as follows: At least
five sections were selected through an automatic
extraction using the RMS value of the microtremor
record of each seismograph with a segment length of
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Fig. 4 Dispersion curves of phase velocity

10.24 s. The power spectrum of these sections was
smoothed using 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 [8]. The dispersion curves of the phase
velocity for each site are shown in Fig. 4 (solid lines
are curves obtained for each radius. Red dashed lines
are the theoretical values of the Rayleigh waves using
the subsurface structural model). We determined the
subsurface structures to satisfy the H/V spectra and
the dispersion curves of the phase velocity by using
the fundamental mode of Rayleigh waves within the
frequency range of 2 - 40 Hz. The subsurface
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Table 1 Subsurface structural models

HSARO1 HSARO03
Thickness p Vp Vs Thickness p Vp Vs
(m) (g/cm®) (m/s) (mis) (m) (g/cm®) (mis) (m/s)
15 17 1420 120 3 16 1450 145
6 1.9 1500 200 4 17 1480 170
100 2.0 1950 600 13 18 1620 300
200 2.1 2300 900 15 19 1730 400
o 2.2 2600 1200 35 2.0 1840 500
150 2.1 2170 800
o 22 2280 900
NSARO1 AMARO1L
Thickness p Vp Vs Thickness p Vp Vs
(m) (g/cm?®) (ms) (mis) (m) (glem®) (mis) (mis)
6 17 1460 200 5 1.6 1460 130
15 18 1560 350 8 17 1570 250
100 19 1970 600 100 1.9 1970 600
250 2.1 2300 900 250 2.1 2300 900
o 2.2 2620 1200 | o 2.2 2620 1200
Table 2 Average S-wave velocity ~~
S-wave velocity (m/s) . -
HSARO01 184 0BT
HSARO02 315 N
NSARO01 307
AMARO01 204 o'f
,HSARO]
structures  were  determined using  forward e

calculations based on geological situations from
borehole data [9]. The parameters of the subsurface
structure models are the number of layers, density, P-
wave velocity: Vp, S-wave velocity: Vs, and the layer
thickness. Densities were set referring previous
research in Japan [10], and P-wave velocities were set
from S-wave velocities [11]. The parameters of the
obtained subsurface structure model are shown in
Table 1.

The predominant period of the H/V spectrum is
considered to correspond to the layer thickness of the
sedimentary layer of the landslide moving mass.
Therefore, the average S-wave velocity of the
sedimentary layer of the landslide moving mass was
calculated from the obtained subsurface structure
model. The average S-wave velocity was calculated
by a weighted average of the layer thickness. The
thickness of the layer was estimated from the average
S-wave velocity and the predominant period based on
the 1/4 wavelength rule. The average S-wave velocity
used to calculate the layer thickness in each region is
shown in Table 2. For the calculation of Hojojima, the
average S-wave velocity of either HSARO1 or
HSARO2 is used because the ground structure is
different depending on the topography. Which S-
wave velocity is used is determined by location and
topography. Fig. 5 shows which model was used for
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Fig. 5 Location of average S-wave velocity of
HSARO1 or HSARO02 at each site in Hojojima

each station. The distribution of thickness of landslide
moving mass for each region area shown in Fig. 6.

RESULTS
Distribution of predominant periods

The predominant period distribution in the
Hojojima area (Fig. 3(a)) is about 0.1 s with a short
period for scarp (purple line) and mountainous areas,
and about 0.2 - 0.5 s with a long period for landslide
moving mass (yellow-green line, cream-colored
areas) and flat areas. The dominant period
distribution in the Nawashiro area (Fig. 3(b)), which
is topographically divided into three blocks (A, B,
and C), shows a random distribution of short and long
period points in the range of 0.1 - 0.3 s. The
distribution trend is independent of the areas of scarp
and landslide moving mass. In the Amedaki area (Fig.
3(c)), the predominant period is about 0.1 - 0.3 s for
the landslide moving mass. In the area of the scarp,
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predominant period was not found from H/V spectra.
The geology of each area is as follows: Hojojima is
dominated by andesite, Nawashiro is dominated by
andesite with localized mudstone, and Amedaki is
dominated by andesite and tuff conglomerate.

Subsurface structure

From the ground model in Table 1, the S-wave
velocity structure is as follows. In Hojojima
(HSARO1, HSARO02), the S-wave velocity of the
sedimentary layer of the landslide moving mass is
quite low (120m/s - 200m/s) and the layer thickness
is about 7m. It is considered that the S-wave velocity
of the rock mass distributed around HSAROQ2 is
gradually changing due to weathering and other
effects. In Nawashiro (NASRO01), the S-wave velocity
of the sedimentary layer of the landslide moving mass
is high (200m/s - 350m/s) and the layer thickness is
21m, which is thicker than the other two regions.
NASRO1 model shows the subsurface structure of
block B, and it is considered that other blocks are
similar. In Amedaki (AMARO01), the S-wave velocity
of the sedimentary layer of the landslide moving mass
is low (130m/s - 250m/s) and the layer thickness is 13
m. The area is an extensive landslide terrain, and the
observation point is almost in the middle of the
moving object.

The layer thickness distribution is as follows. In
Hojojima (Fig. 6(a)), the sedimentary layers are
thickened from the southwestern scarp to the
northwestern landslide moving mass, with a
maximum thickness of about 30 m. In Nawashiro (Fig.
6(b)), the sedimentary layer tends to be thicker in the
center of the moving mass at lower elevations and
thinner closer to the scarp, and the thickness of the
layer exceeds 20 m at some points. In Amedaki (Fig.
6(c)), the sedimentary layer tends to be thicker from
the west to the east, with a maximum thickness of
about 15 m.

CONCLUSIONS

Based on the landslide topography distribution
map, microtremor surveys were conducted in three
areas in Tottori Prefecture that were determined to be
landslide terrain. As a result, the distributions of
microtremor period, the subsurface structure model,
and the layer thickness distributions of the
sedimentary layer of the landslide moving mass were
obtained for each region. Microtremor observation is
an excellent method for investigating the subsurface
geological structures, especially for estimating the
predominant period and S-wave velocity structure of
the subsurface. These results provide essential
information for the evaluation of earthquake ground
motions in landslide areas.
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SUBSURFACE STRUCTURES BASED ON MICROTREMOR
OBSERVATIONS IN LANDSLIDE AREA OF TANDIKAT,
WEST SUMATRA, INDONESIA

Isamu Nishimura?, Tatsuya Noguchi?, Yusuke Ono! and Masanori Kohno?
!Graduate school of Engineering, Tottori University, Japan
ABSTRACT

The 2009 West Sumatra Earthquake (M7.5) caused landslides in Padang Pariaman, West Sumatra, Indonesia,
and severe damage was occurred in Tandikat. Previous studies of the damage reported that the sliding surfaces are
pumice layers with about 2 m thickness on hard clay layers. In this study, we carried out microtremor observations
at the landslide areas to estimate ground motion characteristics from H/V spectral ratios and subsurface structures
from phase velocity dispersion curves of array measurements.

The predominant periods of H/Vs are distributed in the range of 0.1-0.4 seconds. The H/Vs in the damaged
area have sharp unimodal peaks and the peak values tend to be smaller in area without landslides. They might
reflect the difference of the velocity structures between the areas with and without landslides through the 2009
earthquake. Harder subsurface structures are suggested in the areas without landslides. From the subsurface
structure models derived from array observations, however soft surface layers with S-wave velocity 200 m/s or
less are estimated over the whole areas even in the areas without landslides. The layers are considered to be past
landslide deposits including pumice layers. We are afraid future coseismic landslides due to the deposit even in
the areas without landslides under this event. We hope the results contribute to landslide disaster prevention in the
area.

Keywords: Microtremor observation, Subsurface structure, Landslide, The 2009 West Sumatra Earthquake

INTRODUCTION OBSERVATIONS

At local time 5:16 p.m. on September 30, 2009, a Single-point observations of microtremors were
magnitude 7.5 earthquake occurred off the coast of conducted at 11 sites in Tandikat mainly in the area
Padang in western Sumatra, Indonesia, and caused of observed landslides. JU410, three-component
strong motions (Fig.1) and extensive damage mainly accelerometer with a 24-bit recorder, was used for
in Padang and Pariaman in western Sumatra [1,2]. data acquisition. We used the following specifications,
Figure 2 shows the distribution of landslides caused amplification factor of 100, sampling frequency of
by the earthquake. In Tandikat, Padang Pariaman, 200 Hz, and recording time between 10-15 minutes.
where the damage was particularly severe. Many flat- Observation at TDK08, TDK10 and TDK11 were
roofed houses and schools collapsed due to the carried out at the same time.
earthquake induced landslides, and many people were As shown in Fig. 3, we made array observations
killed [3]. According to Wang et al. [3], the slip at two sites where landslides were observed
surfaces are composed of about 2 m of pumice layers (TDKARL1 and TDKARS3) and another site at higher
deposited on top of solid clay layers. elevations (TDKAR2). The measurements were

As shown above, coseismic landslides have conducted using four JU410s synchronized by GPS
caused large-scale damage in recent years. It is clocks and four geo-phones (UD component only,
important to clarify the ground motion characteristics natural frequency 4.5 Hz) and a data logger HKS9700
of landslide areas because landslides often occur (resolution 27 bit). One seismometer was placed at
repeatedly in the particular areas due to the past the center of a circle, and the other three were set
landslide deposits. Microtremor surveys have been around the circumference to form an equilateral
widely used to evaluate the ground conditions in triangle. The specifications were 200-Hz sampling
landslide areas [e.g.,4]. This is due to the fact that the frequency, radius of the array 1 to 10 m, and recording
sediments above the slip surfaces are very soft and the duration around 15 minutes. The single-point
velocity contrast against basement is distinct. In this observation records at TDK08, TDK10 and TDK11
study, we carried out microtremor observations at were to form an irregular triangular array with
Tandikat where earthquake induced landslide synchronized by GPS to guarantee simultaneous
occurred, to estimate landslide deposits. observations. The results of this analysis are used in

TDKARS3 case.
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ANALYSIS

Fourier spectra were calculated from single-point
observation records of 20.48 sec length and were
smoothed using a log window with a coefficient of 20
[5]. Average spectra were evaluated from at least 10
stable sections. Horizontal to vertical (H/V) spectral
ratios were calculated from the Fourier spectra, and
the predominant periods were visually estimated.
Many H/Vs were identified as unimodal with a single
distinct peak. The predominant period distribution in
Tandikat is shown in Fig. 3.

An analysis of the array observations was
conducted with the following procedure: the phase
velocity dispersion curves of the array observation
records were estimated based on the SPAC method
[6] or the CCA method [7]. Using the open analysis
tool [8], at least ten sections were selected by
automatic extraction using the root mean square
values of microtremor recordings with 10.24-s length
segments. Only for the irregular triangle array of
TDKARS3, 20.48-s length segments were used. Then,
the power spectra of those sections were smoothed
with a 0.3-Hz bandwidth Parzen window, and the
average was estimated. Finally, the phase velocity
dispersion curves were determined for an array with
a radius. And those obtained at different radius were
integrated at each observation site, with respect to
their continuity.

Assuming that microtremors are Rayleigh waves,
their propagation characteristics allow us to estimate

>178
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Fig. 2 Landslide distribution prepared by
the Geological Survey of Padang, Indonesia

[3]

subsurface structures [e.g.,9]. Therefore, subsurface
structure models were estimated by trial and error so
that these phase velocity dispersion curves and the
microtremor H/Vs obtained at the center of the array
matched the theoretical phase velocity dispersion
curves and the theoretical H/Vs based on the Rayleigh
wave fundamental mode, respectively. S-wave
velocities of the first layers were estimated from the
minimum and constant phase velocity in higher
frequencies, and the base layer was fixed for
Vs=700m/s. As shown in Fig. 4, number of layers
were determined with reference of previous studies
[3]. Then, modeling was performed by modifying the
thicknesses of layers. P-wave velocities were derived
from S-wave velocities [10]. The resulting subsurface
structure model is presented in Table 1. Figure 5
shows the phase velocity dispersion curves of the
fundamental mode of Rayleigh waves overlaid on
those derived from array observations. Figure 6
shows observed and theoretically calculated
microtremor H/V spectrum at the center point of array
observation sites.

DISCUSSIONS

Predominant Periods of The Horizontal to

Vertical Spectral Ratios of Microtremors

Figure 3 shows that the predominant periods are
about 0.4-s at TDKO01, TDKO5, and TDKO7, those are
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far from the landslide areas. And the periods are
shorter at the other stations. Around TDKO08 to 11
sites, the dominant period changes even in small
areas, which may reflect the quick change of layer
thickness deposited by the landslide. According to
Fikri and Wang [1], the landslides occurred along
several valleys eastward from TDKAR?2 in Fig. 3.
And the areas around TDKO02, TDKO03 and TDKO06
are considered to be the top of landslide mass. In
addition, the sedimentary conditions are expected to
be very complicated because of confluence of several
valleys. TDKOL1 is located on a flatland far from the
collapse sites, and is assumed to be long-period due
to the thick layers on the river terraces. Focusing on
the spectral shape of microtremor H/Vs, we observed
many single-peak H/Vs in the range of 0.1-0.4
seconds. The peak ratios of TDK05 and TDKO07 are
smaller than those of other stations. This suggests that
the velocity contrast against the base layers is smaller
than that at the area observed landslides.
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Table 1 Subsurface structures based on
array observations
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Fig.6 H/V spectral ratios at the center of the array observation sites

Estimation of Subsurface Structures

Table 1 shows that TDKARL and TDKARS at the
mountainsides have several meters of low-velocity
layers with S-wave velocities of 100 m/s or less on
the surface, and their S-wave velocities are different
even at very nearby stations. In TDKAR?2, in addition
to this low-velocity layers, an intermediate layer with
S-wave velocity of 300 m/s was identified with 10 m
thickness. Previous studies reported that the sliding
surfaces are pumice layers with about 2 m thickness
on hard clay layers containing gravel [3]. Soft surface
layers with S-wave velocities of 200 m/s or less are
estimated over the whole areas including the areas
even without landslides from the subsurface structure
models in this study. The layers are considered to be
past landslide deposits including pumice layers.
TDKO05 and TDKO07 (TDKAR2) have longer
predominant periods than the other sites, because of
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the thick intermediate layer with S-wave velocity of
300 m/s. Therefore, the intermediate layers is
considered to be sediments that did not collapsed due
to the landslide in this area, and there is concern about
the next coseismic landslides in the future.

CONCLUSIONS

This  research  investigated  microtremor
observations in the areas of landslide damaged due to
the 2009 West Sumatra Earthquake in Tandikat. The
relationship between subsurface structures and
earthquake induced landslide damages were
considered. Consequently, the following findings are
noted.

The predominant periods of microtremor H/Vs
are distributed in the range of 0.1-0.4 seconds, and the
peak ratios of H/Vs tended to be small in the area
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without landslide damage. They might reflect the
difference in the velocity structures between the
landslide deposits with sediments such as clay and
pumice layers and bedrock layers. The subsurface
structures without landslides are considered to be
harder.

Surface layers with S-wave velocity 200 m/s or
less were estimated overall the area derived from
array observations. An intermediate layer with an S-
wave velocity of 300 m/s was estimated at the site
where no landslide occurred this time. We are afraid
future coseismic landslides due to the deposit. We
would like to mention the need for continuous
monitoring of the deposits.
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INVESTIGATION OF TUNNEL RESPONSE DUE TO THE EFFECT OF
ADJACENT LOADED PILE ROW BY 3D SIMULATION ANALYSIS
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ABSTRACT

Construction of tunnels for transportation, wastewater, or electricity, etc., in the major cities has
flourishing. In the meantime, other infrastructures such as elevated trains, flyovers, are continually
constructed for urbanization. Under a soft ground condition, they are supported by the pile foundations
required pile rows which are possibly located along the existing tunnel. A common challenge encountered
the loaded pile row of the new adjacent structures is inevitably induces soil stress changes and deformation
of existing tunnels. Thus, an assessment of the impact of piles under loading on the integrity of the existing
tunnels is essential. The three-dimensional finite element analyses (3D FEA) with two pile conditions were
carried out. The tunnel responses in terms of the transversal deformation and additional forces are presented.
The maximum response of those were shown at the monitoring section (center of pile row section),
Meanwhile, the torsion deformations are maximum as the 10 m and 27 m away from monitoring section. For
both cases of short and long pile, in transverse section, the existing tunnel show obvious asymmetrical
characteristic, and the maximum values of additional forces were at 6 of approximately 105° — 120° and 45°.
In longitudinal direction, the tunnel gradually rotates in range of 0 - 27 m. In addition, the pile length may
not affect on tunnel responses in longitudinal direction.

Keywords: Transversal deformation, Torsional deformation, Tunnel response, 3D finite element analysis

INTRODUCTION section and the torsion behavior are determined [6],
[71.

Construction of tunnels for transportation, During the past few decades, many investigations
wastewater, electricity, or communication cables, of the influence of loaded pile on adjacent or
etc., is flourishing around the major cities in the underlying existing tunnels have been concerned. The
world and has become focus of urban infrastructure parameters of adjacent loaded pile (i.e., pile
development. In the meantime, other infrastructures diameter, pile length, pile spacing, and number of
such as elevated trains, flyovers, crossing bridges, pile) were considered to only evaluate the tunnel
are continually constructed for urbanization. Under transversal deformation and structural forces in
a soft ground condition, they are supported by the tunnel lining in soft soil profile. The analysis results
pile foundations. A common challenge encountered were used to suggest the mechanisms behind tunnel-
is that the loaded piles of the new adjacent structures soil-pile interaction and safe clearance between the
are inevitably close to the existing tunnels. tunnel and pile or pile row [8]-[10]. However, the
Typically, the displacement of soil generated by pile tunnel responses due to adjacent loaded pile were
settlement (under loading) induces additional presented in only one transverse section at
deformation and change in structural forces to monitoring section or center of the model. Their
adjacent existing tunnel. Such changes may lead to results at different transverse section and torsional
the extremely negative effects on the integrity and deformation have been neglected.
serviceability of the tunnels. Thus, an assessment of Specifically, this research focuses on the effect
tunnel response due to the impact of piles under of adjacent loaded pile row on existing tunnel. The
loading is crucial. simulations were carried out by 3D finite element

The numerical analysis has become an (FE) models. There were two simulation models: 3D
increasingly popular and powerful analytical tool for FE full models with short pile row and long pile row.
modeling. A three-dimensional finite element For the pile row, there were simulated by embedded
analysis (3D-FEA) is often used to study in the pile. The existing tunnels responses (e.g., the lining
tunneling works [1]-[5]. In analyses of existing deformation and additional structural forces) are
tunnel response due to a new construction (i.e., deep presented and discussed. Typically, the torsion
excavation, tunneling), the internal forces, behavior of the existing tunnel after pile row under
deformation monitored at different transverse loading is highlighted.
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Table 1 Parameters for soil layer of 3D and 2D simulation models.

Layer 1 2 3 4 5 6 7 8
. Made Medium 1t Stiff 15 Claye 2nd Stiff Hard 2 Claye
Soil type Ground Soft Clay Clay Clay Sangll / Clay Clay Sandy Y
7oy (KN/MP) 18 165 175 195 19 20 20 20
¢ (kPa) 1 5 15 25 0 30 40 0
7 () 25 27 27 28 33 28 28 36
¥ () 0 0 0 0 5 0 0 5
E,’,i{, (MPa) 45.6 20 60 80 60 60 80
Eg‘;,f (MPa) 45.6 5 20 60 80 60 60 80
E'Y (MPa) 136.8 15 100 180 240 180 180 240
Vi 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
m 1 1 1 1 0.5 1 1 0.5
Ky 0.58 0.6 0.6 0.5 0.55 0.5 0.5 0.5
Ry 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
G (MPQ) - 15 45 80 200 80 130 240
7 - 0.08 0.11 0.12 0.014 0.12 0.15 0.02

Analysis type Drained  Undrained  Undrained

Undrained  Undrained Undrained  Undrained  Undrained

Table 2 Material properties of the 3D and 2D FE
simulation models.

Young’s . N . .
Poisson’s  Unit weight
iy T () kNim)
Tunnel lining 31 x10° 0.20 24
Loaded pile 31x10° 0.20 24
EPB shield 210 x 108 0.28 78
Grouting layer 1x108 0.30 21

FINITE ELEMENT SIMULATION

The continuous tunnel lining and embedded pile row
were modeled by Plaxis 3D software version 2018. In
engineering practice, the tunnel is constructed by
segmental lining. However, in case of the tunnel where
the location is shallow, the modeling of continuous
lining is sufficient for consideration of the structural
forces in tunnel lining [11]. The pile row was modeled
by embedded pile row which can reduce the complexity
of a high number of pile models [12]. The wished-in-
place bored piles are modeled on one side of tunnel. The
total displacement was reset to zero, and thus only the
tunnel deformation attributable to adjacent loaded pile
row was investigated. The working load is 40% of the
ultimate pile capacity determined from a-method [13].
The pile row consisted of 13 piles to eliminate the edge
effect [14].

Characteristics of Model

In Fig. 1, the lining thickness, T, of 0.3 m, outer
diameter, Dynnel, Of 6.3 m, and the center of the tunnel
below the ground surface, Zunnel, Of 20.5 m are fixed
throughout this study. The diameter of bore pile, Dyite, Of
1.0 m, and clearance, C, of 0.5 m are also fixed. The pile
spacing, S, of 3 m, positions of pile tips, Ze, are at the
17.35 m and 57.0 m below the ground surface,
representing the short pile and long pile conditions for
determining the existing tunnel response, respectively.

The soil profile at Sukhumvit station, one of the
MRTA Blue Line Project’s stations (section CS-8C of
the project), was chosen to simulate and analyze in the
study. Figure 2 depicts the geological conditions, which
include (1) Made Ground or fill material at 0-2.5 m, (2)
Soft Clays at 2.5-12 m, (3) Medium Clays at 12-14 m,
(4) 1% Stiff Clays at 14-20 m, (5) A thin seam of 1%
Clayey Sand is found at 20-21.5 m, (6) 2™ Stiff Clays at
21.5-26.5 m, (7) Hard Clays at 26.5-54 m, and (8) 2™
Clayey Sand at 54-80 m. The groundwater condition is
piezometric drawdown due to the over pumping of the
ground water in the past as shown in Fig. 2.

Fig.1 Geometric parameters in the modeling
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Model Properties

In the 3D simulation models, the hardening soil
model with small-strain stiffness (HSS) was adopted to
model all layers of soils except the Made Ground Layer
which is modeled by Hardening Soil model (HSM).
Table 1 presents the parameters of soil profile of the
capital Bangkok. The properties of the Bangkok
subsoil were adopted from previous study [15], [16].
The tunnel lining, EPB shield, grouting layer and bored
pile were modeled as a linear elastic material. The
material parameters listed in Table 2 were used in the
study. The interface friction value (Riner) between the
structural elements (EPB, tunnel lining, or bored piles),
and the surrounding soil was chosen to be 0.9 as
suggested in previous research [9], [17].

The soil layer and grouting layer were discretized
into the volume elements or the 10-node tetrahedral
elements. The 6-node triangular plate element was
used to model the tunnel lining and EPB shield. The
embedded pile consists of beam elements which can
be 3-node line elements. For the embedded pile, the
input parameters consist of diameter (D), the unit
weight (y) and young’s modulus (E). In the model, the
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unit weight of embedded pile (y, . ...) Was
subtracted by unit weight of soil (y ) [12].

Model Validation

The static pile load test of a 23-storey residential
complex at or near the CS-8C section (It is located
approximately 500 m away) was used to validates
against the computed single-pile head settlements
from FE model.

Figure 3 shows comparing between the static pile
load test and simulated pile head settlements, given
the pile diameter of 1 m and pile length of 57.0 m.
The results were generally agreeable. This implies
that the properties of soil and pile are reasonable to
subsequently evaluate the effect on existing tunnel
due to adjacent loaded pile row for this study. Note
that the simulation of 17.35 m pile length (short pile)
was not compared due to unavailability of field static
pile load test data of the short pile.

3D Simulation Model

From a previous study, the sufficient boundary of
3D numerical model with TBM tunneling suggested
by Mroueh and Shahrour [18], was the advancement
of 4.0Dwnner behind and ahead of the face of tunnel
excavation and lateral distance from the edge of the
tunnel of 3.5Duwnner. Thus, the lateral distance from a
tunnel edge of 4.25Dwnme, and the advancement of
5.5Dwnnet behind and ahead of the monitoring section
in this study as shown in Fig. 4, are enough to fully
model the 3D tunneling problem.

On the lateral boundaries of the 3D model, the
lateral displacements in the x- and y-directions were
fixed, while vertical displacement in the z-direction
was permitted. The horizontal and vertical
displacements were both fixed at the bottom
boundary. For a good level of accuracy result, finer
meshes are generated in zone around tunnel and pile.
The total number of elements was approximately
260,000, and the total number of nodes was
approximately 320,000. The loaded pile row was
located on one side of the existing tunnel.

SIMULATION RESULTS AND DISCUSSION
Transversal Deformation

In this study, the tunnel deformations in transverse
direction were investigated along the longitudinal
direction of the existing tunnel as shown in Fig. 5.
This figure presents the tunnel deformation. in
transverse direction with 12 m of horizontal distance
between cross-sections (section | to section 1X). The
reference of tunnel lining is represented by bold line,
the tunnel deformation along longitudinal direction
with a magnification ratio of 1:1000. Note that the
deformation after tunneling is excluded.
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Fig. 6 Simulated tunnel deformation as a result of adjacent loaded pile row

It can be seen that, for both short and long pile
conditions, the lining at the section 111 to section VII
distorts into a kidney or ellipse shape inclined to the
side closer to the pile. The tunnel deformation slightly
changes at the sections I, Il, VIII and 1X as shown in
Fig. 6, it is attributed to the different degrees of
adjacent loaded pile row effect. With the distance
considered from the monitoring section (section V),
the transversal deformations of the tunnel lining
decrease with increasing distance.

Considering the pile conditions, the effect of long
pile row is larger than short pile row. This is similar
to the previous study [9]. However, it is worthy noted
that, with the dual influences of adjacent loaded pile
row, the tunnel deformation slightly changes at the
section Il and VIII in both short and long pile cases.
The pile length may not affect on transversal
deformation in longitudinal direction.

Torsion Behavior

Figure 7 shows the distribution of rotation
indexed by w of the existing tunnel along the
longitudinal direction due to nearby loaded pile row
in both short and long pile condition. In order to
identify the rotation behavior of the tunnel, a
qualitative evaluation method is proposed as follows

[6]:
U, —U
o=tang=-22

1)
Dtunnel

where, w is rotation index. « is the rotation angle of
the tunnel. ux: and uy, are the horizontal displacement
of the crown and invert of the tunnel, respectively
(see Fig. 1). Dunnel is the diameter of the tunnel.

The w is assumed to be positive when tunnel
rotates anticlockwise and negative when it rotates
clockwise. In short pile condition, the tunnel rotates
anticlockwise at the monitoring section. The w
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slightly increases as the distance away from
monitoring section in range of 0 — 12 m. Then, the w
gradually decrease in range of 12 — 24 m. The tunnel
gradually turned from anticlockwise rotation to
clockwise rotation with increase of the distance away
from 24 m. The maximum and minimum of w located
about 10 m and 27 m away from the monitoring
section, respectively.

In long pile case, the tunnel rotates clockwise
along the longitudinal direction. The w increase and
gradually decrease in range of 0 - 14 m and 14 — 28
m. Then w increases with increasing distance. The
minimum of w located about 27 m. In this research,
the rotation of the existing tunnels caused by the
nearby loaded pile in ranges from 0.07x107 to -
0.02x107* and -0.01x107* to -0.07x10~* for short pile
and long pile cases, respectively. These results reveal
that the maximum or minimum of w are not located
at the monitoring section.

015 ———F—— 77— — —
0.104
0054 7

0.00 Aeee-

Rotation o (x10™)

-0.054

-0.10

| ————— pile length=57 m
-0.15 L I |
60 48 36 -24

————— pile length=17.35 m
T T T T T T T T T T ¥
12 0 12 24 36 48 60

Distance form monitoring section (m)

Fig. 7 Rotation of existing tunnel

longitudinal direction

along
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Fig. 8 additional lining forces in circumferential direction

In some tunnel works, structural forces in tunnel
lining are the main concern, and torsional deformation
may be neglected [19]. However, the w due to
adjacent loaded pile row may also experience large
torsional deformation, which may lead to track
distortion and even pose a risk to safe operation of
train. Therefore, the effect of adjacent loaded pile
row on existing tunnel, not only be careful to the
structural forces in tunnel lining but also the torsional
deformation of tunnel should be concern.

Additional Forces in Tunnel Lining

Figure 8 shows the additional bending moment
(AM ) and axial force ( AN ) in circumferential
direction due to adjacent loaded pile row, given pile
length of 57 m. The tunnel crown is an origin (6 = 0°).
In the figure, the AM and AN were obtained at
different cross-sections (section I to section IX) as the
same the section assigned to monitoring the tunnel
deformation. The calculation of the additional
bending moment and axial force are shown in Eq. (2)
and (3). When Mi, Ny are structural forces in tunnel
lining before pile loading and M., N are structural
forces after pile loading. In this research, a positive
value of AMand AN represents an increasing value,
whereas a negative value represents a decreasing
value.

AM =M, -M,
AN =N, -N,

@)
©)

The AM increases in the range of 6 = 285° to 0°
and 70° to 140° and decrease in the range of 6 =0° to
70° and 140° to 285° for both short and long piles. The
maximum positive and negative AM were at 6 of
approximately 105° and 45° for the short pile and
approximately 120° and 45° for the long pile as shown
in Figs. 8(a). By comparison, the AM obtained from
short pile case were similar tendencies to long pile
case, with smaller magnitude. It is seen from the
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figure that the AM decreases when distance
considered from the monitoring section (section V)
increases. In the sections I, Il, VIl and IX, the AM
slightly changes or remains almost constant.

Figure 8(b) illustrate the AN in circumferential
direction, given pile length of 57 m. The AN only
increases with maximum value at 8 of approximately
105° for both short and long piles. For comparison in
both short and long pile conditions, AN are similar
to AM . Their results closely resembled the tunnel
deformation in longitudinal direction. This supports
that the effect on existing tunnel in longitudinal
direction may not depend on pile length.

CONCLUSIONS

This study investigated the effect on existing
tunnel due to adjacent loaded pile row in terms of
tunnel deformation, torsional deformation, and
additional lining force (bending moment and axial
force). The simulations were carried out by Plaxis 3D
software, with 13 piles within the row. The simulation
results were discussed. The pile diameter was 1 m,
and the pile lengths were 17.35 m (short pile) and 57.0
m (long pile), respectively. The pile spacing (S) and
edge-to-edge clearance (C) were fixed at 3 mand 0.5
m, respectively. The conclusions are as follows:

1. The adjacent loaded pile row leads to tunnel
responses (deformation and variation of internal
forces) in transverse direction accordingly. The
tunnel deformation and additional forces
(bending moment and axial force) become
significant at the center of pile row. Meanwhile,
the torsion deformations are maximum as the 10
(~21.5Dwnner) m and 27 m (=~ 4.5Dwnner) away
from center of pile row.

2. The unrecoverable torsional deformation of the
tunnel was induced by loaded pile row, which is
distinct from the perpendicular case. For both
short and long pile conditions, the tunnel
gradually rotates in range of 0 - 27 m. (» ODwnnel
- 4-5Dtunnel)
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3. The tunnel deformation and additional forces in
tunnel lining in transverse sections slightly
changes or remains almost constant as the
distance away from 36 m (= 6Dwnnel) in both
cases of short and long pile.

This study, the pile diameter (Dyie) and pile spacing (S)
were fixed and tunnel lining was simulated based on
continuous lining. The future work considering the
effects of joints and varying Dyiie and S should be done
to extent the scope of study.
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VERTICAL LOADING TESTS ON LOCAL SCOURED SPREAD
FOUNDATION ON ALUMINUM RODS MODEL GROUND

Yuna Sasaki' and Hidetoshi Nishioka?
L 2Faculty of Science and Engineering, Chuo University, Japan
ABSTRACT

In recent years, the damage to bridge foundations caused by heavy rainfall and scouring has increased. In some
cases, the entire bridge is carried away, whereas, in others, damage mainly occurs in the foundation, such as
settlement and inclination. In the latter cases, it is expected that the damaged bridge is shortly reused after minor
repairs are performed only on the superstructure while retaining the residual displacement of the foundation.
However, it is difficult to predict whether a foundation with residual displacement possesses the bearing capacity
needed to resume emergency use of the damaged bridge. This study focuses on the residual bearing capacity of a
shallow foundation after scouring. We performed vertical loading tests on scoured shallow foundations on an
aluminum rod ground model to clarify the mechanism. The scouring of the ground was simulated by manually
pulling out the aluminum rods. The residual displacement induced by the dead load was measured, and the loading
was continued until the residual bearing capacity became clear. We systematically evaluated the effects of scouring
volume and shape on the behavior of the foundation. It was found that the residual displacement increased with
scouring, but the residual bearing capacity did not necessarily decrease. These findings suggest the possibility of
expanding the conditions for the early resumption of damaged foundations and will be helpful for future emergency
disaster operations of damaged river bridges.

Keywords: Bearing Capacity, Scour, Ground Spring Constant, Residual Performance, Image Analysis

INTRODUCTION settlements and inclinations. For early resume
operations with the reuse of damaged piers, these
Background and objective of study resistances must be evaluated. However, most
previous studies on bridge scouring have focused on
Scouring is caused by the erosive action of scouring, and a few studies have focused on the
flowing water that removes the soil around hydraulic bearing capacity of scoured foundations. Therefore, it
structures, such as bridge piers. This phenomenon is unclear whether residual resistance with residual
often occurs with heavy rainfall and typhoons. The displacement retains the bearing capacity required for
number of scouring disasters has been increasing in reuse.
recent years owing to global warming. Half of the In this study, we performed vertical loading tests
bridge scour cases are classified as medium-scale on a scoured foundation on an aluminum rod ground
scours, which mainly damage foundations, such as model to reveal the mechanism of the residual bearing
settlements and inclinations without significant capacity of a scoured foundation. The target structure
damage, for example, the outflow of girders [1]. was limited to a river bridge with a shallow
Figure 1 shows an example of the medium-scale foundation, and the target conditions were limited to
damage, the Hino Bridge across the Tama River, local scours. By varying the local scour depth, we
whose foundation has settled, owing to scours considered the expected condition in which the
produced by the typhoon in Eastern Japan in October residual bearing capacity required for resuming
2019. The road was closed because of settlement, and operations will exist. We also performed an image

the transportation network was interrupted. The
damaged pier was not reused because its long-term
safety could not be guaranteed. Instead, the damaged
pier and two girders were removed, and a new girder
double the span length was fabricated and erected. It
took seven months for the bridge to be reopened.

In this case, the bridge is partially rebuilt.
However, it is unrealistic to apply the rebuilding
operation to all damaged bridges in medium-scale
scouring cases. In some cases, the bridge is expected
to be used after immediate repair operations, even
when its foundation is damaged, such as through Fig.1 Example of medium-scale damage
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analysis to clarify the mechanism.

The findings of this study suggest the possibility
of expanding the conditions for the early resumption
of bridges with damaged foundations and is valuable
for future emergency disaster operations of damaged
river bridges. Finally, these findings will improve the
resilience of transportation networks.

Performance of residual bearing capacity of
scoured foundation

This study focused on the residual bearing
capacity of scoured foundations based on the
following concept (Fig. 2) [2] [3].

The load-settlement curve starting from the
origin represents the performance of the bearing
capacity before the disaster. After a scoured disaster,
the performance changes, and the curves can have a
wide variety of shapes. We believe that the
performance of the residual bearing capacity can be
determined by identifying the shape of the curve.

After the disaster, we can easily determine the
residual settlement and dead load as a single point
(Fig. 2). However, it is difficult to predict the
following load—settlement curve from this single
point; thus, it is almost impossible to determine
whether the bridge pier can be repaired.

If the damaged bridge is reused, emergency
restoration, such as jacking up and additional repair
concrete, will be performed. Therefore, safety
confirmation loading tests, such as static loading tests
and slow train passing tests, were conducted in this
study. In addition, the settlement was measured to
obtain information as a second point in the load-
settlement curve.

Through this process, it is possible to limit the
candidates for the load-settlement curve of the
damaged foundation. The performance of the residual

bearing capacity after a disaster can then be evaluated.

VERTICAL LOADING TESTS ON
ALUMINUM RODS

Experimental devices

The experimental devices used for the tests are
shown in Figs. 3 and 4. Vertical loading tests were
performed on the aluminum rod ground model
produced by mixing two types of aluminum rods with
diameters of 1.6 and 3.0 mm and layered with 60%
and 40% weight content, respectively. The ground
model was generated in an experimental container
with a width of 600 mm and a depth of 220 mm.

Compaction was performed for each spreading
depth of 50 mm using a hand vibrator machine. The
weight per unit volume yand angle of repose ¢ of the
ground model were measured using a measuring box
(width = 250 mm; depth = 50 mm). Here, the angle
between the measuring box tilt and the aluminum rod
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collapse (Fig. 5) is defined as the angle of repose ¢.
After five tests, average values of y = 21.3 kN/m®and
¢ = 29° were obtained.

A rigid plate with a thickness of 10 mm, width of
120 mm, and length of 50 mm was used as the shallow
foundation model. A linear guide was installed on the
top surface of the foundation to enable the foundation
to rotate and slide horizontally. It was loaded
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Fig.5 Measurement of angle of repose

Fig. 6 Connection structure between load jack
and foundation model

vertically using a wedge at the point of the vertical
displacement-controlled jack (Fig. 6).

The load cell was set between the wedge and the
vertical jack to measure the vertical load. In this
experiment, the actual load resistance was the total
load value output by the data logger and the self-
weight of the foundation (3.9 N) because the
foundation was not connected to the vertical jack. The
displacement of the jack was measured using a
contact-type displacement transducer. The angle of
inclination of the foundation was obtained by
measuring the displacement of both sides of the
foundation using laser displacement transducers.

Loading procedure

After the aluminum rod model ground was
produced, the foundation was placed on the ground.
At this time, the values of the load and settlement
were zero. First,a22.5 N load was applied to simulate
a dead load. This condition represents the state of the
foundation before the scouring damage occurs. This
value (22.5 N) was obtained by dividing the ultimate
bearing capacity obtained in the previous experiment
without scouring by a safety factor of 3.

During the tests, loading and unloading were
repeatedly applied several times until the
displacement of the jack exceeded 10% of the
foundation width. The loading speed in each
settlement phase was controlled to 0.25 mm/min in 0—
3 mm, 0.5 mm/min in 3-6 mm, and 1 mm/min in more
than 6 mm. Figure 7 shows the variations in the
settlement and load with time for vertical loading
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tests performed for the model before scouring.
Modeling of local scour
Aluminum rods in the local scour area were

removed to simulate a situation in which local
scouring occurred just below the foundation on the
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upstream side (Fig. 8). The shape of the local area was
an isosceles triangle with an angle of repose (29°) and
the depth of the local scour. The loading tests were
performed for four cases by varying the depth of the
local scour, d =11, 17, 22, and 33 mm (Fig. 9).

While the displacement of the vertical jack was
maintained, aluminum rods were removed to simulate
local scouring. During the removal of the aluminum
rods, most of the reaction force was lost because the
position of the vertical jack was fixed. Subsequently,
the displacement of the vertical jack increased again,
and the load-settlement curve after the disaster was
plotted.

In practice, the dead load is eccentric because the
foundation is inclined after a local scour appears.
However, this eccentricity was not modeled in our
study because of the following reasons. In emergency
restorations, the girders are generally jacked up and
moved horizontally to return to their original position
and then fixed by adding repair concrete (Fig. 10). In
other words, the loading position of the live load
before and after the disaster remained unchanged.

EXPERIMENTAL RESULTS
Load-settlement curves

The load-settlement curves obtained from the
tests are shown in Fig. 11. For d = 33 mm, the curve
could not be plotted because the foundation could not
carry its self-weight and moved by rotating from its
initial position during the aluminum rod removal. In
the other three cases, each curve showed a slight
gradient during the initial loading phase. However,
from the middle phase of loading, the curve warped
up, indicating a high load value. This increase
occurred when all foundation base widths reached the
ground after the foundation was inclined along the
slope owing to local scouring.

Residual settlement and residual inclination

In Fig. 12, the horizontal axis indicates the local
scour depth, and the vertical axis represents the
settlement and inclination when the load reaches the
dead load after local scouring. These settlements and
inclinations correspond to the residual settlement and
inclination that occur in actual situations after a
foundation is damaged by disasters because the
settlement and inclination increase with local
scouring under dead loads. The graphs indicated that
the residual settlement and inclination increased with
the local scour depth.

Inclination of foundation
Figure 13 shows the changes in the inclination of

the foundation with an increasing settlement. The
plots (@) in the graph represent the state when

131

10% of foundation width
k: Ground Spring Constant | 9=11mm  d=22mm

‘n‘ C‘*”r"m "

\ e

60 7 Tnitial S\
loading /

Load (N)
Z
3

2 B/ o.01mm If
Residual settlement|:/,
- — AT ;

7 2% o

Settlement (mm)

—Normal ground d=11mm —d=17mm —d=22mm

Fig. 11 Load-settlement curves

k: Ground Spring Constant

—~
_ 80 I 60 g
Zn £
= Lso =
<
§ 60
-
T 50 r4 =
o . " S
® 40 inial loading ™ ®—u____ l 30 2
£ S
T 39 o
o}
@ ) ro 2
o 20 re-loading =
© 0 &
£ 10 -
= c
=Y >
S 0+ T T T - o 3
<4
(U]

0 5 10 15 20 25
Depth of local scour (mm)

-e-Ultimte bearing capacity k at first loading -~k at re-loading

Fig. 12 Changes in residual settlement and
inclination with depth of local scour

(@) : residual settiement
d=22mm

TN d=17mm

Normal
ground

Inclination (

d=11mm
0 =" |
2 12
Settlement (mm)
—Normal ground d=11mm
d=17mm —d=22mm

Fig. 13 Changes in inclination of foundation with
settlement

loaded with 22.5 N after removing the aluminum rods.
These graphs indicate the residual settlement caused
by the dead load immediately after the scouring
disaster. In each scouring case, the inclination of the
foundation under the dead load decreased gradually,
and it decreased by at least 1° after the test when the
settlement reached 12 mm. It was assumed in this
study that repair would be conducted to return the
loading position (which moved slightly owing to
scouring) to the initial position (Fig. 10). The
inclination of the foundation returned to the stable
direction, suggesting that there is minimal concern
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about exceeding the limit state of inclination when the
foundation is reused with appropriate repair (Fig. 13).

Ultimate bearing capacity and ground spring
constant

In Figure 14, the horizontal axis indicates the
local scour depth, and the left vertical axis shows the
ultimate bearing capacity. In this study, the ultimate
bearing capacity was defined as the maximum value
of the load before the settlement reached 12 mm,
which was 10% of the foundation width. The ultimate
bearing capacity maintained a steady value (Fig. 14),
which was almost the same as that for normal ground
loading.

The right vertical axis in Figure 14 represents the
ground spring constant k, defined as the slope of the
load-settlement curve from the dead load (22.5 N) to
1.2 x the dead load (27.5 N). This load increment was
simulated as a live load. We calculated two types of
ground spring constants (Fig. 11): the ground spring
constants at the initial loading immediately after local
scouring and during reloading. On the one hand, the
ground spring constant at the initial loading can be
used to calculate the increase in settlement during
restoration work, such as the jack-up, adding repair
concrete, and static loading tests. On the other hand,
the ground spring constant at reloading can be used to
evaluate the behavior under live load after the
resumption of service.

Both ground spring constants tended to decrease
with local scour depth (Fig. 14). Although the ground
spring constant at the initial loading decreased
significantly, the incremental settlement at the
restoration work was smaller than the overall residual
settlement owing to the dead load only (Fig. 11). This
increment can be handled easily through restoration
work. Moreover, the ground spring constant at
reloading had a higher value than the ground spring
constant at the initial loading in all cases. The effect
of the local scour depth on the ground spring constant
at reloading was less significant than that at initial
loading.

)

T T T T T T
O R, N W AU O N X

0 T T T T
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residual settlement --residual inclination

Residual settlement (mm)
Residual inclination (°

Fig. 14 Changes in ultimate bearing capacity and
ground spring constant with local scour
depth
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In summary, in cases where the foundation does
not collapse under the dead load, it is likely for its
ultimate bearing capacity to not decrease even if the
it is damaged by local scouring. Therefore, the
foundation of the bridge might be safe, with there also
being the possibility of its reuse. In addition, the
decrease in the ground spring constant at reloading is
expected to remain within the acceptable range after
resumption. However, the sum of the residual
deformation and increment at initial loading must be
less than the value of the maximum limit that the
restoration work can accommodate.

IMAGE ANALYSIS

We performed image analyses to calculate the
displacement and visualize the slip lines on the
ground for all cases. In the image analysis, tracking
points were set on the image for the tests on the
aluminum rod ground model. The displacements at
each point were calculated by changing the points. In
addition, slip lines were observed to chase the
trajectories of each point.

Figures 15 and 16 show the image analysis results,
and we compared the changes in the slip lines under
the dead load and 10% of the foundation width (12
mm). In all cases under the dead load, tiny slip lines
were observed. In contrast, at 12 mm settlement, more
extensive slip lines appeared than those under the
dead load. For d = 17 and 22 mm, significant slip lines
were observed at the unscoured side (right side) of the
foundations, as shown in Fig. 16. On the scoured side,
a slip surface was observed, although the movement
was slight. This surface indicated that the ground
resistance at the scoured area at the bottom of the
foundation recovered. It was also confirmed from the
image analyses that the bearing capacity increased
during the loading tests, even when the foundation
scoured.

CONCLUSIONS

In this study, we performed vertical loading tests
on a scoured spread foundation on aluminum rods and
conducted image analysis to clarify the mechanism of
the bearing capacity of the locally scoured foundation.

The results suggest that it is possible to resume the
service of bridges because the ultimate bearing
capacity will remain, even if the foundation is
damaged if the residual settlement and inclination are
recoverable through simple emergency restoration,
and if the reduction in the ground spring constant is
limited. Additionally, the inclination of the
foundation will be gentle, and the settlement will not
increase when the repair, such as fixing the loading
position to the original location before resuming, is
performed.

In future research, we will perform tests by
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a) Case of normal ground

b) Case of d = 11 mm

c) Case of d = 17 mm

d) ase o d=22mm

Fig. 15 Ground
settlement

displacement  at  residual

varying the diameters of aluminum rods and the size
distributions of the aluminum rods. Moreover, we
will analyze the bearing capacity mechanism in detail
through image analysis.
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THREE-DIMENSIONAL ANALYSIS OF SOIL-PILE-STRUCTURE
INTERACTION PROBLEM ON HIGH RISE BUILDING ON
IMPROVED SOFT SOIL

Thanapon Tipsunavee!, Goran Arangjelovski?
.2King Mongkut’s University of Technology Thonburi, Bangkok, Thailand
ABSTRACT

This study presents the numerical simulation of flexible wall barrel soil-pile-structure interaction analysis. Soil-
Structure Interaction (SSI) is usually assumed beneficial during an earthquake. However, SSI can also increase
permanent deformation and decrease the stiffness of the pile foundation system which affects seismic response
and displacement in the overall structure, especially high-rise buildings. Non-linear 3D FEM models with a
gap/slap mechanism have been developed in ABAQUS to simulate the effect of soil-pile-structure interaction
(SPSI). The objectives of this research are to study the effect of SPSI on soil response, kinematic properties of the
superstructure, and the modeling of SPSI problem with the superstructure, and to increase horizontal stiffness of
foundation system by using the cement-mixing method. The analyses in this study include superstructure analysis
with fix-based, SPSI and SPSI with cement-mixing. The constitutive models in this study are Mohr-Coulomb for
soil material and Linear-elastic for the upper structure. The calibration of the flexible wall barrel modeling
technique was successfully calibrated with a shaking table reference case with some variation of the results. It is
observed that SPSI provides flexibility and damping to the superstructure. The gap/slap mechanism is clearly
observed on the contact surfaces between soil and superstructure at a shallow level. Cement-mixing soil
improvement increases horizontal stiffness resulting in a stiffer response of superstructure and reduction of pile
stress during earthquakes. The influence of SPSI on superstructure and comparisons between simulation cases are
then discussed. However, this study does not consider consolidation and the contraction properties have been
simplified.

Keywords: 3D FEM/ ABAQUS/ Seismic/ Soil-pile-structure interaction

INTRODUCTION influenced from far distance earthquakes. Since SSI
has high influence on the upper structure subjected to
Nowadays, a number of high-rise buildings in seismic load, post-seismic records in the past such as
Thailand are increasing dramatically, especially in 1985 Mexico City, 1994 Northridge, and 1995 Kobe
Bangkok, the capital of Thailand. Most of the design earthquakes provided adequate reasons to prove that
methods in Thailand are based on the assumption that the SSI effects should be investigated [4], [5].
the foundations of the building are assumed to be Cement mixing is one of the cost-effective soil
rigid or fixed. This kind of simplification can reduce improvement technique that can improve the strength
the complication of the problem and also reduce the and stiffness of the weak soil area [6]. The improved
time required to analyze the problem, thus this area of the surrounding soil can potentially reduce the
simplification can help engineers to work easier and negative effect of SSI by increasing the horizontal
also save the cost for designing the building. However, stiffness. Moreover, additional numerical analyses to
this simplification is excluding soil-structure validate this approach are needed.
interaction and the flexibility of soil and foundation In the past, most of the numerical research about
will be ignored. SSI was simplified to be linear elastic in order to
Many design codes suggest neglecting the soil- reduce the complication of the problem. As computer
structure interaction. Neglecting SSI is usually hardware improved a lot over the past few years,
considered beneficial because the soil-structure FEM software also improved and allow computers to
interaction can increase the damping of the structural analyze the non-linear problem with great efficiency.
system. In addition, a lot of previous research found Even though some of the previous research
that SSI is reasonably neglected for low-rise implements a non-linear soil model with non-linear
structures and structures supported with very stiff soil. Winkler spring models to the SSI problem, the effect
However, SSI will have a significant influence on a of SSI still not clearly understand. Winkler spring
structure that is supported with soft soil, especially for model is the spring model based on the Winkler
high-rise buildings. [1]-[3]. spring theory which uses beam elements to model the
Even though the Bangkok area is located in a low pile and uses the spring element to model the soil
seismic hazard zone, most of the soil profile at a along the embedded pile surface. This model will
shallow depth are soft soils which are potentiality consider only the load and displacement of the soil
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and springs are independent of each other which
exclude shear coupling between the springs.

In this study, a powerful engineering numerical
simulation program based on the finite element
method, ABAQUS, is adopted to simulate the 3D SSI
behavior of pile foundations subjected to seismic load
with the continuum SSI model. This continuum
model will include normal pressure, shear drag, and
gap/slap mechanism between soil and pile. The
response of the structure is then observed.

APPROACH FOR SOIL-STRUCTURE
INTERACTION IN NUMERAICAL ANALYSIS

Soil-Structure Interaction Interface Properties

According to previous research, most suitable
interface properties for SSI is combination of normal
behavior (Pressure-Over closure) and Tangential
behavior [7]. In the past, most of SSI model was based
on Winkler spring theory, but recently many
researchers developed SSI model to compatible with
continuum model such as gap element. The behavior
of SSI was modeled as surface contact behavior
between subsoil and pile. The master surface and

slave surface are assigned to pile and soil respectively.

Normal Behavior (Pressure-Over Closure)

Normal behavior is defined as Pressure-Over
closure that is transmitted between soil and pile while
both surfaces are in contact with each other. The most
appropriate type of normal behavior is “hard contact”.
Hard contact means that there is a zero-penetration
condition between each surface. In addition, if
surfaces are in contact, any contact pressure can be
transmitted between them. The surfaces separate if
the contact pressure reduces to zero. Separated
surfaces come into contact when the clearance
between them reduces to zero. in other words, this
behavior will allow gap/slap mechanism to occur.

Tangential Behavior

The most suitable tangential behavior for SSI is
penalty friction. Unlike the spring model, this type of
friction can provide drag force to the system. This
friction model base on Coulomb friction. As the basic
theory of the Coulomb friction model, two surfaces
that contacting to each other can carry shear drag
stress up to a certain point across their interface
before they start sliding relative to one another. The
Coulomb friction model defines this critical shear
stress, T, at which sliding of the surfaces starts as a
fraction of the contact pressure, p.

Terit = UP (1)
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Where p is known as the coefficient of friction.
The coefficient of friction, y, is equal to tan (5) where
4 is the interface frictional angle of the soils [8]. The
interface frictional angle (&) was estimated using the
equation as shown in Eq. (2) [9].

8§ = tan Y sin¢ 'cos ¢ /(1 + sin? ¢)] ()

Simulation of Shaking Table

To demonstrate the soil-structure interaction
behavior such as gap/slap mechanism, the numerical
analysis approaches are calibrated by simulating the
physical model shaking table test. A flexible wall
container on a shaking table is proven to be accurate
and provides the best response spectra when
compared to other types of shaking table containers.
Thus, a single pile model with a flexible wall
container shaking table test was adopted as reference
case [10]. The single pile model with superstructure
is the best model to observe soil-pile-structure
interaction behavior. The single pile model with head
masses of 25, 100, and 160 lbs. The piles were
subjected to Loma Prieta earthquake motion with a
maximum horizontal acceleration of 0.16g. The
numerical model assembly of shaking table are shown
in Fig.1.

Confining Ring
=0 Ining BING:

1.98 m

Fig.1 Numerical model assembly of shaking table.

The boundary conditions in the numerical
model are the same as a flexible wall barrel container.
At the bottom of each confining ring and rubber
membrane, the displacements are restrained in the
vertical direction and will allow to move freely in the
horizontal direction. The combination of confining
ring and rubber membrane confined the soils and help
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the soil maintain its geometry. The soil model is
displacement restrained with roller support in the
vertical direction at the bottom of the model.

The result from the simulation shows a good
correlation with the observed from the experiment as
shown in Fig.2. Most of the soil-structure interaction
effect can be observed such as Gap/slap mechanism
and shows the influence of the kinematic forces from
the soil to the pile, and the influence from the inertial
forces from the super-structure.

1

08 Simulation

06 - Shaking Table

04 |

02 \‘

Acceleration (g)

0.2 -

04 |

06 F

08 b

-1

0 1 2 3 4 ; ‘6 IT 5 I9 1‘0 1‘1 1‘2 1‘3 1‘4 15
Time (s)
Fig.2 Acceleration time history at the pile head with
160 1Ibs. mass.

Figure 3 shows gap/slap mechanism which causes
free vibration and reduction of pile stiffness. Even
though some results have a small deviation, it can be
confirmed that physical shaking table test with
flexible wall barrel container can be successfully

simulated by using 3-D FEM program, ABAQUS.

(b)
Fig.3 Gap deformation (a) during earthquake motion
(b) permanent deformation.

ANALYSIS OF
INTERACTION

SOIL-PILE-STRUCUTRE

The modeling technique used the contact
properties from the calibration model to simulate the
effect of SSI on the Pile-foundation system and
superstructure. This model includes a pile foundation
system and an 18-floor building with natural periods
of 1.79 and 1.44s in x and y direction, respectively.
The superstructure in this study is simplified from an
existing 18-floor building, for the purpose to achieve
symmetry in both axes. The earthquake motion is
applied to both directions of the building. Floor to
floor height in of the superstructure was 3 m., with
1.5 m. clearance between the first floor and the

136

ground level. The superstructure composes of
columns, beams, slabs, elevator shafts, and footings.
The columns have two different sizes of a cross-
section which are 0.4x0.8 m. and 0.4x0.15 m. The
slab thickness is 0.25m. The beam cross-section
including the slab thickness is 0.5x0.25m. Figure 4
shows the foundation system of the superstructure
consists of several types of pile and piled-raft footings,
with a pile length of 40m., and a pile cap thickness of
1.7m.

o]

m

i 9
U S A=

Fig.4 Foundation system layout of the superstructure.

The soil layer boundaries in this study are 235m
deep and 100m in diameter. The superstructure has 18
stories with a combined height of 55.5 m. The
building has a width of 18.8 m. and a length of 40.4m.
as shown in Fig. 5. The boundary conditions in this
part are similar to the previous one. The soil
parameters in this study are adopted from previous
researches [11], [12]. The material properties and soil
parameters are shown in Table 1.

Superstructure

Confining ring

235m.

Fig.5 Assembly of SPSI model with high-rise
building.

Figure 6 shows three cases that consider in this
study which are (1) structure only; (2) structure with
soil layers; and (3) structure with cement-mixing
improved soil.
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Table 1 Material properties and soil parameter (Likitlersuangetal et al., 2013; Arai and Yamazaki, 2002)[11], [12]

) Depth Y Su Friction Eu, B’ Rayleigh
Material m Mol N (kPa)  Angle(¢)  (mPa) damping
Soil
Soft Clay1 0-7.5 MCM 16.5 20 - 10 0.5 5%
Soft Clay2 7.5-12 MCM 16.5 39 - 20.5 0.5 5%
Medium Clay 12-14 MCM 17.5 55 - 27.5 0.5 5%
Stiff Clayl 14-20 MCM 19.5 80 - 40 0.5 5%
Sand 20-21.5 MCM 19 - 27 53 0.5 5%
Stiff Clay2 21.5-26 MCM 20 120 - 72 0.5 5%
Hard Clayl 26-60 MCM 20 240 - 240 0.5 5%
Hard Clay2 60-235 MCM 20 400 - 1350 0.5 5%
Cement . MCM 16 300 . 2219 0.5 5%
mixing
Concrete LEM 23 35000 0.2 5%
Confining Ring Rigid 0 - - - - -
Membrane LEM 0 - - Vary* - -
* Elastic modulus of the Membrane is depends on the soil layer
** MCM = Mohr-Coulomb Model
** LEM = Linear Elastic Model
0.6
The third case attempts to increase the horizontal 3 03
stiffness of the foundation system of the % 0of i
superstructure by using a soil cement mixing method % 03¢
[12]. The interaction was applied to all contact < el — : - - 5 > %
Time (s)

surfaces including the contact surface between
cement mixing soil and existing soil.

'

Casel-a

Case2-a

Case3-a

Fig.6 Assembled 3-D model and mesh of analysis
case 1-3.

The model was subjected to the Loma Pricta
earthquake as shown in Fig.7. The earthquake time
history is applied at bottom of the model in Case 2
and Case 3 while the acceleration time history
obtained from the free-field analysis is applied to the
bottom boundary of Case 1. The earthquake wave was
propagating from the bottom to the soil surface. As
the wave travels through different soil layers, the
wave was modified by transfer functions as shown in
free-field motion analysis. Thus, the wave
propagation in this model was more realistic than the
model that applied the earthquake motion at the side
boundary of the model. After the model was subjected
to earthquake time history, permanent gap formations
are clearly observed on most of the footing and piles.
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Fig.7 Acceleration time history of Loma Prieta
Earthquake, Gilroy Array, 1989.

RESULTS

The acceleration time history and spectral
acceleration of both cases are shown in Fig. 8 and Fig.
9. In the case2-a, superstructure vibrates in modes 